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Key points

o A cerebellar dentate nuclei (DN) contribution to volitional oculomotor control has recently
been hypothesized but not fully understood.

e Cerebrotendinous xanthomatosis (CTX) is a rare neurometabolic disease typically
characterized by DN damage.

e In this study, we compared the ocular movement characteristics of two sets of CTX patients,
with and without brain MRI evidence of DN involvement, with a set of healthy subjects.

e Qur results suggest that DN participate in voluntary behaviour, such as the execution of
antisaccades, and moreover are involved in controlling the precision of the ocular movement.

® The saccadic abnormalities related to DN involvement were independent of global and regional
brain atrophy.

® Qur study confirms the relevant role of DN in voluntary aspects of oculomotion and delineates
specific saccadic abnormalities that could be used to detect the involvement of DN in other
cerebellar disorders.

Abstract It is well known that the medial cerebellum controls saccadic speed and accuracy.
In contrast, the role of the lateral cerebellum (cerebellar hemispheres and dentate nuclei, DN)
is less well understood. Cerebrotendinous xanthomatosis (CTX) is a lipid storage disorder due
to mutations in CYP27A1, typically characterized by DN damage. CTX thus provides a unique
opportunity to study DN in human oculomotor control. We analysed horizontal and vertical
visually guided saccades and horizontal antisaccades of 19 CTX patients. Results were related
to the presence/absence of DN involvement and compared with those of healthy subjects. To
evaluate the contribution of other areas, abnormal saccadic parameters were compared with global
and regional brain volumes. CTX patients executed normally accurate saccades with normal
main sequence relationships, indicating that the brainstem and medial cerebellar structures
were functionally spared. Patients with CTX executed more frequent multistep saccades and
directional errors during the antisaccade task than controls. CTX patients with DN damage
showed less precise saccades with longer latencies, and more frequent directional errors, usually
not followed by corrections, than either controls or patients without DN involvement. These
saccadic abnormalities related to DN involvement but were independent of global and regional
brain atrophy. We hypothesize that two different cerebellar networks contribute to the metrics of
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a movement: the medial cerebellar structures determine accuracy, whereas the lateral cerebellar
structures control precision. The lateral cerebellum (hemispheres and DN) also participates in
modulating goal directed gaze behaviour, by prioritizing volitional over reflexive movements.

(Resubmitted 21 October 2016; accepted after revision 20 January 2017; first published online 7 February 2017)
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ACC, anterior cingulate cortex; CTX, cerebrotendinous xanthomatosis; CTXnD, CTX patients with

no dentate involvement; CTXwD, CTX patients with dentate involvement; DLPFC, dorso-lateral prefrontal cortex; DN,
dentate nuclei; FEF, frontal eye field; PEF, parietal eye field; pre-SMA, pre-supplementary motor area; SC, superior
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colliculus; SEF, supplementary eye field.

Introduction

Classical evidence identifies the medial cerebellum
(cerebellar vermis and fastigial nuclei) as the anatomical
component of the visuomotor cerebellum underlying
saccadic eye movements (Noda, 1991; Voogd et al.
2012). Involvement of the lateral cerebellum (cerebellar
hemispheres and DN) in ocular movements has also
been supported by neurophysiological, functional and
lesion studies in animals and humans (Ron & Robinson,
1973; Ohki et al. 2008; Voogd et al. 2012; Ashmore &
Sommer, 2013). However, the extent and nature of their
contribution to gaze control is not fully understood (Leigh
& Zee, 2015). The anatomical connections of the lateral
cerebellum suggest a specialized oculomotor role, likely
to be different from that of the medial cerebellum (Dum
& Strick, 2003). The DN, in particular, are connected
through the ventrolateral thalamic nuclei to the frontal
and parietal eye fields (FEF and PEF), indicating a
possible involvement in complex gaze behaviour. In
addition, direct projections of DN to the superior
colliculus (SC) and oculomotor nuclei might possibly
modulate saccadic dynamics (May, 2006). Nonetheless,
studies of the influence of the DN on gaze control have
led to inconclusive and sometimes contradictory results.
In particular, the scarcity of studies of patients with
discrete lesions of the DN has limited the understanding
of the impact of this structure on eye movement control
in humans. Cerebrotendinous xanthomatosis (CTX)
is an autosomal recessive lipid storage disorder due to
mutations in CYP27A1, encoding the mitochondrial
enzyme 27-sterol-hydroxylase, clinically characterized by
infantile-onset diarrhoea, juvenile cataracts, tendon
xanthomas, psychiatric/cognitive disturbances,
pyramidal, cerebellar and extrapyramidal signs, and
peripheral neuropathy (Federico & Dotti, 2003; Mignarri
et al. 2014). MRI evidence of DN abnormality is reported
in about 75% of patients, but no clinical differences have
been reported between patients with and without DN
involvement. CTX, thus, provides a unique opportunity
to study the role of DN in human oculomotor control.
Moreover, as the disease is treatable, the identification

of neurophysiological markers could be relevant for
treatment monitoring.

