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Abstract

Posterior fossa tumors (PFT) are the most common pediatric brain tumors, and the study of the somatic and cognitive sta-
tus of PFT survivors still remains a critical problem. Since cerebellar damage can affect eye movement centers located in
the vermis and hemispheres, such patients suffer from disturbances in visual perception, visual-spatial functions, reading,
etc. Our investigation aimed at describing oculomotor impairments in PFT survivors linked to core oculomotor functions
assessed through eye tracking method: gaze holding, reflexive saccades, and organization of voluntary saccades and their
dependency on age at tumor diagnosis. Also, we investigated the relationship between oculomotor functions and ataxia
measured with International Cooperative Ataxia Rating Scale (ICARS). A total of 110 children (patients and age-matched
healthy controls, aged 9-17 years old) participated in the study. We found that the earlier the child had a tumor, the more
impaired gaze holding (p = 0.0031) and fewer isometric saccades (p = 0.035) were observed at the time of examination. The
above-mentioned functions in healthy controls improved with age. Visual scanning was also impaired compared to controls
but was not related to age at diagnosis. A positive correlation between ICARS scores and number of hypermetric saccades
(r=10.309, p = 0.039), but no correlation with the number of hypometric saccades (r = — 0.008, p = 0.956). Furthermore,
number of hypometric saccades did not differ between patients and controls (p = 0.238). Thus, primarily hypermetric sac-
cades can be considered a prominent oculomotor symptom of cerebellar tumors. Our study provides basis for new methods
of PFT diagnosis and rehabilitation procedure evaluation, both playing essential roles in modern pediatric neurooncology.

Keywords Posterior fossa tumors - Eye movements - Pediatric neurooncology - Saccadic hypermetria

Abbreviations Introduction

PFT posterior fossa tumor

ICARS International Cooperative Ataxia Rating Scale It is widely known that cerebellar patients have various types
GH gaze holding task of sensory, motor, and cognitive disturbances resulting from
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HC healthy controls tria are frequently observed symptoms indicating lesions

flocculus/paraflocculus, uvula/nodulus, oculomotor vermis,
fastigial nuclei, or their projections to other eye movement
>4 Marina A. Shurupova structures [1, 2]. We consider oculomotor impairments to

shurupova@fecps.ru be important to a great extent for both motor and cognitive
domains because motor areas and structures involved in the

Neurocognitive Laboratory, Dmitry Rogachev National

Medical Research Center of Pediatric Hematology, saccadic system also serve various cognitive activities such
Oncology, and Immunology, 117997 Moscow, Russia as perception, attention, memory, reading, etc. [3, 4]. Plenty
2 Department of Neurobiology, Faculty of Biology, of investigations have described particular motor, oculomo-
Lomonosov Moscow State University, 119234 Moscow, tor, and neuropsychological abnormalities, but separately,
Russia in cerebellar patients [5—10], while only a few studies have
3 Department of Rehabilitation, Federal Center of Brain shown the association between them [11, 12]. Moreover, the

research and Neurotechnologies of the Federal Medical

o ) impact of the cerebellar tumor on oculomotor dysfunction
Biological Agency, 117513 Moscow, Russia

GRO @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12311-023-01553-1&domain=pdf
http://orcid.org/0000-0003-2214-3187

The Cerebellum (2024) 23:444-454

445

was revealed only in several studies, despite the earliest
evidence appearing in the 1950s [13—16]. Further studies
included patients with SCA, cerebellar stroke, etc., apart
from the patients with cerebellar tumors [17-19]. We believe
the investigation of cerebellar dysfunction due to tumors and
its treatment, especially in still-developing brains in pediat-
ric patients, to be of utmost importance.

Posterior fossa tumors (PFT) are the most common pedi-
atric brain tumors, comprising a wide range of low- and
high-grade tumors such as medulloblastoma (30-40%),
astrocytoma (30-35%), and ependymoma (10%), which dif-
fer in their histology and etiology [20]. Treatment of PFT
consists of surgery, chemo- and radiotherapy, depending on
its malignancy, metastasis stage, and treatment response.
New advanced treatment approaches have resulted in
increased survival rates, making long-term negative effect
mitigation and quality of life improvement in PFT survivors
the key issue of pediatric neurooncology [21].

