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Objective: Increasing evidence suggests a cerebellar contribution to modulate cognitive 
aspects of motor behavior and executive functions. Supporting findings come from 
studies on patients with neurodegenerative diseases, in which however, given the extent 
of the disease, the specific role of the cerebellum, could not be clearly isolated. Anti-
saccades are considered a sensitive tool to test executive functions. The anti-saccade 
underlying neural network, consisting of different cortical areas and their downstream 
connections including the lateral cerebellum, has been largely clarified. To separate 
the role of the cerebellum with respect to other cortical structures in executive control, 
we compared the anti-saccade performances in two distinct cohorts of patients with 
cerebellar disorders (with and without cerebral cortical involvement).

Methods: Eye movements during the execution of anti-saccades were recorded in 12 
patients with spinocerebellar ataxia type 2 (a cortical-subcortical neurodegenerative 
disease), 10 patients with late onset cerebellar ataxia (an isolated cerebellar atrophy), 
and 34 matched controls.

results: In the anti-saccade task, besides dynamic changes already demonstrated 
in the pro-saccades of these patients, we found in both groups of cerebellar patients 
prolonged latency with larger variability than normal and increased directional error rate. 
Errors, however, were corrected by cerebellar patients as frequently as normal. No sig-
nificant differences were found in patients with and without cortical involvement.

conclusion: Our results indicate, in a large cohort of cerebellar patients, that the cere-
bellum plays a critical role in the regulation of executive motor control not only, as well 
known, by controlling the end of a movement, but also modulating its initiation and 
reducing reflexive responses that would perturb voluntary actions.

Keywords: frontocerebellar network, goal-directed actions, cognitive functions, latency, error

Abbreviations: ACC, anterior cingulate cortex; BG, Basal Ganglia; DLPC, dorso-lateral pre-frontal cortex; FEF, frontal eye 
field; ICARS, International Cooperative Ataxia Rating Scale; LOCA, late-onset cerebellar ataxia; OMV, oculomotor vermis; 
PEF, parietal eye field; PPC, posterior parietal cortex; SCA2, spinocerebellar ataxia type 2; SEF, supplementary eye field;  
SMA, supplementary motor area; TMS, transcranial magnetic stimulation.
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inTrODUcTiOn

The cerebellum plays a well-known role in adapting motor 
responses by controlling the gain of a movement, its accuracy 
preservation, and by learning from endpoint errors (1–4). In 
the motor system, adaptive behavior is considered the result of 
cerebellar internal models. These models predict the sensory 
consequences of an action by integrating an efference copy of its 
motor command (forward model). A growing number of studies, 
however, have suggested that cerebellar internal models might act 
not only in the motor but also in the sensory, behavioral, and 
cognitive domains (5–11). These observations support the theory 
that the cerebellum plays a central role in monitoring executive 
brain performances (12, 13). Nevertheless, to which extent and 
for which functions this theory is valid, and which cerebellar 
areas are involved, remains largely unclear.

The anti-saccade task (14) is considered a sensitive tool to test 
executive functions and provides an effective way of studying 
higher-level motor control. It requires the cancelation of a reflex-
ive saccade toward a suddenly appearing target (pro-saccade) and 
the execution of a self-placed movement toward a mirrored non-
marked position (anti-saccade). Moreover, if a direction error is 
made (unsuppressed pro-saccade toward the target), a corrective 
anti-saccade is demanded. The neural network underlying 
anti-saccades, also important in the generation of pro-saccades, 
has been partially clarified and consists of different areas in the 
medial and lateral frontal cortex, the parietal cortex, the basal 
ganglia, and the cerebellum (15–23). Frontal lobe dysfunctions 
have been associated with a global disruption of the anti-saccade 
planning, resulting in increased latency and error rate and inabil-
ity to correct errors (15).

Similar abnormalities, however, have recently been reported 
also in cerebellar patients. A few studies, indeed, have found 
increased directional error rate and prolonged latencies of anti-
saccades in patients with hereditary cerebellar ataxia (24–27), 
focal cerebellar lesions (28), and acquired degenerative cerebellar 
diseases (29–31). Therefore, while the medial cerebellum, dorsal 
vermis, and fastigial nucleus [oculomotor vermis (OMV)], is 
traditionally considered the structure where saccade dynamic 
is regulated online (32), the cerebellar hemispheres and dentate 
nuclei (lateral cerebellum), conventionally not considered part 
of the oculomotor system, have been proposed to play a role in 
monitoring high-level saccadic behaviors, including the anti-
saccades (24, 32–37).

The control of executive function, however, remains largely 
considered a frontal cortex activity, with the cerebellum having 
only a possible ancillary contribution. Unfortunately, most studies 
on anti-saccades in neurodegenerative cerebellar ataxias enrolled 
patients with involvement of other cerebral structures beyond 
the cerebellum. These studies, thus, did not help to disambiguate 
the cortical vs cerebellar source of impaired anti-saccade perfor-
mance, leaving unresolved the question of the exact role of the 
cerebellum in the regulation of voluntary movements. Patients 
with cerebellar stroke, on the other side, have often confined 
lesion, but the acute dynamic of the damage might lead to dif-
ferent dysfunction and compensatory mechanism than those 
resulting from slowly degenerative diseases.