We analysed horizontal and vertical visually guided
saccades and horizontal antisaccades of 19 CTX patients.
Saccade characteristics were measured and antisaccade
error and correction rates were computed. Results were
related to the presence or absence of DN involvement and
compared with those of a matching group of 19 healthy
subjects. Moreover, since multistep saccades have been
proposed as a marker of basal ganglia and/or cerebellar
impairment (Optican et al. 2008; Blekher et al. 2009)
we analysed the rate and characteristics of the steps
composing such movements. We measured the global and
regional brain atrophy volumes in both groups through a
quantitative MRI assessment and correlated these volumes
with the abnormal saccadic parameters, because neuro-
degeneration in CTX extends to other brain areas involved
in oculomotor control, especially the frontal cortex. We
found that DN lesions were associated with abnormal
saccadic latency and precision (but not accuracy) and
increased uncorrected directional errors, independently
from global or regional brain atrophy.

Our results suggest that DN (and thus lateral
cerebellum) participate in volitional oculomotor control
through a functionally interconnected network that
includes frontal cortex and basal ganglia. This network is
involved in planning a proper action while simultaneously
suppressing competing and reactive behaviours.

Methods
Participants

Thirty-eight subjects volunteered for the study. Nineteen
patients with genetically confirmed CTX (nine males,
ten females) were recruited in our national reference
centre for CTX; their mean age at examination
was 41 vyears (range 18-63). All patients were
under treatment with chenodeoxycholic acid (CDCA)
supplementation at the time of the enrolment for
the study. None of them were undergoing neuro-
psychiatric therapies. Each patient underwent complete
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neurological and neuro-ophthalmological examinations.
Neurological disability was assessed through modified
Rankin scale (MRS) (van Swieten et al. 1988) and
expanded disability status scale (EDSS) (Kurtzke, 1983).
Brain MRI was obtained for all patients using an
MRI 1.5T machine (Philips Gyroscan, Philips Medical
System, Best, The Netherlands) and always included
T1-weighted, T2-weighted, and fluid attenuated inversion
recovery (FLAIR) images, evaluated by two experienced
neuroradiologists. Based on the presence/absence of DN
T2-hyperintensity and/or FLAIR-hyperintensity at MRI,
subjects were further divided into two subgroups. The
severity of the DN involvement was qualitatively assessed
through a score from 0 (no involvement) to 4 (maximum
involvement) by the size and confluence of MRI lesions.
The control group consisted of 19 healthy age- and
sex-matched subjects. All subjects gave their written
informed consent; the study complied with the Declaration
of Helsinki and was approved by the Regional Ethics
Committee.

Eye movement recording

Eye movements were recorded with an ASL 504 eye-tracker
device (Applied Science Laboratories, Bedford, MA, USA).
Data acquisition and visual stimulation were controlled by
a PC (3 GHz Pentium) running custom software dedicated
to real-time data acquisition. Eye position was sampled by
the eye-tracker at a frequency of 238.1 Hz, digitized with
a resolution of 16 bits, corresponding to a sensitivity of
recorded eye position of 0.16 deg, and stored for off-line
analysis. Each sample was stored with an accurate time
stamp. The visual stimulus was a red dot (luminance
63 cd m?) with diameter subtending a visual angle of
0.4 deg, presented on a black background (luminance
2.5 cd m~2). The screen was a 31 x 51 cm LCD screen,
with a resolution of 1024 x 768 pixels, 72 cm from the
subject’s eyes.

Subjects were seated in a darkened room while
movements were minimized by a chinrest with a bite bar.
Each recording session was preceded by an interactive
calibration procedure based on nine static points and
three static points of validation.

All subjects performed visually guided horizontal and
vertical saccades and horizontal antisaccades.

Visually guided saccade tasks. Targets were presented at
either of two horizontal eccentricities (10 deg and 18 deg,
right and left) or one vertical eccentricity (8 deg, up and
down). At the start of a trial, a central fixation point
appeared for 1500-2500 ms. After the disappearance of
the central fixation point there was a blank period (gap)
of 200 ms. Then, a peripheral target appeared at one of the
horizontal or vertical eccentricities for 1500 ms. Subjects
were instructed to make a saccade as quickly and accurately
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as possible towards the target. Each saccade task consisted
of a sequence of at least 40 trials for each target amplitude.

Antisaccade tasks. A target was presented at one of two
possible horizontal eccentricities (10 degand 18 deg). After
the disappearance of the central fixation point and a gap
of 200 ms, a peripheral target appeared randomly to the
right or left for 2500 ms. Subjects were instructed not to
look at the target, but to gaze in the opposite direction,
making a saccade of the same amplitude. Each antisaccade
task consisted of a sequence of at least 40 trials for each
target amplitude.

Data analysis

All analyses were performed with custom Matlab (The
Mathworks, Natick, MA, USA) scripts. Data were first
resampled to a uniform step size of 4.2 ms (238.1 Hz),
because the tracker occasionally dropped a sample. Signals
were then denoised with the Matlab Wavelet Toolbox.
A Savitzky-Golay filter (polynomial order 2, frame size
9 samples) was used to obtain low-pass filtered data,
and their first and second order derivatives (velocity
and acceleration). Data were then resampled at 1.0 ms
(1 kHz sample rate) using cubic interpolation, to simplify
presentation and analysis. Saccades were detected using
speed and acceleration criteria. The beginning and end
of the saccade were designated as the point at which
the speed dropped below 10% of the peak speed.
Movements were excluded if they were not saccade-like
(0.2 < amplitude < 40 deg; 5 < duration < 500 ms;
15 < peak speed < 800 deg s™'). Each trial was auto-
matically marked as containing a single-step or a multistep
saccade. Trials with a multistep saccade were checked
manually to confirm the identification of multistep
saccades. Any movement that included more than one
step, e.g. a corrective saccade in the same direction as the
primary saccade, or a staircase of saccades to the target,
was considered to be a multistep saccade.

