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ABSTRACT 

The role of the cerebellum in error-based motor adaptation is well examined. In contrast, the 

involvement of the cerebellum in reward-based motor learning is less clear. In this study, we 

examined cerebellar involvement in a reward-based motor learning task, namely learning to control 

a virtual cart-pole system, over five consecutive days. Subjects with focal cerebellar lesions were 

compared to age-matched controls in terms of learning performance and underlying control 

mechanisms.  

Based on the overall balancing performance we have identified two subgroups of patients: (1) patients 

with learning performance comparable to healthy controls and (2) patients with decelerated learning, 

unsaturated learning progress after five days and decreased inter-manual transfer. Furthermore, we 

found that online learning is impaired while offline learning is partly preserved in cerebellar subjects. 

Regarding control mechanisms, decreased control performance was associated with impairments in 

predictive action timing.  

Voxel-wise lesion symptom mapping based on the two subgroups revealed strong associations 

between impairments in controlling the virtual cart-pole system and lesions in intermediate and lateral 

parts of lobules V and VI. These results together with previous reports suggest that the ability to 

predict the dynamics of the cart-pole system is an important factor for the reward-based skill 

acquisition process.  
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INTRODUCTION 

A large number of studies have shown that 

cerebellar patients are impaired in motor 

adaptation by exploiting diverse experimental 

paradigms, which are based on visuomotor 

rotation2–4, force-field adaptation5,6 or split-belt 

treadmill adaptation7 (see reviews by Bastian et 

al.8,9). It is the current opinion that the 

underlying learning mechanism, which drives 

motor adaptation and which is impaired in 

cerebellar patients, is error-based learning of 

internal forward models. Internal forward 

models predict the sensor consequences of 

actions10 and are thus suggested to play a 

crucial role for the predictive control 

mechanisms in the skilled execution of multi-

joint movements11,12 as well as for manipulating 

objects11,13,14. 

On the other hand, there is increasing evidence, 

collected by motor training studies, showing 

that patients with degenerative disease can 

improve their motor capabilities by intensive 

motor training15–17. The learning mechanisms 

underlying these improvements in motor 

control are largely unclear18,19.   

Because cerebellar patients are impaired in 

establishing and recalibrating internal forward 

models using error-based learning, it was 

hypothesized that cerebellar patients potentially 

use alternative motor learning mechanisms like 

reward-based learning or use-dependent 

learning, which have been suggested to be less 

dependent on (or even independent from) the 

integrity of the cerebellum20,21.  

First evidence in this direction is provided by a 

recent study on reward-based learning of a 

visuomotor adaptation paradigm22. Although 

the disease-induced increase in motor 

variability shown by the cerebellar patients 

influenced the reward-based learning processes 

negatively, cerebellar patients were able to 

learn the altered sensorimotor mapping under a 

closed-loop reinforcement schedule and 

retained much more of the learned reaching 

pattern compared to when they had to perform 

error-based learning.  

In order to explore the preserved capability of 

reward-based learning in patients with 

cerebellar dysfunctions further, we here 

examined cerebellar patients and healthy 

controls in a reward-based skill acquisition 

task, namely the skill of balancing a virtual cart-

pole system. Cart-pole balancing has been 

studied in the context of reinforcement learning 

as a benchmark for computational algorithms23 

and in the context of exploiting internal forward 

models for the prediction and control of object 

dynamics24–26. 

In a recent study, we have examined the skill 

acquisition processes in young healthy subjects 

while learning to balance a cart-pole system in 

virtual reality27. The complexity of the motor 

task was gradually increased during the 

learning process by increasing the virtual 

gravity. Analyses of the task performance and 

action timing throughout the learning process 

revealed that the gradual increase of the virtual 

gravity (1) lead to faster learning but (2) 

required sensorimotor adaptation of predictive 

models of the cart-pole system. Furthermore, 

the results suggested that (3) predictive control 

mechanisms are crucial to master the cart-pole 

balancing task.  