Moreover, most anti-saccadic studies on cerebellar patients 
have reported just the directional error frequency and the anti-
saccadic latency, but not the frequency and latency of corrective 
saccades. Reduced frequency of correction has been recently 
related with cortical involvement (38) and could be used to better 
distinguish the cerebral vs cerebellar contribution.

Therefore, we aimed to segregate the cerebellar vs cerebral 
contribution to voluntary movement by comparing the anti-
saccade performances of two homogeneous cohorts of patients 
with different cerebellar diseases: late onset cerebellar ataxia 
(LOCA) and spinocerebellar ataxia type 2 (SCA2). LOCA is a 
“pure cerebellar syndrome,” usually sporadic (39), in which the 
neurodegenerative process is confined to the cerebellum, while 
autosomal dominant SCA2 (MIM 183090) is caused by the expan-
sion of CAG repeats within the ATXN2 gene (MIM 601517) and 
it is clinically characterized by a “cerebellar-plus syndrome” (40, 
41), where cerebellar atrophy is associated with cerebral cortical 
atrophy and brainstem involvement (42).

To better clarify the cerebellar influence to executive func-
tions, we considered not only the anti-saccadic directional error 
rate and latency, but also the frequency of correction of the 
directional errors and the intersaccadic interval between errone-
ous pro-saccades and corrective anti-saccades. The anti-saccadic 
parameters were compared with those of 34 controls and cor-
related with disability scores.

We hypothesized that if the cerebellum plays just an ancillary 
role in executive control, with respect to other cortical areas (i.e., the 
frontal lobes), performances should be worse in the patients with 
both cerebellar and cerebral involvement than just isolated cer-
ebellar atrophy. Conversely, if the cerebellum plays a limiting step 
in executive function, performances should be similarly affected in 
cerebellar patients with and without cortical involvement.

We found impaired increased directional error rate (with 
normal corrective frequency) in all cerebellar patients without 
significant differences between those with and without cortical 
involvement. Our study, thus, demonstrates in a large cohort of 
cerebellar patients, a crucial contribution of the cerebellum in 
managing executive functions by suppression of reflexive move-
ments. Moreover, since the latency of anti-saccades in SCA2 
and LOCA patients was significantly longer and variable than in 
controls, but not significantly different between the two groups, 
we suggest that the cerebellum is also involved in monitoring vol-
untary motor performance by controlling the onset of saccades 
until the ambiguity on its planning is resolved.

MaTerials anD MeThODs

Patients and controls
Clinical and magnetic resonance imaging (MRI) data of patients 
are resumed in Table  1. Twelve patients with genetically con-
firmed SCA2 (9 males, 3 females), mean age 38.7  years (range 
25–53 years) and mean age at onset 30.5 years (range 17–44 years); 
and 10 patients with LOCA (5 males, 5 females), mean age 
42.4 years (range 27–53 years), and mean age at onset 36.9 years 
(range 20–52  years) were enrolled in the study. All patients 
underwent a complete neurological, neuro-ophthalmological, 
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TaBle 1 | Clinical, genetic, and magnetic resonance imaging (MRI) findings of 
spinocerebellar ataxia type 2 (SCA2) and late onset cerebellar ataxia (LOCA) 
patients.

subject cag repeats icars Mri

SCA2-1 43 26/100 Severe brainstem and cerebellar atrophy
SCA2-2 38 36/100 Mild cortical moderate to severe  

brainstem and cerebellar atrophy
SCA2-3 36 59/100 Severe brainstem and cerebellar atrophy
SCA2-4 39 42/100 Severe brainstem and cerebellar atrophy
SCA2-5 37 15/100 Moderate brainstem and cerebellar atrophy
SCA2-6 40 30/100 Moderate to severe brainstem  

and cerebellar atrophy
SCA2-7 42 56/100 Mild cortical, moderate to severe  

brainstem, and cerebellar atrophy
SCA2-8 35 36/100 Moderate brainstem and cerebellar atrophy
SCA2-9 36 35/100 Severe brainstem and cerebellar atrophy
SCA2-10 38 37/100 Pons and cerebellar atrophy
SCA2-11 40 23/100 Pons and cerebellar atrophy
SCA2-12 41 48/100 Severe brainstem and cerebellar  

atrophy. Mild cortical atrophy
LOCA-1 28/100 Global cerebellar atrophy
LOCA-2 40/100 Global cerebellar atrophy
LOCA-3 35/100 Global cerebellar atrophy
LOCA-4 25/100 Global cerebellar atrophy
LOCA-5 43/100 Global cerebellar atrophy
LOCA-6 27/100 Global cerebellar atrophy
LOCA-7 27/100 Global cerebellar atrophy
LOCA-8 34/100 Global cerebellar atrophy
LOCA-9 41/100 Global cerebellar atrophy
LOCA-10 38/100 Global cerebellar atrophy