Brain MRI volumes

We further evaluated the global and regional brain
parenchymal volumes of CTXwD and CTXnD patients,
measured on T1 weighted three-dimensional gradient
echo images (TR/TE = 35 ms/10256 x 256 matrix,
one signal average, 250 mm field of view, 50
contiguous 3 mm slices). We used the cross-sectional
version of the SIENA software, SIENAX (http://www.
fmrib.ox.ac.uk/fsl/), normalized for the subject’s head size
(Guerrera et al. 2010). Particularly, we obtained global
measures of normalized brain volume, normalized white
matter volume, normalized grey matter volume, as well as
selective measurement of normalized cortical volumes. For
volume measurement of specific cortical regions, through
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predefined standard space masks (see structural atlas
in http://www.fmrib.ox.ac.uk/fsl/), we selected from the
cortical grey matter the normalized volumes of the frontal,
temporal, parietal, insula, and occipital lobes of both
hemispheres. Furthermore, with an identical approach, we
estimated the normalized volume of the cerebellum. In this
case, when necessary, the cerebellum mask of the subject
was manually edited by expert users (V.S., M.B., N.D.S.).
Since DN and surrounding white matter are affected by
various neuropathological changes, not directly related to
neuronal loss, including myelin rarefaction, lipid crystal
deposits, cleft fibrosis, reactive astrocytosis, scattered to
widespread deposition of haemosiderin pigment, and
focal calcifications (Barkhof et al. 2000), leading to various
modification of their size (Guerrera et al. 2010), we
did not measure the DN volumes, but we qualitatively
assessed their impairment, as explained above. MRI data
were compared with those obtained from a group of
23 age-matched healthy controls.

Statistical analysis

All statistical tests were performed with the Matlab’s
statistics toolbox. Results were considered significant if
the probability of chance occurrence, P, was less than 0.05.
Measures for bar charts were compared between pairs with
Student’s ¢ test if both data sets were normally distributed
(by the Kolmogorov-Smirnov test), otherwise with the
Kruskal-Wallis test. Two-tailed tests were used.

N-way ANOVAs were performed to look for
effects and interactions among subject groups and
tasks. Multiple pair-wise comparisons (Tukey’s honest
significant difference criterion) were then computed
to look for statistical significance. Data were grouped
according to diagnosis (control or CTX with or without
dentate involvement), task (visually guided or anti-
saccade), kind of saccade (single-step or multistep), and
target location (fixation point or eccentric target). During
the antisaccade task, errors (prosaccades made to the
target) and any following corrective antisaccades were
grouped separately from correct antisaccades.

For the saccadic main sequences peak velocity vs.
amplitude and duration vs. amplitude, curve fits were
compared with abootstrap test of the maximum difference
between the two curves (Rodgers, 1999). Two curves
were fitted to the original data, and the maximum
difference between them was calculated. The data were
then combined (because under the null hypothesis the
two data samples are from the same distribution). The
combined data were resampled (with replacement) to
create 2000 new data sets of the same size as the original
data sets. These were also fitted, producing 2000 pairs of
curves. The maximum difference was calculated for each
of these pairs. Fits were considered statistically different
if the original maximum difference was outside the 95%
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confidence interval of the distribution of the resampled
maximum differences.

For each measurement the data were pooled across
subjects. To avoid misleading effects of outlying data
and the unequal number of saccades made by each
subject, the median of the results from each subject, rather
than the data themselves, were pooled. If a subject made
fewer than four valid saccades, that subject was eliminated
from that pool. When measuring antisaccade parameters,
subjects were added to the pool even if they made only one
corrective antisaccade, because they were so rare.

Average performance in saccade tasks was characterized
by the mean and standard deviation of the population. In
particular, with respect to the amplitude, the mean value
indicates the accuracy of the saccades (closeness of the
average amplitude to the actual target) while the reciprocal
of the standard deviation indicates the precision of the
saccades (compactness of grouping, or consistency, among
amplitudes).

To assess the effect of brain atrophy and other clinical
and epidemiological variables a statistical analysis was
performed with two-way ANOVAs and multiple pair-wise
comparisons.

Results
Clinical findings (Table 1)

Fifteen patients had a positive history for cataracts,
surgically treated, but all participants were able to see the
visual stimuli on the screen without correction. Beside
tendon xanthomas, present in all but three patients,
the other most common clinical findings were mild
cognitive and mood disturbances, spasticity and cerebellar
symptoms. All patients were fully able to understand
the task instructions and to participate in the study.
Thirteen patients (CTXwD) showed MRI abnormalities
of DN (mean age 46 £ 11.6 years, range 27-63), while
the remaining six patients (CTXnD) did not show any
MRI DN abnormality (mean age 31 & 11.5 years, range
18-63) (Fig. 1). The severity of DN involvement is reported
in Table 1. Between the two groups, no specific clinical
differences were found, except that in CTXnD the mean
age was lower, and cerebellar and pyramidal signs were
less prevalent (Table 1).