Neuropsychological investigations in PFT survivors who
underwent treatment show disturbances in the visuospatial
organization, rotation, attention, planning, memory tasks,
audio-verbal processing, timing, and affective reactions [10,
22, 23]. This combination is called Schmahmann/cerebellar
cognitive affective syndrome. These disturbances result from
damage to neural circuits serving interconnections between
the cerebellum and cerebral association areas [24]. As to the
motor characteristics of PFT survivors, some studies show
muscle weakness, gait and posture disturbances, and fine
motor skill degradation arising from impaired cerebellar-
cerebral sensorimotor representations [25, 26]. Only a few
studies on cancer patients (not PFT) have emphasized the
role of treatment on oculomotor functions such as poor
smooth pursuit accuracy and saccades with a disproportion-
ally shorter amplitude [27].

Our investigation aimed to describe impairments in core
oculomotor functions in PFT survivors: gaze fixation, reflex-
ive saccades (measured as execution accuracy to appeared
stimuli), and organization of voluntary saccades (their
parameters during visual search). We also performed a cor-
relation analysis of saccadic accuracy indicators and Inter-
national ICARS scores in patients to determine relationships
between motor and oculomotor performance deficits due to
cerebellar dysfunction.

Materials and Methods
Participants

Sixty-six patients (41 boys and 25 girls; 12.75 + 2.63 years
of age, mean + SD) receiving rehabilitation courses at the
Clinical Rehabilitation Research Center “Russkoe Pole”
(Checkov, Russia) participated in the study. The patients

were diagnosed with different types of posterior fossa
tumors: medulloblastoma (n = 40), pilocytic astrocytoma
(n = 21), and anaplastic ependymoma (n = 5) and were in
remission for at least 4 months at the time of the study. The
data on their clinical history are shown in Table 1. Fifty-
four age-matched (26 boys and 28 girls; 12.98 + 2.39 y.o.)
healthy children without a history of neurological diseases
served as a control group. The participants that had severe
(or any—in case of healthy controls) neurological, ophthal-
mologic (such as strabismus, ophthalmoplegia, amblyopia,
and low visual acuity (+ 2 diopters and more)), or cognitive
impairments (reduced intelligence on the Raven test) had
been excluded from the study. The research protocol was
approved by the Ethics Committee of the Dmitry Rogachev
National Research Center of Pediatric Hematology, Oncol-
ogy, and Immunology (protocol number 8e/13-17 of
27.10.2017) and is in accordance with Helsinki Declaration.
Written informed consent was obtained from all participants
over the age of 15 or from their legal representatives in the
case of younger participants.

Both patients and healthy controls were asked to perform
three tasks to assess parameters of saccadic movements. To
evaluate the impact of age on performance of the oculomo-
tor system, we divided children into three groups depending
on their age: 9-11, 12-14, and 15-17 years old. Table 2
shows the number of participants in each group in every
oculomotor test utilized in this analysis. We have also taken
into account the age at tumor diagnosis (according to the
neurooncologist’s recommendation), dividing participants
into four groups: 0-3, 4-6, 7-12, and over 13 years old.

In order to assess the severity of motor dysfunction, the
patients were individually evaluated by the same certified
neurologist, and each was assigned an ICARS score [28].

Table 1 Clinical history of the patients (n = 66)

Patients

Years of age at tumor diagnosis: median (range) 7 (0-15)
Malignancy: low grade/ high grade (% of all cases) 29.3/70.7
Tumor location (% of all cases)

Hemispheres 10.6

Vermis 12.3

IV ventricle 153

Vermis + hemispheres 10.6

Vermis + IV ventricle 51.2
Type of treatment (% of all cases)

Surgical resection only 19.7

Radiation therapy 10.6

Radiation therapy and chemotherapy 69.7
Duration since surgery in months: median (range) 54 (4-129)
Duration of remission in months: median (range) 39 (3-122)
ICARS (scores; median, range) 15 (0-71)
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Table 2 The number of participants in each age group taken to a par-
ticular oculomotor task

Age groups: 9-11; 12-14; 15-17 (years of age)

Task Healthy controls Patients Sum )4

GH 15;22; 13 21;23; 17 50 and 61 0.7905
VGS 9;12; 16 13;18; 16 37 and 47 0.6882
VS 13;21; 13 22;24;13 43 and 63 0.5569

Types of the oculomotor tasks: GH, gaze holding task; VGS, visually
guided saccade task; VS, visual search. Chi-square test

The general ICARS score ranks the posture and gait distur-
bances, limb functions, speech, and oculomotor disorders.
ICARS scores are applicable to children treated for cerebel-
lar tumors [29].