Exploiting this paradigm of virtual cart-pole 

balancing, the aim of this study was to examine 

the involvement of the cerebellum in the skill 

acquisition process of controlling a complex 

dynamic system. Specifically, we examined the 

task performance and action timing of nineteen 

subjects with focal cerebellar lesions and very 

mild to moderate ataxia symptoms in short 

sessions over five subsequent days. Examining 

the learning processes over several days 

enabled us to examine online as well as offline 

learning28,29. In addition to the analysis of 

behaviour, we used voxel-wise lesion symptom 

mapping (VLSM) to associate specific 

behavioural impairments with focal cerebellar 

damage in order to elucidate which cerebellar 

regions play a functional role in cart-pole 

balancing.  

Our main hypothesis was that even focal 

lesions, which result only in very mild to 

moderate ataxia symptoms, might lead to 

recognisable changes in learning performance. 

Furthermore, due to the potential involvement 

of the cerebellum in the acquisition of the cart-
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pole skill, we hypothesized different areas of 

the cerebellum as candidates, in which lesions 

could be associated with impaired learning 

capacity. Namely, 

(i) We hypothesized that cerebellar damage in 

areas representing the online state 

estimator30 for the control of arm and hand 

movements will lead to increased motor 

variability in space and time, which likely 

effects also the reward-learning process22. 

(ii) In addition, lesions in areas representing 

forward models of the cart-pole system 

could also influence the skill acquisition 

process. More posterior and lateral regions 

of the cerebellum could represent the 

dynamic model of the cart-pole system31. 

(iii) The deep cerebellar nuclei, in particular the 

interposed and dentate nuclei, as the output 

of the relevant cerebellar areas, could also 

influence the sensorimotor execution and 

learning behaviour. 

METHODS  

Subjects 

Nineteen patients (mean age 25.6 years, 12 

female, 7 male) with chronic surgical cerebellar 

lesions (Table 1) and nineteen age-matched 

self-reportedly neurologically healthy control 

subjects participated in the experiment. Twelve 

patients suffered from pilocytic astrocytoma 

(that is, astrocytoma WHO grade I), two from 

astrocytoma WHO grade II, four from vascular 

tumors and one from a dermoid cyst. None of 

the cerebellar subjects had received adjuvant 

chemo- or radiotherapy. Patients showed very 

mild to moderate signs of ataxia as examined by 

an experienced neurologist (D. T.). Severity of 

ataxia was rated using the International 

Cooperative Ataxia Rating Scale ICARS  

(Range: 0-20, Mean: 4.68 (maximum possible 

ICARS score = 100), see Table 1, Trouillas et 

al.1). Handedness was determined using the 

Edinburgh Handedness Inventory32.  

The study was carried out according to standard 

guidelines and regulations and was approved by 

the ethical review board of the medical faculty 

of the Eberhard-Karls-University and 

university clinics in Tuebingen as well as by the 

ethical review board of the Essen University 

Hospital (Tuebingen 409/2014BO2, Essen 14-

6053-BO). All participants, and in one case due 

to minority the legal guardians, gave informed 

written consent prior to participation. 

Behavioural Experiment 

Cart-Pole Balancing Task 

In the cart-pole balancing task, subjects have to 

learn to control a virtual simulation of the cart-

pole system (Fig 1 A). Gravity forces the pole 

to rotate downwards when not being perfectly 

upright. The goal of the cart-pole balancing task 

is to keep the pole upright. Specifically, the pole 

has to remain within the green circular segment 

(±60 degree, Fig 1 A) while the cart must not 

leave the track (±5 m). By repeatedly 

accelerating the cart at the correct time to the 

left or right depending on the pole angle, it is 

possible to prevent the pole from falling. 

Participants accelerated the cart by applying 

virtual forces using a haptic input device 

(3Dconnexion SpaceMouse® Pro, Fig 1 B, for 

technical details see Supplementary Material 

S1). A trial was considered successful if 

balance was maintained for 30 seconds without 

violating any of the two given constraints. 