Visually guided saccades

Figure 2 shows the four types of movements used to test
the saccadic system, and examples of recorded saccades
from CTX patients with DN involvement (Fig. 2A-D),
CTX patients without DN involvement (Fig. 2E-H) and
controls (Fig. 2I-L). The first column shows visually
guided single-step saccades, the second column shows
visually guided multistep saccades, the third column

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Table 1. Demographic, disability scale and brain MRI volume values of cerebrotendinous xanthomatosis (CTX) patients
Demographical data Disability Brain MRI volumes
Age Age DN
Ptno. Sex exam. diag. MRS EDSS NBV NGMV NWMV NCV NFV NTV NPV NIV NOV NCbV lesions
1 F 29 29 1 2 1530 681 849 555 211 128 123 20 73 170 1
2 M 56 31 3 4 1308 589 719 494 162 131 109 22 70 125 2
3 M 27 21 1 3 1707 846 860 686 251 168 156 27 84 201 2
4 F 35 34 3 5 1510 639 871 495 189 119 106 19 62 121 3
5 M 37 36 4 7 1492 649 843 498 193 106 118 22 59 123 3
6 M 48 45 4 7 1508 674 834 525 199 106 126 21 72 144 4
7 M a7 37 3 4 1390 669 720 566 198 147 121 28 71 155 1
8 M 45 31 2 3 1488 742 746 626 226 152 128 25 96 127 1
9 F 49 27 1 3 1466 662 804 531 172 151 112 25 72 165 1
10 M 44 43 2 4 1498 671 827 523 189 145 9% 22 71 158 2
1 F 57 54 2 3.5 1452 634 818 489 181 117 103 24 64 152 1
12 F 63 36 3 3.5 1555 628 926 528 190 127 122 25 64 143 1
13 F 62 43 2 3 1441 614 827 521 180 131 115 23 72 180 1
14 F 62 48 1 1.5 1484 667 818 525 190 143 116 27 73 194 0
15 F 24 18 1 2 1729 863 865 699 253 171 160 26 88 153 0
16 F 33 32 2 3 1520 699 821 533 202 126 105 33 74 150 0
17 M 30 25 1 1.5 1635 797 838 698 235 167 156 33 98 167 0
18 M 20 13 1 1 1718 870 848 776 280 178 180 36 104 197 0
19 F 31 22 1 2 1684 874 810 781 269 193 185 27 97 158 0

Pt, patient; Age exam., age of the patient when examined; Age diag., age of the patient when first diagnosed; MRS, modified Rankin
scale; EDSS, expanded disability status scale; NBV, normalized brain parenchimal volumes; NWMV, normalized white matter volume;
NGMV, normalized grey matter volume; NCV, normalized cortical volumes; NFV, normalized frontal volume; NTV, normalized temporal
volume; NPV, normalized parietal volume; NIV, normalized insula volume; NOV, normalized occipital volume; NCbV, normalized volume
of the cerebellum; DN lesions, dentate nuclei lesions qualitatively assessed from 0 (no involvement) to 4 (maximum involvement).

CTXwD: patients 1-13. CTXnD: patients 14-19.

shows correct antisaccades, and the fourth column shows
prosaccade errors with corrective antisaccades.

Main sequence relationships. Both horizontal and
vertical saccades followed the main sequence relationship
(peak velocity vs. amplitude) in all groups with no
significant differences (P > 0.05). The horizontal main
sequence relationships for each group are shown in Fig. 3,
and their parametric fits are given in Table 2.

Latency. When all saccades were pooled, the average
latency for horizontal visually guided saccades was longer
in CTXwD compared to controls (Table 3, Fig. 4A). The
main effect of the diagnosis (F;,405 = 5.23, P < 0.05)
was significant. The multiple comparisons of CTXwD vs.
controls (P < 0.05) and CTXwD vs. CTXnD (P < 0.05)
were significant, but CTXnD wvs. controls (P > 0.05)
was not.

When visually guided single-step and multistep
saccades were analysed separately, only the latency of
single-step saccades was significantly longer in CTXwD
than controls (Table 3 and Fig. 4D). The main
effects of single-step or multistep (two-way ANOVA,
F1,.210) = 10.20, P < 0.01) and diagnosis (F;210) = 8.04,
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P < 0.01) were significant. There also were significant
interactions between the number of steps in the saccade
and the diagnosis (F(2,210) = 5.06, P < 0.05). Multiple
comparisons showed that latency of single-step saccades
was longer for CTXwD than for controls (P < 0.01), but
not for multistep saccades (P > 0.05).

Gain. When all saccades were pooled, the average gain
(size of saccade divided by the distance from initial eye
position to the target) for horizontal, visually guided
saccades showed slightly hypometric saccades in both CTX
patient groups with respect to controls, but the difference
was significant only between CTXnD and controls (Table 3
and Fig. 4B). The main effect of the diagnosis was not
significant (F540) = 1.98, P > 0.05), and no multiple
comparison among CTXwD, CTXnD, and controls was
significant.

