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(i) marked saccade hypermetria, (ii) unstable gaze 
holding, and (iii) gaze-evoked nystagmus.
Conclusion  Our study opens the prospect to evalu-
ate efficacy and safety of alternative methods for sup-
porting the patient and improving his/her life quality.

Keywords  Ataxia–telangiectasia · Eye movements · 
Quantitative diagnostics · Pediatrics

Abbreviations 
AT	� Ataxia–telangiectasia
ATM	� A–T mutated gene
VOG	� Video-oculography
SARA​	� Scale for the assessment and rating of ataxia
A	� Amplitude
FOR	� Fastigial oculomotor region
GEN	� Gaze-evoked nystagmus
DBN	� Downbeat nystagmus
PAN	� Periodic alternating nystagmus

Introduction

Ataxia–telangiectasia (A–T) is a multisystem 
autosomal recessive disorder linked to the A–T 
mutated gene (ATM) on chromosome 11q22–23 and 
is characterized by progressive neural degeneration, 
immunodeficiency, and progressive ocular motor 
dysfunction. In previous studies, the  qualitative  
description of the ocular motor deficits from 
clinical examination was limited to various 

Abstract 
Purpose  Ataxia–telangiectasia (A–T) is an autoso-
mal recessive disorder characterized by progressive 
neurological deficits, including prominent oculomo-
tor dysfunction. We report 5 cases of eye movement 
assessment in children 9–15 years old with A–T.
Methods  Three different oculomotor tasks (gaze 
holding, visually guided saccades and visual search) 
were used, and video-oculography was performed. 
Additionally, the scale for the assessment and rating 
of ataxia (SARA) score was used to assess severity of 
the cerebellar ataxia.
Results  Unstable gaze holding, nystagmus and sac-
cadic intrusions were found. In addition to psycho-
physiological assessment results, we provide quan-
titative analysis of oculomotor activity, revealing a 
specific abnormal oculomotor pattern, consisting of 
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disturbances in saccade and gaze control, dysmetric 
saccades, impairments of smooth pursuit, gaze 
holding, convergence, vestibular and optokinetic 
nystagmus slow phases, and vestibulo-ocular reflex 
disappearance [1–3]. The aim of our research was 
to expand existing findings by providing quantitative 
description of oculomotor patterns in A–T patients 
using video-oculography (VOG).

Methods

Case report

5 children 9–15  years old (4 boys and 1 girl) with 
diagnosed ataxia–telangiectasia participated in the 
study. Clinical history and other parameters are 
shown in Table  1. The definitive diagnosis of A–T 
was reached through the detection of mutation of 
the ATM gene via Sanger sequencing method. The 
test was carried out when the patient was in the 
immunology department at the Dmitry Rogachev 
National Research Center or at the hospital in their 
hometown. The current investigation was conducted 
at the Clinical Research Rehabilitation Center 
“Russkoe Pole”, where medical observation and 
therapy correction were carried out for the patients. 
Thus, patients came to the “Russkoe Pole” already 
with a confirmed diagnosis. Scale for the assessment 
and rating of ataxia (SARA) was used to assess the 
level of ataxia. All procedures were in compliance 
with the principles of the Helsinki Declaration. 
Informed consent was obtained from patients over 
15  years old and from legal representatives of 
children under 15 years old.

Video‑oculography (VOG) recording and analysis

VOG was implemented to register eye movements. 
Eye movements were recorded at  60 samples/s 
monocularly (60  Hz sample rate) with an Arrington 
eye tracking system (Arrington Research Inc., 
Scottsdale, Arizona, USA). The subject’s head was 
placed on a chin support throughout the experiment. 
The head of the participants was softly attached to the 
chinrest. The center of vision was calculated from the 
location of the center of the pupil. Calibration was 
performed using the standard nine-point algorithm. 
Visual stimuli were presented on a 23′′ Samsung 

monitor (at a 1920 × 1080 pixel resolution); the 
active area of the monitor was located at 60  cm, in 
front of a participant’s eyes, thus forming a field with 
a 45° × 26° visual angle. The images were shown 
on a monitor using built-in ViewPoint EyeTracker® 
2.9.2.5.