The table shows the scores of the International Cooperative Ataxia Rating Scale 
(ICARS), and the MRI outcomes for the LOCA and SCA2 patients. ICARS is a 
specifically validated scale, in the interval from 0 to 100, to evaluate cerebellar ataxia, 
with higher values denoting major clinical anomalies. For the SCA2 patients, the 
number of trinucleotide repeats (CAG) is also reported.
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and International Cooperative Ataxia Rating Scale (ICARS) 
(43) examination. All patients also underwent a structural brain 
MRI, evaluated separately by two experienced neuroradiologists, 
and the recommended clinical protocol for ataxias, including 
pertinent genetic and laboratory testing. In patients with LOCA, 
known causes of acquired and inherited ataxias were ruled out 
(Friedreich ataxia, fragile X-premutation, ataxia-telangiectasia, 
ataxias associated with mutation of aprataxin, senataxin or sacsin, 
metabolic causes of ataxia such as abetalipoproteinemia, vitamin 
E deficiency, late-onset Tay-Sachs disease, cerebrotendinous 
xanthomatosis, autosomal dominant spinocerebellar ataxias due 
to de novo mutations). Only two SCA2 patients (old relatives 
of two patients included in the study) with qualitatively severe 
cortical atrophy and cognitively compromised (MMSE <23) 
were excluded from the study. The control group consisted of 34 
healthy age-matched subjects (13 males, 21 females) of mean age 
36  years (range 19–65  years). All subjects gave their informed 
consent. The study respected the Declaration of Helsinki and was 
approved by the local 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 a custom software dedicated to real-time data 

acquisition. Eye position was sampled at 240 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. The visual 
stimulus was a red dot (luminance 63 cd/m2) with a diameter sub-
tending a visual angle of 0.4 deg, presented on a black background 
(luminance 2.5 cd/m2). We used a 310 × 510 mm LCD screen, 
with a resolution of 1,024 × 768 pixels, positioned 720 mm from 
the subject’s eyes.

The subjects were seated in a darkened room while their head 
movements were minimized by a chinrest with a bite bar. Each 
recording session was preceded by an interactive calibration proce-
dure based on nine static points and three static points of validation.

anti-saccade Task
Each anti-saccade task consisted in a block of 40 trials per session, 
with a total of 80 trials. During each trial, a central fixation point 
was presented for 500 ms. After the disappearance of the central 
fixation point, a peripheral target was presented randomly with 
respect to direction (left, right) and position (10, 18 degrees) for 
2,500 ms. We chose two different target eccentricities (10 and 18 
degrees) since possible different neural networks might control 
smaller and larger saccades (44).

Subjects were instructed to make a mirror saccade to the 
opposite direction of the target. To reduce memory engagement 
during the task, the correct anti-saccade position was unmarked 
after the anti-saccade landing, and it was followed by the appear-
ance of the central fixation point. At this moment, the subject was 
instructed to return to the center of the screen. The trials were 
obtained in two different sessions (same day or the day after) 
depending on the patient’s compliance. All trials were analyzed 
by two expert neurologists (Francesca Rosini and Gemma 
Tumminelli).

signal Processing
Signal processing was conducted off-line using a semi-automatic 
detection algorithm. Data were filtered using a third-order 
Butterworth low-pass digital filter with −3  dB attenuation at 
25 Hz cut-off frequency. A velocity threshold of 10 deg/s was used 
to determine the starting and ending times of saccades. Eye veloc-
ity was obtained with an eight-point central difference derivative 
algorithm having a bandwidth larger than 70 Hz at a digitization 
frequency of 240 Hz (45). Saccades with latency less than 100 ms, 
were considered anticipatory and excluded. We excluded all 
oblique saccades whose direction had an angle >30° with respect 
to the reference of the horizontal plane. In the analyzed groups, 
the number of saccades that did not meet one or more of these 
criteria was no more than the 15% of all saccades performed by 
each subject. The saccades were automatically identified through 
an ad hoc software and, subsequently, manually validated by two 
trained investigators. Saccades detection and parameter estimate 
algorithms were performed using Matlab software, version 7 (The 
MathWorks Inc., Natick, MA, USA).

saccade Definitions, Detection,  
and analysis
In the anti-saccade task, the subjects are asked to execute an eye 
movement in the opposite direction from a visual stimulus onset. 
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This movement implies the suppression of the reflexive tendency 
to look at the sudden onset stimulus (pro-saccade). Accordingly, 
we can give the following definitions: (a) a correct anti-saccade is 
the saccadic eye movement directed to the opposite direction in 
respect to visual target; (b) an erroneous pro-saccade is an unin-
hibited reflexive saccade toward the target; and (c) a corrective 
anti-saccade is an anti-saccade made after an initial erroneous 
pro-saccade.

For the analysis of the saccadic movements, we considered the 
following set of parameters: duration, peak and mean velocity, 
gain, and latency. The duration was calculated as the time interval 
between the start and the end of the movement; the peak velocity 
was the maximum eye velocity, in degrees of visual angle/second; 
gain was the ratio of the initial saccade amplitude to target dis-
tance, where we defined saccadic amplitude as the difference, in 
degrees of visual angle, between the eye position at the start and 
end of the saccade. The saccade latency was defined as the time 
delay between the target presentation and the saccade onset, and 
it was calculated also for erroneous pro-saccades and corrective 
anti-saccades. The latency of corrective anti-saccades includes the 
latency of an erroneous pro-saccade, its duration and the latency 
of the subsequent corrective anti-saccade. Moreover, we deter-
mined the intersaccadic latency between the end of the erroneous 
pro-saccade and the start of the corrective anti-saccade, when 
executed. Both measures (latency of corrective anti-saccades 
and intersaccadic latency) reflect anti-saccade programming. 
However, the intersaccadic latency is a more precise estimation 
of the anti-saccade programming. Indeed, if it is longer than the 
visual feedback of the error, the corrective anti-saccade is likely 
a movement generated after the visual error; if the intersaccadic 
latency is shorter than the visual feedback or the corresponding 
average latency of a correct anti-saccade, it is likely that the cor-
rective anti-saccade is a pre-programmed movement generated 
before the visual feedback of the error.