When single-step saccades and multistep saccades were
analysed separately, the main effects of saccade number
(F(1,299) =186.38, P < 001) and diagnosis (F(z,zgg) = 3.66,
P < 0.05) were both significant (Table 3 and Fig. 4E).
The interaction term (F23299) = 6.79, P < 0.01) was also
significant. The multiple comparisons among single-step
or multiple step saccades and controls were not significant



3612

(P > 0.05). The gains were different for single-step vs.
multiple step saccades for CTXwD, CTXnD, and controls
(P < 0.05).

Precision (reciprocal of standard deviation). When
horizontal saccades were pooled (Table 3 and Fig. 4C),
there was no effect of diagnosis (F,,540) = 1.98, P > 0.05).
However, the ttest for CTXwD vs. controls was significant
(P < 0.001). When single-step and multiple step saccades
were considered separately (Table 3 and Fig. 4F), the main
effects of number of steps (F;,299) = 186.38, P < 0.01) and
diagnosis (F2,299) = 3.66, P < 0.05) were both significant,
as was the interaction term (F(; 299y = 6.79, P < 0.01). The
precision of single-step vs. multistep saccades was worse
in CTXwD (#test, P < 0.05). The precision of single-step
saccades in CTXwD was also worse than in controls (¢ test,
P < 0.01, Fig. 4F).

Frequency and number of steps of multistep saccades.
The percentage of occurrence of multistep horizontal
saccades was significantly higher in both CTX groups
than controls (CTXwD = 45% of trials, CTXnD = 65%,
Controls = 37%; multiple comparisons: CTXwD vs.
controls, P < 0.001; CTXnD vs. controls, P < 0.001,
CTXwD wvs. CTXHD, P> 0.05, F(6)5144) =3.11, P< 0001)
Moreover, the number of steps in multistep saccades was

F. Rosini and others
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increased in both CTX groups compared to controls;
indeed, among the total number of multistep saccades, the
percentage of multistep saccades with more than two steps
was 11.5% in controls; 28.5% in CTXnD; 26% in CTXwD
(CTXwD ws. controls P < 0.01, CTXnD wvs. controls
P < 0.01). Both CTX groups also presented an increased
percentage of vertical multistep saccades (CTXwD = 45%,
CTXnD = 61%, Controls = 37%, CTXwD wvs. controls
P < 0.05, CTXwD vs. CTXnD P > 0.05, CTXnD ws.
controls P > 0.05).

Antisaccades

Latency. In CTXwD, the average latency of correctly
executed antisaccades was much longer than in CTXnD
and controls (Table 4 and Fig. 5A). In CTXwD and controls
the latency of error saccades was much shorter than that
of correct antisaccades (ftest, P < 0.001).

Error rate. Table 4 and Fig. 5Band Cshow the percentages
of antisaccade errors and corrections. CTX patients
showed a much higher error rate compared to controls
(t test, P < 0.001). Subjects with DN involvement made
significantly more errors (P < 0.05) and corrected less
often (P < 0.05) than CTXnD and controls. Although
CTXnD made significantly more errors than controls, they
corrected just as often.

Figure 1. Brain MRI

A, brain MR of patient 3 showing presence of
bilateral DN hyperintensity (arrows) on axial FLAIR
image (left) and coronal T2-weighted image (right).
B, brain MR of patient 14 showing absence of DN
signal alteration on axial FLAIR images. [Colour
figure can be viewed at wileyonlinelibrary.com]

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Gain and precision. Gain and precision of correctly
executed antisaccades, and error prosaccades, were not
different among the three groups (Table 4).

Disability scores and dentate involvement score. No
significant correlation was found among saccade latency,
gain or precision with MRS, EDSS, and qualitative
dentate involvement scores (P > 0.05). Lack of
correlation might be due to the subjective nature of
the evaluation of these scales, the limited number
of the items assessed and the limited range of
scores.

Brain MRI volumes

Brain MRI (Table 1) showed significantly reduced
normalized brain, grey matter and cortical volumes in
CTXwD compared to CTXnD and controls (P < 0.001).

Eye movements in CTX
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No difference was found between CTXnD and controls.
No differences were found when comparing white matter
volumes among CTXwD, CTXnD, and controls. We infer
from these results and lack of clinical symptoms of
extra-cortical grey matter impairment that the significant
brain and grey matter volume reduction that we have
observed is due to cortical atrophy. Although the cortex
was globally reduced, individual areas (frontal, parietal,
occipital, insula and cerebellar volumes) tended to be
smaller, but this reduction did not reach significance. To
exclude the possibility that the saccadic abnormalities in
CTXwD were associated with (and thus more likely due
to) atrophy in specific brain areas other than the DN we
looked at the correlations between the main significantly
abnormal saccadic parameters (single step saccade latency,
gain and precision) and volumes of different areas in
CTXwD. We did not find any significant correlation
(P> 0.05).
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Figure 2. Examples of saccades