The patients were presented with 3 oculomotor 
tasks [4]. The first task was a gaze holding task. 
The goal of the task was to determine the stability 
of gaze fixation. The black central fixation point 
was initially shown at the center of the screen for 
4–5  s. The test sequence consisted of presentation 
of a green dot (~ 1° in diameter; 15° left/right and 
8° up/down from the center of the screen), 20  s 
each, at four eccentric locations on the screen. The 
participant was instructed: “Look at the green dot 
and follow it when it reappears at another place. The 
dot will stay at the same location for a while.” The 
areas of the ellipses that fitted the gaze positions 
were obtained. Gaze holding stability was measured 
for each target by approximating gaze position 
coordinates by an ellipse using the least squares 
method (fit_ellipse) in MATLAB 2013 [5]. The areas 
of the resulting ellipses, reflecting the gaze position 
coordinate dispersion, were determined for each of 
the four target positions in each subject. Areas were 
expressed in square visual degrees (sq. deg.). Mean 
gaze holding score reflects the arithmetic mean of the 
four obtained areas corresponding to the four target 
positions. Incorrect coordinates due to false pupil 
detection were excluded from analysis.

The second task was a visually guided saccade 
task. A square (10° × 10°) was presented on the 
screen, and the subject was to follow a red circle 
(diameter ~ 1°) appearing subsequently in differ-
ent corners of the square (clockwise) direction for 
1500 ms, evoking visually guided saccades (Fig. 1). 
The participant was instructed: “Follow the red cir-
cle and jump when the circle moves to the next posi-
tion.” Performance evaluation parameters in this 
task included total number of saccades completed, 
proportion of relatively isometric (amplitude (A) 
between 8.5 and 11.5°), hypometric (short, A < 8.5°), 
and hypermetric (long, A > 11.5°), and corrective 
saccades (occurring only after dysmetric saccades, 
1.5° < A < 5°).

The third task was a visual search task, in which 
the subject was asked to count to him/herself (silently) 
targets appearing on the screen (10 black circles, 
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diameter ~ 1°, arranged in pseudo-random order). The 
participant instruction was as follows: “Count the 
number of dots and state it aloud.” We analyzed task 
execution time, number of fixations, their average 
duration, scanpath, and average saccade amplitude. 
Patients’ experimental data were compared to mean 
values obtained from our age-matched healthy control 
group ± 2SD. The control group included fifty-four 
age-matched (26 boys and 28 girls; age groups: 9–11 
(n = 15); 12–14 (n = 22); 15–17 (n = 13)) healthy chil-
dren without a history of neurological diseases [4].

Results

Gaze holding task

Patients showed impaired gaze fixation: horizon-
tal and vertical gaze-evoked nystagmus, volun-
tary high-amplitude saccades, and involuntary 

intrusive saccades in comparison with a healthy 
child (Fig. 2).

Impaired gaze holding manifesting as a 
centrifugally directed nystagmus in eccentric gaze 
positions was present in all subjects but not in healthy 
children. Comparison of gaze holding stability in all 
A–T patients to the control group showed that ellipse 
areas were greater in patients (Table  2), pointing to 
the impairment of gaze-holding control in children 
with A–T.

A visually guided saccade task

An example of visually guided saccades in one A–T 
patient #1 (Fig.  3) illustrates abnormalities—hyper-
metric saccades, followed by a correction saccade, 
nystagmus, macrosaccadic oscillations. The visually 
guided saccade task revealed horizontal hypermetria 
but not vertical (see Table 2).

Fig. 1   Presentation scheme of visually guided saccade task. Exposure times are presented

Fig. 2   Examples of gaze position dispersion in gaze holding task in a patient #1 with A-T (a) and a healthy child (b) of the same 
age. Gaze coordinates were approximated by ellipses using the least squares method. Axes show pixels of the screen
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Visual search task

A–T patients showed larger number of fixations and 
a longer scanpath, likely reflecting return of gaze to 
objects which had already been counted (Table 2). 
Durations of fixations and saccade amplitudes were 
within normal limits.