Means and SDs of all saccadic parameters mentioned above 
were calculated for each task of each patient.

With respect to the gain, the mean value indicates the accuracy 
of the anti-saccades (closeness of the average amplitude to the 
actual target), while the reciprocal of the SD indicates the preci-
sion of the anti-saccades (compactness of grouping, or consist-
ency, among amplitudes). Precisely, the greater the SD, the lower 
is the precision.

statistical Methods
Spearman rank order correlation coefficients were computed to 
measure the association among patient’s disability score (ICARS 
scale) and saccadic parameters. Either Kruskal–Wallis tests or 
Welch tests on ranked data were used to compare the effect of 
the group membership (controls, SCA2, and LOCA) on each sac-
cadic parameter at 10 and 18 degrees and their variability among 
groups. Levene tests were used to assess homoscedasticity. A 
post hoc analysis was performed by Dunn multiple comparison 
test with Bonferroni adjustment. To verify the null hypothesis that 
the latencies of correctly executed anti-saccades were sampled 
from the same continuous distribution, Kolmogorov–Smirnov 
tests were set for pairwise comparisons of the latency distribu-
tions (controls vs LOCA, controls vs SCA2, LOCA vs SCA2).

The amplitude–duration and amplitude-peak velocity main 
sequences of the anti-saccades were considered. An expon-
ential equation was used to fit peak velocity on amplitude, i.e., 
V V e c

peak max
Amplitude= −*  [ ]1 , where Vmax is the asympto tic 

peak velocity and c is a constant. A linear fitting, i.e., Dura-
tion  =  k  +  b  *  Amplitude, where k is a constant and b is the 
slope of the fitted line, was adopted for the amplitude–duration 
relationship. The 95% prediction bounds around the healthy con-
trols’ main sequences were also calculated. Percentage of direction 
errors with respect to the total number of anti-saccades trials and 
percentage of corrective anti-saccades with respect to the num-
ber of direction errors were compared among the three groups 
through χ2 tests (with two degrees of freedom). The Marascuilo 
procedure was applied to identify which proportions could be 
responsible for rejecting the null hypothesis of equal ratios. All 
tests were two-sided at the nominal significance level of 5%.

resUlTs

clinical and Mri Data
ICARS scores, MRI findings, and number of CAG repeats (for 
SCA2) of all patients are shown in Table  1. All SCA2 patients 
had been previously diagnosed by molecular analysis demon-
strating abnormal CAG expansion (46). In these patients, MRI 
examination showed cerebellar atrophy extending to the middle 
cerebellar peduncle and midbrain, and the dorsal pons. Mild 
diffuse cortical atrophy was qualitatively observed in all SCA2 
patients by two experienced neuroradiologists. In our SCA2 
patients, while abnormality of the cerebral cortex was only quali-
tatively evaluated, but not quantitatively measured at the brain 
MRI, a cortical functional impairment could not be excluded 
given the common involvement in this disease. No basal ganglia 
changes were observed in these patients. No frank cognitive dis-
abilities or dementia (MMSE score was ≥24 in all patients) were 
detected. Mean ICARS score in SCA2 population was 36.9/100. 
All LOCA subjects presented with pure cerebellar syndrome and 
MRI evidence of global cerebellar atrophy; no extra-cerebellar 
involvement was evident at MRI. Mean ICARS score in LOCA 
population was 33.8/100. No significant association between 
clinical disability assessment and anti-saccadic parameters were 
found in SCA2 and LOCA.

anti-saccades
To better represent the results of anti-saccadic behavior, we are 
reporting separately the dynamic and metric outcome of the 
analysis, the latency, and the different measures of accuracy 
(Tables 2–4).

Dynamic Parameters
Late onset cerebellar ataxia patients showed slower anti-saccades 
than LOCA and controls (Table  2). In details: no differences 
were observed between controls and LOCA in average velocity 
and duration. SCA2 patients showed: (a) longer durations than 
controls (10 deg, p < 0.001; 18 deg, p < 0.001) and LOCA patients 
(18 deg, p < 0.001); (b) lower peak velocities than controls and 
LOCA (10  deg, p  <  0.001; 18  deg, p  <  0.001); and (c) lower 
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TaBle 2 | Mean and SD values of dynamic and metric anti-saccade parameters.