Eye movement recording from CTX patients with DN involvement (first row), CTX patients without DN involvement
(second row) and controls (third row). Panels A, £ and / show visually guided single-step saccades; panels B, F and
J show visually guided multistep saccades; antisaccades are shown in panels C, G and K; prosaccade errors with
corrective antisaccades are shown in panels D, H and L. Blue continuous lines: horizontal gaze; green continuous
line: vertical gaze; blue dotted line: horizontal target position; green dotted line: vertical target position. S is
subject. [Colour figure can be viewed at wileyonlinelibrary.com]
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Discussion

In this study, for the first time, we have quantified and
compared saccadic parameters and brain MRI volumes
of a cohort of CTX patients. Our study indicates that
CTX patients executed normally accurate saccades with
normal main sequence relationships; they made more
frequent multistep saccades and directional errors during
the antisaccade task than controls. Moreover, CTX with
DN damage showed increased latency of both reflexive
and voluntary saccades, normal accuracy but impaired
precision of eye movements, and increased directional
errors not followed by corrections, independently of
disability scores. Although patients with DN involvement
showed greater global brain and cortical atrophy than
the other groups, no significant correlation was found
among measures of brain volumes and these specific eye
movement features, which could then help in under-
standing the contribution of DN to oculomotion.

All CTX patients showed normally accurate (gain close
to 1) and fast saccades, thus indicating that in CTX,
the medial cerebellum, superior colliculus and brain-
stem, involved in the generation of reflexive saccades, are
macroscopically and functionally spared.

Also, all CTX patients made more multistep saccades
and significantly more directional errors than normal in
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the antisaccade task. Abnormally frequent or fragmented
multistep saccades may occur in neurodegenerative
diseases (Optican et al. 2008; Blekher et al. 2009), but
also in healthy subjects. Multistep saccades with shorter
latencies than single-step saccades have been observed
in young subjects, possibly reflecting an immature
development of cortical frontal areas that inhibit sub-
cortical saccade-generating structures (van Donkelaar
et al. 2007). Thus, multistep saccades in CTX could
indicate a facilitation of more automatic eye movements
due to reduced control by an impaired frontal cortex.
Analogously, antisaccade directional errors in CTX may
represent automatic reflexive eye movements rather than
erroneously planned saccades (Bowling et al. 2012);
indeed, they had, in all subjects, shorter latencies than
correct antisaccades, with values similar to those of
multistep saccades. Therefore, both increased frequency
of multistep saccades and antisaccadic directional errors
point towards impaired inhibition by frontal areas in
CTX. An increased rate of premature reflexive saccades
follows FEF inactivation (Dias & Segraves, 1999), and
inhibitory control of reflexive saccades is impaired after
lesions of FEF and dorsolateral prefrontal cortex (DLPFC)
(Pierrot-Deseilligny et al. 2003; Ploner et al. 2005). Neural
activity controlling the correct antisaccade planning
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Figure 3. Amplitude dependence of saccadic peak velocity and duration
The peak velocity vs. amplitude curves and duration vs. amplitude lines for each group were compared (see Table 3).
The saccade dynamics were not different among groups. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 2. Main sequence fits for visually guided saccades
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Vy = Statistical significance
M1 — exp(f%)) D =C+SA of comparisons
M o B q S N CTXnD Control
CTXwD 510 0.0 11.5 44.8 2.2 682 P(Vp) = 0.058 P(Vp) = 0.001
P(D) = 0.42 P(D) = 0.77
CTXnD 418 0.0 8.8 46.5 2.3 322 = P(Vp) = 0.54
P(D) = 0.41
Control 426 0.5 7.9 42.5 2.3 961 — —

Peak velocity (V;) vs. amplitude (A) was fittes with parameters for maximum velocity (M), amplitude offset (0), and angle constant
(B). Duration (D) was fitted with a constant (C) and a slope (S). N is number of saccades analysed. The only significant comparison was
Vp vs. A for CTXwD vs. Control. If large saccades in CTXwD were faster than normal, one would expect their duration to be shorter.
However, the difference in D vs. A was not significant. There were no other significant differences between the saccade characteristics
in any of the groups (CTXwD, CTXnD, or Control). This suggests that saccade dynamics were essentially the same in all groups.