Descriptive analysis

Due to the statistical inadequacy of studying 
correlations with a small group of participants (n = 5), 
we conducted a descriptive analysis of clinical 
cases from Table  2 by combining SARA data and 
oculomotor characteristics. For example, consider 

Table 2   Oculomotor data in patients and age-matched control group (CG) during three tasks (gaze holding, visually guided saccade 
and visual search tasks) and SARA score

*Value outside the range defined as the mean value of our age-matched control group ± 2SD
Saccade gain is defined as “hyper”—hypermetric and “iso”—isometric

ID/ 
Parameter

SARA 
score

Mean gaze 
holding 
score (SD) 
(sq. deg)

Saccade 
gain, 
horizontal

Saccade 
gain, 
vertical

Performance 
time of 
visual search 
task, sec

Number 
of 
fixations

Scanpath 
length, deg

Mean 
duration of 
fixations, 
sec

Mean 
saccade 
amplitude, 
deg

1 32 21.62 
(3.92)*

n/a n/a 21.328* 31* 254.708* 586* 7.49

2 32 64.98 
(40.91)*

hyper iso 31.215* 64* 574.338* 404 8.57

3 40 21.76 
(7.85)*

n/a n/a 20.87* 50* 471.244* 291 5.42

4 20 13.42 
(5.39)*

hyper iso 8.393* 25* 288.73* 240 8.75

5 22.5 42.30 
(28.26)*

n/a n/a n/a n/a n/a n/a n/a

CG n/a 1.45
(1.29)

iso iso 4.887 15 116.89 270 7.91

Fig. 3   Eye movement recording in a patient #1 with A-T (a) and a healthy child (b) of the same age. A visually guided saccade task. 
X-Position
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patient #3, scoring 40 points on the SARA scale. 
He exhibited a relatively stable gaze holding score 
(21.76) compared to other patients and hypometria 
of voluntary saccades (5.42°) in the visual search 
task. Trials for visually guided saccades were not 
available. The patient coped with the visual search 
task apparently due to his age (15 years old) with a 
relatively short duration of fixations (291  ms). This 
patient had the highest degree of cerebellar ataxia on 
the SARA scale and displayed indications of apraxia 
of the gaze, as identified either during neurological 
examination. In contrast, patient #4 had the lowest 
score on the SARA scale (20). He exhibited the most 
stable gaze fixation (13.42), he coped best with the 
visual search task. However, he demonstrated severe 
hypermetria of horizontal visually guided saccades 
(1.48), a characteristic absent in the vertical direction 
(0.87), similar to patient #2 who scored 30 points on 
the SARA scale. Furthermore, patient #2 exhibited 
the most unstable gaze fixation (64.98), had the most 
difficulty with the visual search task and had high 
amplitude of voluntary saccades (8.57°). For patient 
#5, all trials, except for the gaze holding task (42.30), 
were unavailable due to severe motor artifacts. The 
low score on the SARA scale (22.5) in this patient can 
be attributed to the preservation of other evaluated 
domains (speech, etc.). Patient #1, scoring 32 points 
on the SARA scale, demonstrated intermediate values 
in oculomotor tests compared to other patients.

Discussion

In this work, we studied the saccadic system 
functioning in children with A–T. We found unstable 
gaze holding, horizontal hypermetric saccades and 
impaired visual search. A–T is characterized by 
neurodegeneration of the Purkinje cell layer [6, 7] 
in the cerebellar cortex with relative preservation 
of the deep cerebellar nuclei. It leads to the loss of 
inhibitory control over the fastigial oculomotor region 
(FOR) and vestibular nuclei (VN) [1, 8], involved 
in precise control of saccade amplitudes and gaze 
holding.