Duration 
(ms)

Peak velocity 
(deg/s)

Mean 
velocity 
(deg/s)

gain [−]

CTR 10 deg 64.2 ± 19.3 339.2 ± 63.7 179.2 ± 35.7 0.98 ± 0.31
18 deg 82.2 ± 11.9 433.3 ± 72.3 234.1 ± 38.0 0.96 ± 1.14

SCA2 10 deg 132.6 ± 58.9 202.2 ± 61.7 107.6 ± 30.4 1.08 ± 0.41
18 deg 178.7 ± 40.4 191.6 ± 91.2 99.9 ± 45.1 0.83 ± 0.27

LOCA 10 deg 69.4 ± 12.1 379.6 ± 64.3 199.7 ± 33.6 1.22 ± 0.41
18 deg 85.9 ± 19.4 471.2 ± 98.1 250.0 ± 53.9 0.94 ± 0.34

Mean and SDs of duration, peak velocity, mean velocity, and gain of correctly executed 
anti-saccades estimated for each group (CTR, control group) separately at 10 and 18 
deg. Statistical significance of comparisons among groups.
Duration: spinocerebellar ataxia type 2 (SCA2) vs CTR (10 and 18 deg, p < 0.001); 
SCA2 vs late onset cerebellar ataxia (LOCA) (18 deg, p < 0.001).
Peak velocity: SCA2 vs CTR (10 and 18 deg, p < 0.001); SCA2 vs LOCA (10 and 
18 deg, p < 0.001).
Mean velocity: SCA2 vs CTR (10 and 18 deg, p < 0.001); SCA2 vs LOCA (10 and 
18 deg, p < 0.001).

TaBle 3 | SDs of anti-saccade parameters.

Duration (ms) Peak velocity (deg/s) Mean velocity (deg/s) gain [−] latency (ms)

CTR 10 deg 58.6 (17.5) 70.1 (53.5) 41.4 (23.4) 0.20 (0.11) 41.6 (14.9)
18 deg 80.7 (17.4) 78.9 (36.6) 48.7 (21.5) 0.14 (0.08) 31.6 (14.7)

SCA2 10 deg 117.8 (64.6) 53.3 (9.3) 24.6 (5.9) 0.47 (0.08) 35.4 (58.1)
18 deg 185.6 (42.7) 39.6 (26.2) 18.1 (16.4) 0.20 (0.06) 64.8 (49.6)

LOCA 10 deg 68.5 (18.4) 106.4 (41.2) 51.7 (18.1) 0.57 (0.26) 71.3 (56.8)
18 deg 83.3 (23.0) 93.5 (43.2) 56.0 (22.0) 0.18 (0.11) 62.8 (60.9)

SDs (median and interquartile range) of duration, peak velocity, mean velocity, and gain of correctly executed anti-saccades estimated for each group (CTR, control group) separately 
at 10 and 18 deg. Statistical significance of comparisons among groups.
Latency: spinocerebellar ataxia type 2 (SCA2) vs CTR (18 deg, p < 0.05).
Duration: SCA2 vs CTR (10 and 18 deg, p < 0.001); SCA2 vs late onset cerebellar ataxia (LOCA) (10 deg, p < 0.05; 18 deg, p < 0.001).
Peak velocity: SCA2 vs CTR (18 deg, p < 0.001); LOCA vs controls (10 deg, p < 0.001); SCA2 vs LOCA (10 deg, p < 0.05; 18 deg, p < 0.001).
Mean velocity: SCA2 vs LOCA (10 and 18 deg, p < 0.001); SCA2 vs controls (10 deg, p < 0.05; 18 deg, p < 0.001).
Gain: SCA2 vs CTR (10 deg, p = 0.001; 18 deg, p < 0.05); LOCA vs controls (10 deg, p < 0.001).
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mean velocity than controls and LOCA (10  deg, p  <  0.001; 
18 deg, p < 0.001) (Table 2). The SD of the anti-saccade dynamic 
parameters of healthy controls resulted lower than SCA2 (10 deg, 
p  <  0.001; 18  deg, p  <  0.001) and LOCA (10  deg, p  =  0.009) 
(Table  3). The anti-saccades followed the main sequence rela-
tionships (peak velocity vs amplitude and duration vs amplitude, 
Figures 1A,B) in LOCA and control groups with no significant 
differences; SCA2 patients, indeed, did not follow the main 
sequence. In particular, SCA2 patients showed significantly lower 
peak velocity (Vmax = 496.0 deg/s ± 73.3 deg/s, C = 34.6 ± 7.2) 
compared with healthy controls (Vmax = 424.4 deg/s ± 8.2 deg/
s, C = 7.0 ± 0.5) and LOCA (Vmax = 551.4 deg/s ± 18.4 deg/s, 
C = 11.4 ± 0.8). In the amplitude–duration main sequence the 
duration in SCA2 patients (k = 104.8 ms ± 7.2 ms, b = 3.7 ± 0.3) 
resulted greater than LOCA (k = 41.1 ms ± 2.6 ms, b = 2.0 ± 0.1) 
and controls (k = 22.5 ms ± 2.5 ms, b = 3.4 ± 0.1).

Accuracy and Precision
The cerebellar patients showed overall good accuracy of anti-
saccades, but worse precision than normal. Accuracy of cor-
rectly executed anti-saccades did not differ significantly among 

cerebellar patients (Table 2). Controls revealed significant higher 
precision in gain than LOCA (10  deg, p  =  0.001) and SCA2 
(10 deg, p < 0.001; 18 deg, p = 0.007) (Table 3).