Oculomotor Study
Setup

Participants were seated in an armchair placed in a quiet,
dark room with their heads fixed positioned with a chinrest
and forehead support. Eye movements were recorded with
the Arrington eye tracker (Arrington Research, Inc., USA)
at a sampling rate of 60 samples/s. Each trial of eye move-
ment recordings started with a standard 9-point calibration
sequence for the entire testing area of the computer monitor
used to present the visual stimuli. This calibration procedure
preceded presentation of each oculomotor task to warrant
better data collection accuracy. Gaze data were acquired
from the right eye. The oculomotor tasks were presented and
controlled by the ViewPoint EyeTracker® 2.9.2.5 software
(Arrington Research, Inc., USA). Saccade onset and offset

were detected using a built-in velocity threshold criterion
and were continuously monitored by an experimenter. 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 form-
ing a field with a 45° X 26° visual angle.

The oculomotor study consisted of three oculomotor tests
exploring core eye movement functions. The tasks separated
by short breaks were consecutively presented from the easi-
est to the hardest to accommodate children in the experimen-
tal environment. The experimenter provided the participants
with the instructions for each task at the beginning of each
recording session. The execution of an entire battery of tasks
required approximately 15 min and was not too taxing for
the children.

Tasks

Gaze Holding (GH, Fig. 1a) The goal of the task was to deter-
mine the stability of gaze fixation. The black central fixation
point (FP) was initially shown at the center of the screen
for 4-5 s. The test sequence consisted of presentation of
the green dot (~ 1° in diameter; 15° left/right and 8° up/
down from the center of the screen), 20 s each, at four eccen-
tric 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.

Visually Guided Saccade (VGS, Fig. 1b) This task enabled
an evaluation of the accuracy of reflexive saccades to the
stimulus that appeared horizontally or vertically. The FP
was shown as in GH. A square with a 10° side was then

a 4000-5000 ms b 4000-5000 ms c 5000 ms
[ ]
500 ms

® 20s ® upto40s
FP 500 ms . .

FP (@] 20s |j FP :

500 ms \
\ .
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6 repetitions

Fig. 1 Oculomotor tasks: a gaze holding (GH), b visually guided saccades (VGS), and ¢ visual search (VS). Fixation point (FP), exposure time

are presented
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presented. In its corners, a red circle (~ 1° in diameter)
appeared consequently in the clockwise direction for 500
ms, evoking visually guided saccades. The participant was
instructed: “Follow the red circle and jump when the circle
moves to the next position.” In total, the participant had to
perform 24 saccades with an amplitude of 10°. The ratios of
isometric, hypometric, hypermetric, and corrective saccades
were determined.

Visual Search (VS, Fig. 1c) This task was designed to assess
the organization of voluntary saccades during image scan-
ning when performing a simple cognitive task (object count-
ing requiring visual search). The FP was shown as in GH.
Then ten black dots (~ 1° in diameter) were shown on the
monitor, 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.

Oculomotor Data Analysis

We used the ViewPoint EyeTracker ® 2.9.2.5 software
(Arrington Research, Inc., USA) ViewPoint EyeTracker ®
2.9.2.5 software (Arrington Research, Inc., USA) to extract
gaze coordinates. To extract events (fixations and saccades)
from these coordinates, Data Analysis software (Arrington
Research, Inc., USA) was used.