Increased gaze holding in our patients results 
from the following abnormalities: gaze-evoked 
nystagmus (GEN), downbeat nystagmus (DBN), 
saccadic intrusions as identified by a neurophysi-
ologist while recording a video-oculography [1, 9, 

10]. Gaze holding deficits are common and occur 
in 46–85% of A–T patients [11]. In case of nystag-
mus, inherited leakiness of velocity-to-position neu-
ral integrator that include medial VN and nucleus 
prepositus hypoglossi for horizontal position com-
mands, and superior VN and interstitial nucleus of 
Cajal for vertical eye position commands cannot be 
properly moderated from cerebellar regions such as 
flocculus/paraflocculus [12] and oculomotor vermis 
[13]. In case of saccadic intrusions, disinhibition of 
FOR leads to the loss of suppression of omnipause 
neurons on excitatory and inhibitory burst neu-
rons, providing spontaneous saccadic movements 
[14]. We did not observe periodic alternating nys-
tagmus (PAN) in our patients. Also, we observed 
ocular motor apraxia only in the oldest patient #3, 
although it is considered to be a well-known hall-
mark of A–T. The most likely reason for this is that 
only patients with relatively stable eye movement 
parameters met the inclusion criteria for eye track-
ing experiment and were therefore selected for the 
study.

In a visually guided saccade task we observed 
horizontal hypermetria in patients. Lesions in the 
cerebellum are known to cause saccadic dysmetria 
[12, 15]. In some studies, it was shown that A–T 
patients have predominantly hypometric saccades 
although we did not find them in our patients [3, 
14]. These abnormalities usually appear after 5 years 
of age and tend to develop from deficits in saccadic 
component of smooth pursuit eye movements into 
to hypometric saccades with increased latency and 
thereafter to horizontal oculomotor apraxia [2, 9, 17].

It was hypothesized that dysfunction in the 
omnipause neurons might cause abnormal saccadic 
amplitudes [14, 16]. These neurons receive regulatory 
inputs from superior colliculi and oculomotor 
cerebellum. Damage to the superior colliculus does 
not lead to constant impairments of the precise 
trajectory of saccades, but damage in the cerebellum, 
as seen in A–T, can cause saccadic dysmetria [14]. 
Considering this, our results look ambiguous. 
Observed hypermetria is unlikely to be due to 
additional head movement because our patients were 
fixed in the chinrest. It has been found that bilateral 
damage of fastigial nuclei can cause horizontal 
hypermetria in both ipsi- and contraversive direction 
[8], whereas damage of posterior interpositus nuclei 
can lead to vertical hypermetria [18]. Thus, we 
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assume bilateral damage to the fastigial nuclei and or 
its connections in our patients.

In the visual search task such parameters as 
tasks completion times, numbers of fixations, and 
scanpath lengths were different in comparison with 
data obtained from healthy children (Table  2). We 
found no difference in the mean duration of fixations 
(except for patient #1) or mean saccade amplitude 
between patients and healthy children (Table 2). Task 
completion times, numbers of fixations, and scanpath 
length parameters reflect the visuospatial organization 
of visual scanning in children performing the visual 
search task. Higher values of oculomotor parameters 
seen in patients arise due to recurrent oculomotor 
pattern consisting in the patient’s gaze returning to 
previously counted objects, indicating difficulties 
in perception, integration, and visuospatial memory 
[19]. These abnormal oculomotor patterns may point 
to malfunction of spatial “ambient” vision relying on 
rapid scanning of the visual scene with the purpose of 
primary object identification [20]. These impairments 
are associated with disturbance to spatial orientation, 
attention, and working memory resulting from 
damage to the cerebellar-cortical projections.

Our data contribute to the clinical picture of 
A–T by providing quantitative data on oculomotor 
performance. Assessment of these parameters may 
be instrumental for further clinical monitoring of a 
patient’s state.

We also state that oculomotor impairments should 
be treated using a multidisciplinary approach based on 
intensive support from rehabilitation specialists and 
medical workers from adjacent fields implementing 
approaches focused on compensation techniques in 
order to support oculomotor performance [21].

Future studies are needed to unveil all mechanisms 
of eye movement deficits in ataxia–telangiectasia and 
to evaluate efficacy and safety of alternative methods 
for supporting the patient and improving his/her life 
quality.
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