Latency
The cerebellar patients showed increased latency of all saccades 
(correct and corrective anti-saccades and pro-saccades) and 
longer intersaccadic intervals between erroneous pro-saccade 
and corrective anti-saccades (Table  4). The average latency of 
correctly executed anti-saccades was longer in SCA2 (10  deg, 
p = 0.003; 18 deg, p < 0.001) and LOCA (10 deg, p = 0.0012; 
18  deg, p  <  0.001) than controls. The latency of erroneous 
pro-saccades did not differ among groups at 10 deg. Latency of 
erroneous pro-saccade was significantly longer in SCA2 than 
controls at 18  deg (p =  0.015). The latency of corrective anti-
saccades (with respect to the target onset) was significantly lower 
in the controls than LOCA (10 deg, p = 0.003; 18 deg, p = 0.005) 
and SCA2 patients (10 deg, p <  0.001; 18 deg, p =  0.003); no 
significant differences were observed between the two groups 
of patients. The intersaccadic latency was shorter in the controls 
than LOCA (10 deg, p =  0.004; 18 deg, p =  0.001) and SCA2 
(10  deg, p  =  0.011; 18  deg, p  =  0.002), while no differences 
were observed between the two groups of patients (Table  4; 
Figures 2A–D).

The distribution of latency of correctly executed anti-saccades 
was significantly less broadened in controls than both LOCA 
(p <  0.001) and SCA2 (p <  0.001). The distribution of latency 
did not differ significantly between LOCA and SCA2 (Figure 3).

Directional Error and Correction
The cerebellar patients made more directional error than normal, 
but corrected as frequently as controls. Indeed, the direction error 
rate (Figure 4A) was found significantly different among groups 
(10 deg, p < 0.001; 18 deg, p < 0.001). More precisely: (a) the error 
rate was higher in SCA2 (39.6%) than controls (19.3%) (percent-
age difference, 20.3; critical value, 10.61); (b) in LOCA (65.4%) 
than controls (percentage difference, 46.1; critical value, 10.36); 
and (c) the percentage of errors in LOCA was significantly higher 
than in SCA2 (percentage difference, 25.82; critical value, 13.02). 
The percentage of corrections among healthy controls (10 deg, 
97.2%; 18 deg, 100%), SCA2 (10 deg, 100%; 18 deg, 100%), and 
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FigUre 1 | (a) Main sequences amplitude-peak velocity. Group-based different patterns of the relationship between peak velocity and amplitude were suggested 
by exploration of the amplitude-peak velocity main sequence. The thick lines denote the main sequence equations fitted over the data. The blue dashed lines 
represent the 95% prediction bound of the healthy controls. The scatter points of late onset cerebellar ataxia (LOCA) (red dots) and healthy controls (blue dots) 
overlapped almost everywhere, while the spinocerebellar ataxia type 2 (SCA2) data points (green dots) were outside the 95% prediction bounds. (B) Main 
sequences amplitude–duration. The SCA2 patients (green dots) presented also a different pattern in the amplitude–duration main sequence.

TaBle 4 | Mean and SD of latencies of correct anti-saccades, erroneous pro-
saccades, corrective anti-saccades, and intersaccadic intervals.

anti-saccade 
latency (ms)

erroneous 
pro-saccade 
latency (ms)

corrective 
anti-saccade 
latency (ms)

intersaccadic 
latency (ms)

CTR 10 deg 268.7 ± 30.8 184.2 ± 23.3 363.4 ± 43.6 127.5 ± 44.5
18 deg 267.3 ± 28.3 204.9 ± 39.8 370.5 ± 67.1 93.2 ± 45.2

SCA2 10 deg 376.3 ± 83.8 260.4 ± 88.9 530.3 ± 53.1 252.6 ± 87.3
18 deg 412.3 ± 133.8 264.3 ± 49.1 518.4 ± 100.1 219.4 ± 46.7

LOCA 10 deg 396.3 ± 109.3 213.8 ± 35.6 530.4 ± 115.4 240.4 ± 117.7
18 deg 393.1 ± 61.34 236.9 ± 29.9 519.0 ± 121.1 223.4 ± 77.9

Mean and SDs of latencies of correctly executed anti-saccades, erroneous pro-
saccades, corrective anti-saccades, and intersaccadic intervals estimated for each 
group (CTR, control group) separately at 10 and 18 deg. Statistical significance of 
comparisons among groups.
Anti-saccades: spinocerebellar ataxia type 2 (SCA2) vs CTR (10 deg, p < 0.05; 18 deg, 
p < 0.001); late onset cerebellar ataxia (LOCA) vs controls (10 and 18 deg, p < 0.001).
Erroneous pro-saccades: SCA2 vs CTR (18 deg, p < 0.05).
Corrective anti-saccades: SCA2 vs CTR (10 deg, p < 0.001; 18 deg, p < 0.05); LOCA 
vs controls (10 and 18 deg, p < 0.05).
Intersaccadic: SCA2 vs CTR (10 and 18 deg, p < 0.05); LOCA vs controls (10 deg, 
p < 0.05; 18 deg, p = 0.001).
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LOCA (10 deg, 98%; 18 deg, 97.4%) did not result in significant 
differences at both target eccentricities (Figure 4B).

DiscUssiOn

The observation of executive functions impairment in cerebellar 
patients is one evidence in favor of a cerebellar role in cognitive 
activity (25–27, 30–32, 47, 48). Nevertheless, the role of the 
cerebellum in executive functions control has been poorly dif-
ferentiated from that of cerebral cortical areas, in particular the 
frontal cortex.