In the GH, the obtained raw gaze coordinates during gaze
holding on the stimulus were filtered in the MATLAB 2013
software (Mathworks, Inc., Natick, MA) using + 2c dis-
tribution filter. Then the resulting coordinates were fitted
with an ellipse using the fit_ellipse function (https://www.
mathworks.com/matlabcentral/fileexchange/3215-fit_ellip
se) [30]. The calculated area of the ellipses was converted
into square degrees of visual angle (deg?). The ellipse areas
were calculated for each of the four stimulus positions for
each participant, with the exception of artifact values caused
by incorrect pupil detection (approximately 10% of the data).

In VGS task, saccades were considered isometric if their
amplitude (A) fell in the range of 8.5-11.5°, as dysmetria
consists of a 10% deviation from correct amplitude (in our
case, 10°) (Thuttell et al. 2007), and the device detection
error is 0.5°. Therefore, hypometric saccades (undershoot,
A < 8.5°), hypermetric (overshoot, A > 11.5°), and correc-
tive saccades (following dysmetric saccades, 1.5° < A <
5°) were analyzed. Ratios of iso-, hypo-, hyper-metric, and
corrective saccades to the total number of saccades were
calculated for each participant.

In the VS task, the patient had to count the total num-
ber of dots and to report the result to the examiner. The
time period between the task onset and the vocal report was
considered an execution time. The scanning trajectory was

estimated as the sum of the amplitudes of all performed
saccades. We excluded from the analysis the fixations that
lasted for less than 80 ms. We obtained these measures from
each participant.

Statistical Analysis

We run the Mann—Whitney test (U) to compare the oculo-
motor parameters between all patients and all healthy con-
trols, while the Kruskal-Wallis test (H) was used to com-
pare oculomotor parameters between the three age groups
of patients and the healthy controls. The H-test was also
used to compare the parameters in patients subdivided into
four groups based on age at diagnosis. We applied post hoc
parametric tests with correction for multiple comparisons
when the nonparametric ones showed significant differences
between the groups.

To determine whether the level of ataxic symptoms was
related to the extent of oculomotor deficits, we run the
Spearman’s rank correlation tests to compare the ICARS
scores and oculomotor parameters obtained during VGS
tasks. P-values of less than 0.05 were considered signifi-
cant. Trends (p < 0.1) are marked in the figures and tables.
All the analyses were performed with the software package
STATISTICA v. 13.3 (TIBCO Software Inc., USA).

Results
Gaze Holding

The comparison between patient and healthy control groups
showed that ellipse areas had significantly increased in
patients, with a median of 2.32 (range 0.21-30.73) vs 1.22
(0.19-10.53) deg? (U = 9026.0, p = 0.00001). The visualiza-
tion of task performance demonstrates different oculomotor
impairments that disrupt stable fixation in patients: horizon-
tal or vertical gaze-evoked nystagmus, intrusive saccades,
and involuntary saccades of high amplitude caused by atten-
tion disturbances (Fig. 2a, b).

Analysis of age impact on gaze holding was performed
within each group. In patients, the ellipse areas did not
significantly differ between the three age groups, while in
healthy controls they did (Table 3). Further analysis showed
that ellipse areas were significantly different between the
youngest and oldest groups (p = 0.002), thus indicating the
decline in fixation instability with age in healthy controls.

When comparing ellipse areas in four age groups depend-
ing on the age of diagnosis in patients, a significant progres-
sive decrease in fixation instability was observed (H; 5os =
13.89, p = 0.0031; Fig. 3a). The earlier the child was diag-
nosed with a PFT, the more unstable was the gaze holding
at the time of the study. The differences between groups 0-3

@ Springer @K@


https://www.mathworks.com/matlabcentral/fileexchange/3215-fit_ellipse
https://www.mathworks.com/matlabcentral/fileexchange/3215-fit_ellipse
https://www.mathworks.com/matlabcentral/fileexchange/3215-fit_ellipse

8 The Cerebellum (2024) 23:444-454
@ C
100 -
200
300
400
500 = o
600
700
800
200 400 600 800 Zmoo 1200 1400 1600
b e
L]
100 °
200 é °
[ ]
300

600 ’*"

200 400 600 800 1000 1200 1400 1600

Fig.2 Left: visualization of GH test via Matlab fit_ellipse function
(a healthy control; b patient). Gaze coordinates were approximated
by ellipses using the least squares method. Axes show pixels of the
screen. Middle: VGS (c healthy control; d patient). Right: VS (e

healthy control; f patient). ¢—f 2D plots of oculomotor performance.
Saccades are indicated in red and fixations in green. Vertical scale
bars are 5°