Table 3. Parameters of horizontal and vertical visually guided saccades

Saccade parameters

Type of saccade Group Latency (ms) Gain Std Dev.
Horizontal saccades
Single-step + multistep CTXwD 235 + 36 (12) 0.92 + 0.12 (13) 0.22 4+ 0.09 (13)
CTXnD 212 + 20 (6) 0.88 + 0.06 (6) 0.15 + 0.05 (6)
Ctrl 204 £ 23 (19) 0.95 + 0.03 (19) 0.12 £ 0.06 (19)
Single-step saccades
CTXwD 243 + 60 (11) 1.01 4+ 0.08 (12) 0.22 + 0.12(12)
CTXnD 208 + 31 (4) 0.97 £ 0.01 (4) 0.10 &+ 0.06 (4)
Ctrl 209 + 30(19) 0.97 + 0.04 (19) 0.09 + 0.07 (19)
Multistep saccades (first step)
CTXwD 225 + 36 (11) 0.82 + 0.09 (12) 0.14 + 0.05 (12)
CTXnD 212 + 19 (6) 0.85 + 0.06 (6) 0.15 + 0.06 (6)
Ctrl 208 + 30 (14) 0.91 + 0.05 (16) 0.12 £ 0.07 (16)
Vertical saccades
Single-step + multistep CTXwD 256 + 74 (9) 0.88 + 0.17 (9) 0.26 + 0.08 (9)
CTXnD 213 + 18 (5) 0.98 + 0.21 (5) 0.28 + 0.11 (5)
Ctrl 216 + 29 (18) 0.99 + 0.10 (18) 0.17 + 0.08 (18)
Single-step saccades
CTXwD 265 + 78 (8) 0.98 + 0.09 (8) 0.26 + 0.08 (8)
CTXnD 213 4+ 19 (5) 1.08 + 0.16 (5) 0.28 + 0.15(5)
Ctrl 220 £+ 31(17) 0.99 + 0.10 (17) 0.17 £ 0.09 (17)
Multistep saccades (first step)
CTXwD 207 + 35 (4) 0.60 + 0.04 (9) 0.13 £ 0.07 (4)
CTXnD 225 + 35(2) 0.72 £ 0.13 (3) 0.21 £ 0.12 (3)
Ctrl 211 £+ 23 (10) 0.91 + 0.12(11) 0.14 + 0.08 (18)

Ctrl, control subjects, CTXwD, patients with dentate involvements, CTXnD, patients without dentate involvements. Values are

means =+ standard deviations (number of subjects).

instead of a reflexive prosaccade execution is also seen
in supplementary eye field (SEF), pre-supplementary
motor area (pre-SMA) and anterior cingulate cortex
(ACC) of medial frontal cortex. These areas have a
well-defined role in monitoring the context-dependent
control of the movement, inhibition of reflexive behaviour

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society

and conflict resolution respectively (Amador et al. 2004;
Stuphorn, 2015; Rushworth et al. 2007). Diffuse cortical
atrophy, including the frontal areas, is observed during
the evolution of neurodegeneration in CTX. In our study,
however, we found significantly reduced normalized brain,
grey matter and cortical volumes only in CTXwD. Thus, in
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CTXwD the increased global cortical atrophy might have
contributed to the higher frequency of directional errors
in the antisaccade task. Moreover, although each single
cortical area was slightly thinner in CTXwD than CTXnD
and controls, the differences did not reach the level of
significance. Thus, while we could not identify a single
cortical area in which atrophy was more prominent in our
patients, we cannot rule out a functional impairment that
might have affected some regions more than others as for
example the frontal lobes. Finally, the mild global cognitive
and mood disturbances shown by our patients might also
have accounted for the increased antisaccade error rate.
In our study, a role of DN in saccade motor planning
within a network involving the frontal cerebral cortex is
suggested by the saccadic behaviour observed in CTXwD.
Anatomically, the DN can be divided into two parts,
supposed to participate in dissociable functional loops
(Salmi et al. 2010): a dorso-rostral ‘motor’ portion
projecting to the pre-motor and motor cortex, and a
ventro-caudal ‘cognitive’ portion, connected with frontal
and parietal associative areas, including oculomotor
regions. In non-human primates, the ventral DN projects

F. Rosini and others
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through the thalamus to prefrontal areas including the
dorsolateral prefrontal cortex (DLPFC), the frontal and
supplementary eye fields (FEF and SEF), the medial and
lateral intraparietal areas (MIP and LIP), and to the SC
and the oculomotor nucleus (Middleton & Strick, 2001;
Dum & Strick, 2003; May, 2006; Glickstein et al. 2011).
Phylogenetically, the ventral DN has evolved in parallel
with the cerebellar hemispheres and the frontal associative
cortex (Balsters et al. 2010). Ventral DN activity has been
related to higher cognitive functions that are typically
associated with the fronto-parietal cortex (Dum & Strick,
2003; Prevosto et al. 2010; Salmi et al. 2010; Kuper et al.
2011).

Several studies suggest that the lateral cerebellum
is actually involved in motor planning and timing of
saccades, and visuospatial abilities (Voogd et al. 2012). In
monkeys, visually triggered saccade-related neural activity
in the cerebellar hemispheres has been reported (Mano
et al. 1996; Miles et al. 2006). Lesions of left cerebellar
hemisphere in monkeys has led to increased saccade
latency and trial-to-trial amplitude variability, but not to
dysmetria, contrary to what is usually found in lesions of
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Figure 4. Latency, gain and precision of visually guided saccades

Bar graphs of the mean values of latency, gain and precision of horizontal visually guided saccades of CTX patients
with DN involvement (WD), CTX patients without DN involvement (nD) and controls (CT). A-C, mean values of
single-step and multistep saccades pooled together. D-F blue bars indicate the mean values of the single-step
saccades (Sacc); pink bars represent the mean values of the multistep saccades (Stair). Asterisks indicate the
significant differences among groups (P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com]
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the oculomotor vermis (Ohki et al. 2008). DN activity has
also been correlated with saccade initiation and direction,
with different time courses for self-timed saccades and
visually guided saccades (Ashmore & Sommer, 2013).
Recently, inactivation of DN nuclei in monkeys has been
associated with increased erroneous prosaccades in the
antisaccade trial, while successful antisaccades during
inactivation tended to have a shorter latency, indicating
a possible regulation of antisaccade generation by DN
through the pathways to the frontal cortex (Kunimatsu
etal 2016).