In order to reduce the initial difficulty, the task 

started with the gravitational constant set to 

ginit=1.0m/s2. After every successful trial, the 

gravity was increased by 0.1m/s2 until the 

maximum of gmax=3.0m/s2 was reached. Thus, 

due to this performance-dependent increase, 

every subject was exposed to an individual 

gravity profile over the course of the 

experiment.  Like in our previous study27, we 

displayed a cumulative reward as number 

within the cart, which increases over the 

duration of the trial depending on the state of 

the system and the applied virtual force. 

Herewith, we gave skilled subjects the 

opportunity to improve further when having 

reached the maximum gravity already and 

being able to balance the system reliably for 30 

seconds.  
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Experimental Protocol 

Overall, the experimental protocol involved 

five consecutive days (Fig 1 C). On the first 

day, we let subjects get a first impression (5 

minutes) of the cart-pole balancing task. We 

made sure that all participants were sufficiently 

familiar with the experimental setup itself in 

order to qualify them to perform the remaining 
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sessions without our supervision at home. The 

subsequent three days (day 2-4) constitute the 

main cart-pole balancing training, lasting 30 

minutes per session. After the extensive cart-

pole balancing training over three days, the last 

day (day 5) was devoted to examining the 

transfer to the non-dominant hand. On this last 

day, participants first again performed the cart-

pole balancing task using their dominant hand 

for 10 minutes and then switched to their non-

dominant hand to perform the task for another 

20 minutes.  

Handedness and lesion side 

Focal cerebellar damage affects primarily the 

control of the ipsilateral limb. Consequently, 

previous studies have tested the ipsilateral hand 

to the lesion independent of handedness (e.g. 

Donchin et al.2) to examine the consequences of 

cerebellar damage on the motor performance. 

Learning complex tasks with the non-dominant 

hand can however be extremely difficult 

especially if fine motor control is required like 

in the cart-pole balancing task. Moreover, 

according to Schlerf et al.33, both cerebellar 

hemispheres are active during complex manual 

tasks. This suggests that the performance in 

complex tasks, such as the cart-pole balancing 

task, is affected independent of lesion side. 

Thus, we decided that all subjects acquire the 

cart-pole balancing task using their dominant 

hand, which was not necessarily the ipsilateral 

hand to the lesion, but we also examined the 

non-dominant hand after the initial skill 

acquisition.  

Data Processing and Analysis 

Measures of task performance and action 
timing  

We analysed the observed behaviour regarding 

three measures: (1) the maximum reached 

gravity level (mrGL), (2) the trial length, (3) 

and the action timing and variability27. Like in 

our previous study27, the cumulative reward at 

the end of the trial was highly correlated with 

the trial length and did not provide any further 

insight. An overview of all measures is 

provided in Table 2.  

(1) The maximum reached gravity level (mrGL) 

is the coarsest measure of performance in the 

cart-pole balancing task. Because the gravity 

 

Fig 1. Cart-Pole balancing task, input device and experimental protocol. (A) In the cart-pole balancing 

task, the pole has to be balanced on the cart by accelerating the cart to the left and right. On the bottom, the 

remaining trial time is indicated. The two dark areas meet in the centre after 30 seconds. (B) The left-right 

translation degree-of-freedom of the input device was used to control the virtual force, which in turn 

accelerated the cart. (C) The duration and hand used for each of the training session on the five consecutive 

days of the experiment.  
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was only increased if balance was maintained 

successfully for 30 seconds, the mrGL 

measures the progression of learning. The 

maximum reachable gravity level was set to 

gmax=3.0m/s2.   

(2) A more fine-grained measure of 

performance is the trial length (TL). However, 

due to the individual increase in gravity and the 

therewith-associated difference in difficulty, it 

is necessary to normalize the trial length. The 

normalized trial length (TL/T0) relates the 

measured trial length (TL) to the hypothetical 

trial length if no controlling force was applied 

(T0). The normalized trial length represents 

thereby a multiple of being better than doing 

nothing27. For the statistical analysis, we used 

the reciprocal of the normalized trial length 

(rnTL=T0/TL) in order to equalize between-

subject variability.  