Table 3 Dependence of gaze holding (GH) and visual search (VS) performance on age in healthy controls (HC) and patients

Age groups (years old) H-value
9-11 12-14 15-17
GH Ellipse area (deg?) HC 1.43 (0.22-5.95) 1.12 (0.19-5.63) 0.80 (0.24-4.53) H, g5 = 12.17%*
Patients 2.74 (0.42-30.46) 2.06 (0.39-30.73) 2.05 (0.21-23.76) H, 505 =4.02
VS Execution time (s) HC 4.88 (3.86-6.25) 4.71 (2.15-6.66) 5.17 (2.87-6.41) H, ;=224
Patients 7.34 (3.49-17.61) 7.23 (3.35-18.59) 5.68 (4.08-12.38) H,¢;=3.83
Number of fixations HC 15.5 (10-20) 15 (7-18) 15 (11-19) H, ;=088
Patients 18 (12-53) 19.5 (11-56) 16 (10-36) H,e =397
Scanpath (°) HC 112.0 (75.5-162.4) 111.1 (64.8-159.7) 131.5 (96.8-168.1) H, ;=504
Patients 159.2 (81.9-521.6) 176.0 (92.7-458.8) 144.2 (80.2-325.6) H,e=1.15
Fixation duration (ms) HC 268 (201-359) 257 (168-378) 289 (188-359) H, ;=112
Patients 291 (180-498) 267 (183-416) 283 (203-390) H,=1.10
Saccade amplitude (°) HC 7.4 (5.0-8.6) 7.6 (5.7-9.9) 9.1 (6.91-9.35) H, ;=309
Patients 7.5 (5.9-11.0) 7.7(5.7-12.2) 7.7 (5.0-12.7) H,¢;=0.68

Note: The data are provided in format: medians (ranges). Level of significance: **p < 0.01

and 7-12 years old and 0-3 and over 13 y.o. reached the
level of statistical significance.

Visually Guided Saccade
Analysis of distinct oculomotor patterns revealed a sig-
nificantly greater number of isometric (U = 159.5, p =

0.00001), hypermetric (U = 141.0, p = 0.00001), and cor-
rective (U = 160.5, p = 0.00001) saccades in patients vs.

GRO @ Springer

controls, while the number of hypometric saccades did not
differ significantly (U = 755.0, p = 0.238) (Fig. 4). The
visualization of task performance demonstrates hypermetric
saccades occurred in patient (Fig. 2c, d).

Within each group, we analyzed dependence of perfor-
mance in different visual tests on the age of subjects. In
healthy controls (Fig. 5), the number of isometric saccades
increases (H,3; = 8.24, p = 0.016), while the number of
hypometric saccades statistically significantly declines (H, 3;
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Fig.3 Dependence of ellipse
areas (a) and proportion of
isometric saccades (b) on the
time of diagnosis. The bars
show medians, minimax values,
and interquartile range. P-levels
of statistical significance (post
hoc analysis with corrections
for multiple comparisons); n =
number of observations in each
group

Fig.4 Proportions of different
types of saccades in patients (n =
47) and healthy controls (n = 37).
Each bar shows median, minimax
values, and interquartile range.
P-levels of significance (Mann—
Whitney test)

Fig.5 Proportions of different
types of saccades in healthy
controls depending on age. Each
bar on the plot shows median,
minimax values, and interquar-
tile range. P-level of statistical
significance (Kruskal-Wallis
test)
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= 9.45, p = 0.009) with age. Further analysis showed that
proportions of iso- and hypometric saccades significantly
differed between the youngest (9—11 y.o.) and both older
(12-14 and 15-17 y.o.) groups (all at p < 0.05), indicat-
ing the increase of saccadic accuracy with age in healthy
controls. In contrast, no significant changes in the above-
mentioned measures of visual performance with age were
observed in patients.