Therefore, in this study, in order to better understand the role 
of the cerebellum in controlling the anti-saccades and ultimately 
its role in controlling executive functions, we compared the 
anti-saccadic behavior of two pathologically different groups of 
cerebellar neurodegenerative diseases: SCA2 with and LOCA 
without involvement of the frontal cortex. We found increased 
latency of anti-saccades in both groups of cerebellar patients 

with respect to controls. The cerebellar patients made also more 
directional errors, but their errors were corrected as frequently 
as controls. No significant differences were found in patients 
with and without cortical involvement. Other saccadic dynamic 
parameters of anti-saccades retained the same characteristics of 
pro-saccades [see Federighi et al. (49) for a description of pro-
saccades in these patients]. Indeed, according to impairment of 
the brainstem burst generator and OMV, SCA2 showed slower 
anti-saccades, and LOCA faster anti-saccades (50). Furthermore, 
metric parameters, such as velocity, were affected by a greater 
variability in both cerebellar patients than controls.

The anti-saccades are an effective tool to study executive func-
tions, since their underlying neural network has been relatively 
well clarified. This often allows the specific identification of which 
step, and therefore related cerebral area, might be impaired in 
case of defective performance.

In particular, the frontal eye field (FEF) is supposed to plan 
the correct anti-saccade while, along with the dorso-lateral pre-
frontal cortex (51–53), it evaluates the appropriateness of the 
saccade response with respect to the specific context, avoiding 
inappropriate responses (54–59). The pre-supplementary motor 
area (pre-SMA) and supplementary eye field (SEF) (60–63) 
predispose the oculomotor system for the anti-saccade response 
over the prevalent pro-saccade reaction. The anterior cingulate 
cortex is also supposed to contribute to the anti-saccade planning 
by monitoring the resolution of conflict between reflexive and 
anti-saccades (55, 64). In the posterior parietal cortex, the parietal 
eye field (PEF) is involved in computing the spatial location of the 
stimulus (65–67) and thus the vector of the required anti-saccade 
in spatial coordinates (68, 69). The basal ganglia may participate 
in inhibiting the pro-saccade and facilitate the anti-saccade (20, 
70). Finally, the superior colliculus releases the fixation and 
makes the ultimate decision on the pro-saccade/anti-saccade 
execution. As expected, abnormalities of anti-saccades are exten-
sively reported in parietal and frontal lobe dysfunctions. More 
specifically, human lesions and transcranial magnetic stimulation 
(TMS) interference in FEF have been associated with increased 
error rate, lesions of SEF, and pre-SMA with longer latency; while 
extensive lesions of frontal lobe have caused inability to perform 
the anti-saccadic task (15, 17, 61, 71, 72). Moreover, PEF damage 
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FigUre 2 | (a–D) Box plots of latencies by group and eccentricity. A star code is used for representing the extent of the significance levels of the differences in the 
pairwise comparisons: “***” if p ≤ 0.001 and “*” if p ≤ 0.05. (a) Box plots of latency of correctly executed anti-saccades. (B) Box plots of latency of erroneous 
pro-saccades. (c) Box plots of latency of corrective anti-saccades. (D) Box plots of inter-saccadic latency.

FigUre 3 | Cumulative distribution functions of latencies in correctly 
executed anti-saccades of controls (blue curve), late onset cerebellar ataxia 
(red curve), and spinocerebellar ataxia type 2 (green curve). The plot indicates 
that the mass of the distribution is more concentrated on the shortest values 
of latency in controls than in patients.
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and TMS application have been related to hypometric and less 
precise anti-saccades with longer latency (51, 73, 74).

The cerebellum is also supposed to participate to this complex 
network by controlling voluntary eye movements through its 
connections with the frontal-parietal cortex (75, 76).

Indeed, anti-saccades increased error rate and prolonged 
latencies have been found in patients with Cerebrotendineous 
Xanthomatosis (24), Friedreich ataxia (25), Spinocerebellar 
Ataxia type 1 (26), SCA2 (27), focal cerebellar lesions (28), and 
degenerative cerebellar diseases (29–31). A significant correla-
tion between high-error rates of anti-saccades and loss of gray 
matter volume in the posterolateral cerebellum has also been 

reported in neurodegenerative cerebellar diseases (77). This 
cerebellar region has been associated with complex motor and 
cognitive functions (78) and is also activated in concert with the 
pre-frontal cortex, via projections to the thalamus and SMA, 
during error processing and post error processing in stop signal 
and reversal tasks (79, 80).

However, most patients with cerebellar degenerative diseases, 
who have been enrolled in these studies, presented atrophy that 
was not confined to the cerebellum, but involved also cortical 
areas. Therefore, in these studies, while a role of the cerebellum 
can be strongly suspected, its contribution cannot be isolated.

To our knowledge, this is the first study in which two 
large groups of cerebellar patients with and without cortical 
involvement are compared in order to identify the role of the 
cerebellum in the anti-saccade execution. As anticipated above, 
according with previous studies, our results demonstrated that 
all cerebellar patients presented an increased rate of unwanted 
pro-saccades in the anti-saccadic task. Since no significant 
differences were found between SCA2 and LOCA, this observa-
tion suggests a direct control of the cerebellum on the frontal 
network in suppressing an unwanted reflexive movement when 
a competing voluntary movement is desired (37, 81–85). Thus, 
the cerebellum, which is reciprocally interconnected with frontal 
areas inhibiting reflexive movements (FEF and DLPFC), could 
play a central role in the decisional process of voluntary motor 
control.