(3) The action timing (AT) and action 

variability (AV) allow us to quantify the 

changes in the subjects’ actions over the course 

of learning. In order to obtain a measure of 

action timing, we examined the applied virtual 

forces of each subject as function of the system 

state, specifically as function of the pole angle 

(Fig 2 A)27. Calculating this measure involves 

the definition of events in the state space and 

analysing the applied force relative to those 

events (event-triggered averaging, Fig 2 B). We 

focused our analysis on the situations when the 

pole is tilted by a certain angle and is rotating 

downwards. In these situations, which we 

describe as events, a counter-action is 

necessary. We refer to the timing of these 

counter-actions relative to the previously 

defined events as action timing. By averaging 

these time estimates across all events within 

bins of 5min, we gain a measure of general 

action timing performance in the cart-pole 

balancing task. Furthermore, we estimated the 

variability of the actions by calculating the 

mean standard deviation of the applied forces in 

a centred window of 120ms length around the 

estimated action timing (Fig 2 C). More 

Measure Short Description 

mrGL The maximum reached gravity level (mrGL) is the final gravity level that was reached 

during the training phase. It measures the progression of learning because the gravity 

was only increased if balance was maintained successfully for 30 seconds. Due to the 

experimental setup, mrGL is limited by ginit=1.0m/s2 and gmax=3.0m/s2.   

rnTL The reciprocal normalized trial length (rnTL) is the reciprocal value of the normalized 

trial length (TL/T0) which relates the measured trial length (TL) to the hypothetical trial 

length if no controlling force was applied (T0).  

 dominant hand Per trial while using the dominant hand (0-105min). 

 non-dominant hand Per trial while using the non-dominant hand (105-

125min). 

 both hands combined using the averages over 100-105min and 120-

125min. 

AT The action timing (AT) for a specific pole angle event is the average duration between 

the event occurrences and the respective changes in the applied virtual force direction. 

We analysed the action timing as average over multiple pole angles. 

 dominant hand Per 5mins while using the dominant hand (0-

105min). 

 non-dominant hand Per 5mins while using the non-dominant hand (105-

125min). 

 both hands combined using the averages over 100-105min and 120-

125min. 

AV The action variability (AV) is defined by the mean standard deviation of the applied 

virtual forces in a centred window of 120ms length around the estimated action timing 

for a specific pole angle event. We analysed the action variability as average over 

multiple pole angles.  

Table 2. Overview of the examined measures.  
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computational details of this method can be 

found in Ludolph et al.27.  

Analysis of task performance and action 

timing across hands 

In order to examine the inter-manual transfer of 

learned motor behaviour we analysed the 

change in task performance (rnTL) from the last 

session with the dominant hand to the session 

in which subjects used their non-dominant 

hand. Hereto, we subtracted the average task 

performance measured during the two periods 

(100-105min vs 105-110min) for each subject 

separately and performed a group comparison. 

Furthermore, we examined the relation of the 

estimated action timing between both hands. 

Our hypothesis was that if the representation of 

predicting the behaviour of the cart-pole system 

is hand independent from the hand trained with 

there should be a strong correlation between the 

estimated action timing for each hand.  

 

Fig 2. Action timing and action variability in the cart-pole balancing task. (A) All pole angles investigated 

as events (integer valued pole angles from -25° to 25°). The arrows indicate the direction of the pole movement. 

(B) Pole angle (blue) and input force (orange) trajectories illustrating two event occurrences (black crosses) 

and corresponding two force segments (think lines). (C) Average force segments for two periods (early vs. 

late) during learning for illustrating the action timing and variability measures. The dots indicate the action 

timing. Negative and positive time lags represent the time before and after the event, which has zero time lag. 

The dark coloured areas illustrate the action variability measure. The lightly shaded areas express the overall 

variability in force segments. The panels (A-C) have been reused with minor modifications from Ludolph et 

al.26. (D) Comparison of the action timing between a control and a cerebellar patient for the gravity of 

g=2.6m/s2. The action timing was determined over the last few trials on that gravity level for both subjects. 