Patients diagnosed with a tumor at an older age had sig-
nificantly higher numbers of isometric saccades (H, 44 =
6.69, p = 0.035; Fig. 3b), as well as hypometric and cor-
rective saccades (H, 44 = 6.48, p = 0.039, and H, 4, = 6.00,
p = 0.049, respectively). Patients diagnosed with tumor at
youngest age (0-3 y.o.) were excluded only from this analy-
sis because of the small size of the sample (3 observations).

Correlations with ICARS Scores

In order to reveal the relationships between patients’ sac-
cadic accuracy measured in VGS task and ataxic symptoms,
we performed the correlation analysis. Patients were found
to have a positive correlation between ICARS scores and
numbers of hypermetric (r = 0.309, p = 0.039), corrective
saccades (r = 0.329, p = 0.027), and negative correlation
between ICARS scores and number of isometric saccades
(r=—0.423, p = 0.004). Conversely, ICARS scores were
not correlated with the number of hypometric saccades (r
= —0.008, p = 0.956).

Visual Search

Comparison of patient and healthy control groups’ perfor-
mance showed a significant decline in parameters that we
have called “cognitive” in patients: increased task execution
time, number of fixations, and prolonged scanpath (Table 4).
However, “physiological” parameters such as fixation dura-
tion and saccadic amplitudes did not differ significantly. The
visualization of task performance demonstrates a large num-
ber of returning saccades to the same point, presumably for
re-counting. At the same time, a healthy child counts a point
with almost one fixation (Fig. 2e, f).

The analysis of oculomotor performance dynamics
revealed no significant dependence on current age (Table 3)
or age at diagnosis either in the patient group or in healthy
controls.

Discussion

In the present study, we analyzed core oculomotor func-
tions in pediatric PFT survivors, their dependence on the
age and age of the diagnosis, and their relationships with the
severity of ataxic symptoms. We observed typical cerebellar

GRO @ Springer

Table 4 Oculomotor data in visual search tasks in healthy controls
and patients

Parameters Healthy controls  Patients U-value

Execution time (s) 4.96 (2.15-6.66)  6.84 (3.35-18.59) 651.0%%*

Number of fixa- 15 (7-20) 18 (10-56) 811.0%:*
tions
Scanpath (°) 119.5 (64.8— 155.5 (80.2— 631.0%:%*
168.1) 521.6)
Fixation duration 268 (168-378) 272 (180-498) 1277.0
(ms)
Saccade ampli- 7.66 (5.0-9.9) 7.68 (5.0-12.7) 1208.0

tude (°)

Note: The data are provided in format: medians (ranges). Level of
significance: ***p < 0.001

oculomotor abnormalities: unstable fixation, dysmetric sac-
cades, and impaired visual scanning described in existing
research on other cohorts. However, the most remarkable
finding consists in the demonstration of significant differ-
ences in the number of hypermetric, but not hypometric,
saccades between patients and healthy control groups, and
the association of hypermetric, but not hypometric, saccades
with ataxic symptoms.

In patients with PFT, the tumor development and its
treatment by surgery, radiotherapy, and chemotherapy lead
to damage to the cerebellar structures, including those
involved in the saccadic system control and their connec-
tions with other brain areas. During the surgical removal
of the tumor, required for medulloblastoma, astrocytoma,
and ependymoma treatment, neurosurgeons often remove
damaged cerebellar tissues in a large volume, which results
in the inevitable damage to the structure of the oculomotor
and vestibular cerebellum, cerebellar hemispheres, and their
afferent and efferent projections. Moreover, chemotherapy,
especially when combined with radiotherapy, causes general
CNS damage and neurotoxic side effects [31].