Also, in agreement with previous studies, we found that 
cerebellar patients had increased and more variable anti-saccadic 
latency than the normal population (14, 22, 25, 27, 77). Previously, 
it has been demonstrated that the latency of anti-saccades is usu-
ally more variable (trial by trial variability) and longer than that of 
visually guided saccades (12, 56). An influential model explaining 
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FigUre 4 | (a) Mean and SE of the percentage of errors in the anti-saccade task in each group at 10 and 18 deg. A star code is used for representing the extent of 
the significance levels of the differences in the pairwise comparisons: “***” if p ≤ 0.001 and “*” if p ≤ 0.05. (B) Mean and SE of the percentage of corrected 
anti-saccades with respect to the number of direction errors in each group at 10 and 18 deg.
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the response time distribution in a simple decisional process 
such as pro-saccades vs anti-saccade, is the linear approach to 
threshold with ergodic rate model. This is a race-to-threshold 
model in which two different options compete for the final 
decision. According to rise-to-threshold models of anti-saccades 
(61, 86, 87), we suggest that longer and variable latencies might 
reflect the unpredictable timing for the accumulation of informa-
tion concerning the execution of a correct anti-saccade (88), or 
might result from noisy accumulation of information during the 
decisional process (89, 90). Since a cerebellar dysfunction alone 
seems to be sufficient to delay the latency of a wanted movement 
(an anti-saccade in this case), a specific role of the cerebellum 
in controlling the onset of a voluntary movement is likely. The 
cerebellum, thus, through its connections, might accelerate the 
information accumulation or reduce the noise in pre-frontal 
areas like the SEF and pre-SMA, and/or in the parietal areas as the 
PEF, which are involved in determining the anti-saccade onset.

As novel findings, we showed that cerebellar patients cor-
rected their errors as frequently as normal, but the corrective 
anti-saccades occurred at a longer latency than normal.

In a previous study, we had already observed that, while the 
rate of anti-saccade errors increased with subcortical impairment 
(namely cerebellum and basal ganglia dysfunction), the rate of 
anti-saccade correction decreased only when also a cerebral cor-
tical involvement and cognitive impairment was present (38). In 
this framework, the cerebellum would intervene in facilitating the 
suppression of unwanted reflexive movements (pro-saccades), 
but in case of errors, their correction would be mostly a cortical 
property. Also in this study, the impairment of the cerebellum was 
associated with increased directional error rate. Conversely, the 
well-maintained correction rate in our subjects might indicate a 
relative preservation of the cortical areas (as otherwise indicated 
by the absence of severe cognitive impairment in all our patients 
including the SCA2 patients). This would suggest an intrinsic 
monitoring of the failure/correction rate in the pre-frontal areas 
during goal-directed movements; on this rate of correction, sub-
cortical areas such as the cerebellum would have little influence.

It is noteworthy that the corrective anti-saccades in the cer-
ebellar patients occurred at longer intersaccadic intervals than 
normal. In normal subjects, the intersaccadic interval between 
erroneous pro-saccade and corrective anti-saccade was quite 
short for allowing a visual feedback and clearly shorter than the 

average latency of a correct anti-saccade. This indicates that the 
corrective anti-saccade was likely pre-planned and not gener-
ated after the visual feedback of the error. Also in cerebellar 
patients the error-correction intersaccadic interval was shorter 
than the correct anti-saccade latency, thus suggesting that the 
corrective anti-saccades were possibly pre-planned in their case 
as well.

Overall, we did not find significant differences between SCA2 
and LOCA in anti-saccade behavior. This is perhaps surprising 
even considering a relative sparing of the cortical areas in our 
SCA2 patients, because we would have nevertheless expected a 
cumulative effect of their neurodegeration (cortex plus cerebel-
lum) to result in a worse performance. The lack of significative 
difference might instead suggest that the cerebellum plays a 
crucial, bottleneck role in executive control of anti-saccades. 
Moreover, it might indicate that the cortical involvement (par-
ticularly the frontal lobe impairment) might be compensated by 
other areas, including those spared in the cerebellum. Supporting 
this hypothesis could be the finding of relatively spared dentate 
nuclei in the same SCA2 patients (91–93). This also suggests 
that the cerebellum has more than an ancillary supporting role 
in executive control, being able to compensate up to a certain 
measure a cortical failure.

In conclusion, our study sustains and reinforces the hypothesis 
that the cerebellum contributes actively to the control of execu-
tive functions. The cerebellum would participate in a functional 
network connecting the pre-frontal, frontal, and parietal cortex 
that facilitates the planning of voluntary movements while sup-
pressing perturbing automatic responses. However, not all cortical 
computations might be under the same cerebellar control. Some 
cortical properties, such as the failure/correction rate, might be 
less easily influenced by the cerebellum.

eThics sTaTeMenT

All procedures performed in studies involving human par-
ticipants were in accordance with the ethical standards of Local 
Ethic Committee: Comitato Etico Locale Azienda Ospedaliera 
Universitaria Senese and with the 1964 Helsinki declaration 
and its later amendments or comparable ethical standards. The 
protocol was approved by the local Ethical Committee (EVAlab 
protocol CEL no. 48/2010). Patients gave their written consent.
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