While the control subject mastered that gravity level, the cerebellar subject failed to balance the cart-pole 

system on that gravity level. Notice that the action timing (red dot) of the patient is considerably less predictive 

than the action timing of the control subject (blue dot). 
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Combining the performance of both hands 

In addition to the task performance (rnTL) and 

action timing (AT) of each hand, we defined 

measures that represent the performance of both 

hands. To this end, we calculated the average of 

these measures over the last 5 minutes of the 

two blocks on the fifth day (100-105min and 

120-125min). When plotting the task 

performance (rnTL) of both hands against each 

other (Supplementary Material S3), the general 

ability to balance the cart-pole system is 

represented by the distance from zero (radius in 

polar coordinates). Similarly, we defined the 

measure “AT combined hands” in order to 

capture the general ability to time actions in the 

cart-pole task. Based on the pairs (dominant, 

non-dominant hand) of estimated action 

timings (AT), we calculated the empirical 

median and median absolute deviation of the 

control subjects’ performances. Using these 

estimates, we calculated the modified z-

scores34 of each pair yielding lower scores for 

normal (represented by the control group) and 

higher scores for abnormal behaviour.  

Online and offline learning 

Improvement during training sessions is called 

online learning, while improvement between 

sessions without actual training, is called offline 

learning28. In order to evaluate and compare 

these phases of learning, we averaged the rnTL 

over the first and last 5 minutes of each session 

yielding two measures (initial and end 

performance) per session. We then calculated 

the online change in rnTL by subtracting the 

initial from the end performance of the same 

session and the offline change in rnTL by 

subtracting the end performance of the previous 

session from the initial performance of the 

subsequent session. We excluded the first day 

from this investigation because it lasted only 

five minutes overall. 

Statistical analysis of behavioural data 

Statistical analysis has been performed using 

MATLAB 2016b (The MathWorks, Inc.) and 

SPSS 23 (IBM Cooperation). Simple group 

comparisons have been performed using 

Wilcoxon’s rank sum test or two-sided t-test 

depending on the result of Kolmogorow-

Smirnow-Lilliefors’ test. Repeated measures 

ANOVA (rm-ANOVA) has been performed to 

compare group performance across days. 

Greenhouse-Geisser (GH) and Bonferroni 

adjustments have been performed where 

appropriate. Where adequate we expressed 

corrected p-values as p and uncorrected p-

values as pu. Bivariate correlations were 

performed using Spearman’s rank correlation 

coefficient. In order to compare the decrease in 

rnTL between groups, we fitted a non-linear 

regression model (see detail in Supplementary 

Material S2).  

Lesion symptom analysis 

Anatomical magnetic resonance (MR) images 

of all cerebellar subjects were acquired using a 

3-T Siemens scanner (Skyra) with a 32-channel 

head coil (see for more technical details 

Supplementary Material S3). 

Cerebellar lesions were manually traced on 

axial, sagittal, and coronal slices of the non-

normalized 3-D MPRAGE MRI data set and 

saved as regions of interest (ROI) using the free 

MRIcron software 

(http://www.mricro.com/mricron). Where 

appropriate ROIs were adjusted based on lesion 

extent in FLAIR images. Images and ROIs were 

normalized using a spatially unbiased 

infratentorial template of the cerebellum 

(SUIT; Diedrichsen et al.35) with the SUIT 

toolbox in SPM8 (Wellcome Department of 

Cognitive Neurology, London, UK).  

For performing the voxel-wise lesion symptom 

mapping (VLSM), all lesions were flipped to 

the right. VLSM was performed with the use of 

MRIcron and NPM software (included in 

MRIcron).  

Associations between cerebellar damage and 

behavioural impairments were obtained using 

subtraction analysis36 in combination with 

statistical confirmation using multiple 

Liebermeister’s tests37. For the Liebermeister’s 

tests only voxels damaged in at least 16% of 

individuals (n=3) were considered. As 

recommended by Rorden et al.37, we corrected 

the significance level using permutation 

thresholding (4000 permutations). In order to 

perform these tests, we grouped cerebellar 
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subjects into an affected and unaffected 

subgroup based on the performance of the 

control subjects in the measure under 

investigation.  

Data availability statement 

The datasets generated during and/or analysed 

during the current study are available from the 

corresponding author on reasonable request. 