Our analysis revealed significant impairment in gaze
stability during gaze holding in patients when compared to
healthy controls (Fig. 2a, b). Areas of the vestibular cerebel-
lum, flocculus and paraflocculus, play an essential role in
gaze fixation mechanisms [1, 32]. These regions are known
to be closely associated with positive feedback to the sac-
cade brainstem generator via NPH (nucleus prepositus hypo-
glossi) and MVN (medial vestibular nucleus), and damage
to the vestibular cerebellum or its efferent projections is
known to provoke a disruption of the brainstem generator
during gaze holding [2, 33]. As a result of damage, cerebel-
lar patients have oculomotor disorders such as spontaneous
nystagmus, postassacadic drift, and intrusive saccades that
disrupt the stable fixation on the visual object [13, 17, 34].
In our study, we analyzed the nature of the instability in
oculomotor functions in patients qualitatively, based on the
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video-monitoring the oculomotor behavior during recording.
In patients, oculomotor disruptions manifested as spontane-
ous nystagmus (horizontal, vertical, sometimes diagonal)
and low-amplitude intrusive saccades. Visual attention dis-
ruption manifested in the form of irrelevant high-amplitude
saccades that shift gaze away from the presented stimulus,
indicating that the subject is incapable of focusing on it.
Visual attention disorders in patients with cerebellar lesions
are often associated with dysfunction of the cerebellar hemi-
spheres [24]. Occasionally, patients experience mixed distur-
bances of both oculomotor and attention disruptions in the
form of horizontal nystagmus and high-amplitude saccades.

In healthy controls, we also found high-amplitude sac-
cades, shifting fovea from the presented stimulus; however,
they were more often manifested in the younger age group,
expressed in larger areas of ellipses. The analysis of age-
related dynamics showed a systematic increase in the stabil-
ity of gaze holding with age, demonstrating the most mature
fixation process in the older age group (Table 3). Our data
is consistent with previous studies [35, 36]. We did not find
significant age-related dynamics in gaze holding parameters
in patients with PFT, although in the middle and young-
est age groups ellipse was smaller, than in the eldest one
(Table 3). This indicates that the impairments of the ocu-
lomotor mechanisms in this sample of patients cannot be
associated with their age since the patients were in different
periods of remission, that is, the manifestation of the tumor
and its treatment occurred at different ages for each patient.

However, our further analysis revealed a strong depend-
ence of oculomotor impairments on age at diagnosis (Fig. 3).
The later the child begins to develop a tumor, the more sta-
ble the process of gaze fixation is, and more isometric sac-
cades are observed at the time of the study. This finding is in
line with studies that have shown that CNS tumor develop-
ment age is a negative prognostic factor since most of the
structures and afferent-efferent systems are less formed at
an earlier age and may not form properly as a result of the
ongoing pathological process [37, 38]. Thus, in children who
develop a tumor at an older age (older than 13 years), the
development of the tumor and its subsequent treatment are
less damaging to the almost fully formed gaze fixation and
precise saccade generation. This assumption is supported by
the observed dynamics of oculomotor functions’ maturation
in healthy children, as described above and below in the text.

The comparison of visually guided saccades revealed
a significantly decreased number of isometric saccades
and increased hypermetric saccades in patients with PFT
(Fig. 3c, d; 4). Saccadic hypermetria due to impairments to
oculomotor cerebellum, including the dorsal vermis (lob-
ules V-VII) and caudal fastigial nuclei [1, 2, 39]. Bilateral
lesions of the fastigial nuclei result in saccade hyperme-
tria in all directions, whereas unilateral lesions of fastigial
nuclei or dorsal vermis lead to hypermetria only in ipsi- or

contraversive direction to the side of the lesion [2, 40]. Our
data are consistent with several studies of saccade hyperme-
tria in cerebellar patients [14, 17, 41-43]. However, in con-
trast with the previous studies, we did not find a significant
difference in the number of hypometric saccades. Hypomet-
ric saccades were found in healthy patients in several studies
[44—46], but authors do not explain the presence of such sac-
cades, pointing only to the fact that with age, children have
fewer hypometric saccades [44, 46, 47]. According to our
data, hypometria in healthy children also decreases with age
(mirrorlike isometric saccades, Fig. 5), especially after 11
years, consistent with the literature data (after 8—10 years).
Therefore, hypometria occasional hypometria is within nor-
mal range, as some authors have pointed out [44, 46].

This finding is supported by an analysis of relationships
between the severity of ataxic symptoms and saccadic accu-
racy indicators. We found positive correlations between the
number of hypermetric, corrective saccades, and ICARS
scores, meaning that worse motor performance is associated
with greater saccadic amplitude and its correction. In con-
trast, we observed neither significant nor borderline correla-
tion between ICARS scores and the number of hypometric
saccades (r = — 0.008; p = 0.956).