However, DN show striking expansion and changes in
neuronal organization in humans with respect to other
primates, thus conclusions from animal studies might not
easily translate to humans. Functional brain MRI studies
on healthy subjects showed activation of the cerebellar
hemispheres and/or DN during various oculomotor and
visuospatial tasks (Dieterich et al. 2000; Schraa-Tam et al.
2009; Kuper et al. 2011; Gerardin et al. 2012). Lateral
cerebellar lesions have been inconsistently associated
with impaired saccadic adaptation (Straube et al. 2001;
Panouilleres et al. 2012, 2013), dysmetria (Straube et al.
2001; Filippopulos et al. 2013; Panouilleres et al. 2013),
increased saccadic latency, impaired saccade sequencing
(Filippopulos et al. 2013). Finally, very few human studies
have focused on eye movement in lesions involving
predominantly the DN. In SCA20, a spinocerebellar
ataxia with DN calcifications, saccades were qualitatively
reported as hypermetric (Knight et al. 2004). In two
patients with olivo-dentato-rubral system degeneration,
saccades showed increased latency and reduced velocity
and amplitude (Wiest et al. 1995). Thus, while an
involvement of DN in oculomotion seems well supported,
its role remains unclear.

In our study we found that patients with DN damage
showed higher latency of both reflexive and voluntary
saccades, impaired precision and greater directional errors
not followed by corrections in antisaccades than either
CTXnD or controls. A longer latency could reflect longer
processing of the visual stimulus and/or longer motor
planning after the stimulus is identified. In CTX, the
underlying metabolic defect leads to intraocular and visual
pathway abnormalities that could slow the processing of
the visual stimulus (Cruysberg et al. 1995; Dotti et al.
2001). However, only CTXwD had longer latencies, which
are better explained by longer motor planning required to
execute saccades.

An increase in saccade latency of reflexive and voluntary
saccades was also observed in PEF and FEF dysfunctions,
respectively (Dias & Segraves, 1999; Noudoost et al. 2014).
Moreover, CTXwD patients corrected their errors less
frequently than controls or CTXnD subjects. Uncorrected
antisaccade errors could be caused by loss of antisaccade
planning (Bowling et al. 2012), as also observed in FEF
lesions (Boxer et al. 2012).
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DN damage was also associated with less precise
saccades in CTX patients. Frontal areas with which the
DN are connected seem to have a role in modulating
saccade amplitude. Discharge of FEF neurons correlates
with saccade amplitude and direction; however, it does
not dynamically encode the motor error of visually guided
movements, but is supposed to store the location of the
movement end-point, as computed by the parietal lobes,
and use it for non-reflexive movements, which are indeed
clearly hypometric after FEF lesions (Yang & Kapoula,
2011; Noudoost et al. 2014). Lesions of FEF increase the
end-point scatter of visually guided saccades, causing less
precise saccades (Dias & Segraves, 1999; Noudoost et al.
2014).

However, the lack of correlation with regional cortical
atrophy indicates that the neuronal loss in the frontal
lobes cannot completely account for the observed saccadic
abnormalities. In contrast, these abnormalities were
correlated with DN degeneration, which suggests that
DN and frontal cortex are strongly interconnected
functionally.

Patients with CTXwD tended to have more cerebellar
symptoms than those with CTXnD. However, there were
no differences in the cerebellar volumes between the two
groups. Neither did we find any correlations between

F. Rosini and others
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cerebellar volume and saccade abnormalities. We hypo-
thesize on the basis of our results that two networks
contribute to select the target of a movement and define
the amplitude of a saccade. One network, involving
the medial cerebellum, would localize the target of a
visually guided movement determining the accuracy of
the saccade (which is the average of the movement
end-points). A second network, including the lateral
cerebellum, would refine the selected location, increasing
the precision of the movement (i.e. how scattered the
end-points are, by reducing the standard deviation of the
end-points).

In conclusion, our study shows that CTX patients have
well-spared saccadic dynamics, which indicates preserved
medial cerebellum and brainstem activity. Patients with
CTX also show a release of premature reflexive saccades
instead of correct antisaccades, which could indicate a
reduction in monitoring from cortical frontal areas of sub-
cortical structures during the preparatory period.

DN could participate in oculomotor control through
a circuit that is essential for executing precise, context-
appropriate, movements. DN damage may contribute to
extended motor planning, leading to the execution of
accurate, but imprecise, saccades and more frequent, and
uncorrected, errors in antisaccades.
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Figure 5. Latency, percentage of directional errors and corrections in the antisaccades task

A, bar graphs of the mean latencies of correct antisaccades (olive) and erroneous prosaccades directed towards
the target (teal) in CTXwD, CTXnD and CT. B, percentage of antisaccade errors (i.e. erroneous prosaccades). C,
percentage of corrections after erroneous prosaccades (i.e. secondary corrective antisaccades). Asterisks indicate
the significant differences among groups (P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com]
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