RESULTS  

Behavioural analysis of the cart-pole 
task 

Maximally reached gravity level is 
significantly lower for cerebellar patients  

Subjects increased the gravity level over the 

course of learning by balancing the cart-pole 

system successfully (Fig 3 A). We noticed that 

not all subjects reached the maximum gravity 

level of gmax=3.0m/s2. For each subject, we thus 

determined the maximally reached gravity level 

(mrGL) as measure of overall capability to 

acquire the cart-pole balancing skill. While all 

control subjects reached the maximum gravity 

level (gmax=3.0m/s2), only 57% of the cerebellar 

subjects reached this level (Fig 3 C). 

Consequently, the maximum reached gravity 

level is significantly lower for the group of 

cerebellar subjects (Wilcoxon’s ranksum test, 

p<0.01). We categorize subjects, who mastered 

at least half of the gravity levels 

(mrGL>gthresh=2.0m/s2, Fig 3 D, see Methods), 

as unaffected and those subjects, who did not 

master at least half of the gravity levels, as 

affected (mrGL≤gthresh=2.0m/s2). This method 

lead to three groups: (1) affected (N=5, CPa, 

ICARS range [3-20], mean 11.0), (2) 

unaffected cerebellar (N=14, CPu, ICARS 

range [0-14], mean 2.42) and (3) control 

subjects (N=19, HC). Affected and unaffected 

patient groups differed significantly from each 

other in the clinical ataxia score ICARS 

(p=0.0076). However, also in the unaffected 

cerebellar group there were five subjects with 

mild to moderate ataxia symptoms (ICARS 

range [2-14], mean 5.1). 

Learning is significantly slowed down for 
affected cerebellar patients 

The reciprocal normalized trial length (rnTL) 

resolves the task performance more fine grained 

(see Methods). Both groups, patients and 

controls, decreased the reciprocal normalized 

trial length significantly over the course of 

training (Spearman’s correlation coefficient, 

time vs. rnTL, cerebellar: r=-0.25, p<0.001; 

control subjects: r=-0.48, p<0.001) (Fig 3 B). 

By fitting a non-linear regression model (see 

Supplementary Material S2), we found 

significantly different rates of learning between 

affected and unaffected cerebellar subjects 

(F=23.52, p<0.001, Bonferroni corrected) as 

well as between affected cerebellar and control 

subjects (F=25.19, p<0.001, Bonferroni 

corrected). Between unaffected cerebellar and 

control subjects we did not find any significant 

difference in learning rate (F=1.07, pu=0.34).  

Affected cerebellar patients are impaired in 
online but show offline learning 

We analysed the relationship between online 

and offline learning (see Methods) based on the 

main training phase (days 2, 3 and 4, Fig 3 E). 

Rm-ANOVA revealed a significant effect of 

learning phase (F=4.758, p=0.036, GH) on the 

task performance (rnTL), while the factors day 

and group did not reach significance (day: 

F=0.839, p=0.40, GH; group: F=0.185, 

p=0.67). None of the interactions reached 

significance. Post-hoc test revealed that the 

improvement of cerebellar patients during the 

offline phases is significantly higher than 

during the online phases (mean online: 0.01, 

offline: -0.03, p=0.02, Bonferroni corrected). 

For control subjects, there was no significant 

difference between learning phases (mean 

online: -0.01, offline: -0.02, p=0.48, Bonferroni 

corrected). Notice that cerebellar subjects even 

tend to get worse during the practice sessions 

while getting better across sessions (positive 

ΔrnLT, Fig 3 E) suggesting that online learning 

is impaired while offline learning is intact. 

We performed this analysis also using the two 

subgroups of cerebellar subjects (Fig 3 F). 

Although Fig 3 F suggests that only affected 

cerebellar patients (mrGL ≤ 2.0m/s2) show 
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abnormal online learning behaviour, the small 

group size of the affected cerebellar subjects 

did not allow performing an ANOVA. 