Moreover, we observed corrective saccades in both
patients and healthy controls; however, in healthy controls,
they occurred in significantly smaller numbers despite a
comparable number of hypometric saccades (Fig. 4). Hence,
we speculate that hypometric saccades are corrected much
less often, which confirms the earlier assumption about
hypometria being physiologically normal. It also appears
that hypermetria rather than hypometria is considered to be
a more serious deviation by the cerebellum, resulting in a
greater percentage of corrections.

Thus, summarizing our results, we would like to empha-
size that it is the hypermetric saccades that can be consid-
ered a prominent sign (and diagnostic parameter) of cerebel-
lar dysfunction acquired after tumor’s treatment.

The comparison of visual search revealed a significant
decline in “cognitive parameters”—task execution time, num-
ber of fixations, and scan path—whereas no significant differ-
ences in “physiological” parameters, such as fixation durations
and saccadic amplitudes, were observed in patients with PFT
(Fig. 2e, f; Table 4). The revealed results and visualization
of oculomotor activity during the task indicate the presence
of repeated saccadic patterns that return the fovea and, with
it, the focus of the patient's attention to the already counted
objects for re-fixation. Such gaze returns are associated with
disturbances in detecting and memorizing object locations
within visual field, reflecting difficulties in spatial orientation
and impaired integration of visual-spatial processes [48]. Our
results are consistent with studies that have shown impaired
cognitive processes, in particular visual spatial attention and
perception, in patients with cerebellar dysfunction, including
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those who were treated for cerebellar tumors [10, 22, 23].
Such disorders, which are part of the cerebellar cognitive-
affective syndrome, are caused by a failure in the cerebellar-
cortical interaction carried out by the cortical-pontocerebellar
afferent pathways and the cerebellar-thalamic-cortical efferent
pathways [24]. The main areas of the cerebellum involved in
the processes of visual attention and spatial perception are
the areas of the posterior lobe of the left hemisphere of the
cerebellum [24, 49]. Through the thalamus, they project to the
posterior parietal cortical regions involved in visual-spatial
processing and attention [24, 50].

In this regard, the absence of differences in “physiologi-
cal” indicators looks ambiguous (Table 4). Despite our
results on visually guided saccades, we found no hyper-
metria or differences in amplitude in voluntary saccades
between patients and healthy controls, suggesting different
mechanism for voluntary saccade execution compared to
reflexive (visually guided) saccades. Frontal oculomotor
cortical fields play more important role in voluntary sac-
cades execution, while parietal oculomotor fields, which
have direct projections onto superior colliculus and brain-
stem saccadic generator, participate in spatial tasks [51]. In
voluntary saccades, in contrast to the reflexive oculomotor
reactions in the visually guided paradigm, the participation
of the cerebellum is reduced. A similar effect is observed
in Parkinson’s disease, when dopamine deficiency in the
nigrostriatal system has a smaller effect on saccades’ param-
eters when free viewing the image compared to the hypo-
metric visually guided saccades [52].

The absence of age influence on the parameters of visual-
spatial task performance agrees with some studies [53, 54]
and does not agree with others [23]. Starowicz-Filip et al.
[23] reported an improvement in visual-spatial skills with
age; however, patients’ remission period was the key com-
ponent. It should be noted that healthy controls also lack age
dynamics of task performance parameters (Table 3). In this
regard, we can conclude that children of all ages can suc-
cessfully cope with such a simple cognitive task of searching
and counting only ten objects.

Conclusion

In the present study, we demonstrate the involvement of the
cerebellum in saccadic system core functioning and visual
perception in pediatric PFT survivors. Tumor and its treat-
ment lead to cerebellar dysfunction, causing disorders of
the visual-oculomotor system found in children of differ-
ent age groups. Specifically, hypermetric saccades could be
considered a prominent oculomotor symptom of cerebellar
tumors. At the same time, later age of disease progression
appears to correspond with lesser oculomotor deficits. The
obtained data and the application of the eye tracking method

GRO @ Springer

provide theoretical and methodical basis for the diagnosis of
cerebellar oncological diseases and evaluation of the effec-
tiveness of rehabilitation measures that play an essential role
in modern pediatric neurooncology.
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