Cerebellar patients show increased action 
variability and impaired predictive action 
timing 

We found that subjects in the affected 

cerebellar group show an increased action 

 

Fig 3. Performance in the cart-pole balancing task. (A) Average gravity and (B) reciprocal normalized trial 

length (rnTL) across time for affected (CPa, red), unaffected cerebellar (CPu, magenta) and healthy control 

subjects (HC, blue). Good performance is associated with low rnTL. Cerebellar subjects were classified as 

unaffected if they reached a higher gravity than gthresh=2.0m/s2. Dashed lines indicate the switch from dominant 

to non-dominant hand usage. For visualization purposes, the curves were smoothed over time using the 

weighted running average method. (C) Frequency of the reached gravity over all sessions for cerebellar 

subjects (red) and control subjects (blue). (D) Maximum reached gravity level (mrGL) as function of the 

ICARS score for cerebellar (red) and control subjects (blue). The dotted line represents the thresholds of 

impaired behaviour and splits the cerebellar subjects into an affected (CPa) and unaffected (CPu) subgroup. 

(E, F) Online and offline learning measured by the change in performance (rnTL) within sessions (online) and 

between sessions (offline) for cerebellar (red) and control subjects (blue), and in (F) also for the two cerebellar 

subgroups. Error bars indicate ±1 S.E.M. (* p<0.05) 
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variability (AV) at the end of the training (t-test, 

affected cerebellar vs. control: pu=0.025, 

p=0.075; affected vs. unaffected cerebellar: 

pu=0.035, p=0.105) while there was no 

difference between the unaffected cerebellar 

and control subjects (t-test, p=0.77). 

Analysis of the action timing over the course of 

the experiment (AT, Fig 4 A) revealed a 

significant decrease for the control group 

(p<0.001) and unaffected cerebellar subgroup 

(p=0.03) but not for affected cerebellar subjects 

(p=0.09, see Supplementary Material S2). 

Notice, that a negative action timing is 

associated with performing the actions 

predictively 27. There was no significant 

difference in the action timing learning rate (see 

Methods) between the unaffected cerebellar 

and control group (F=1.2422, pu=0.27, 

uncorrected) but affected cerebellar subject 

showed significantly different (lower) learning 

rates (vs. control: F=12.0570, p=0.002; vs. 

unaffected cerebellar: F=6.6918, p=0.03; both 

Bonferroni corrected).  

In order to determine the value of predictive 

action timing regarding mastering the next 

gravity step, we examined the action timing on 

the maximum reached gravity level of all 

cerebellar subjects, who did not reach the 

maximum gravity level of gmax=3.0m/s2. We 

found that the action timing for these subjects is 

significantly less predictive than the average 

action timing of the control subjects (Fig 4 B, 

p<0.01, N=8), indicating  that, for mastering the 

next gravity step, it is necessary to time the 

actions more predictively than these cerebellar 

subjects were able to do.  

Cerebellar patients are impaired in 
intermanual transfer 

When switching from the dominant to the non-

dominant hand on the 5th day, performance was 

significantly more reduced (t-test, p=0.019) for 

the cerebellar group (N=18, mean change in 

rnTL: +0.13) compared to healthy controls 

(N=19, mean change in rnTL: +0.055). This 

suggests that the transfer from the dominant to 

the non-dominant hand is less complete in 

cerebellar patients than in control subjects (Fig 

3 B, Supplementary Material S3). 

Action timing for the dominant and non-
dominant hand is significantly correlated 

In order to examine the potential learning of 

hand independent representations, we analysed 

the action timing expressed by both hands. The 

action timing (Fig 5 A) is significantly 

 

Fig 4. Action timing in the cart-pole balancing task.  (A) Action timing (AT) across time for affected (red), 

unaffected (magenta) cerebellar and control (blue) subjects. For visualization purposes, the data was smoothed 

in time and the shaded areas indicate ±0.25 SD. (B) Action timing (AT) across the different gravity levels. The 

action timing of cerebellar subjects, who did not reach the maximum gravity level (red dots), is only shown 

on the individual maximum reached gravity level as dot. For unaffected cerebellar (magenta) and control (blue) 

subjects, the action timing over the gravity levels is smoothed for visualization purposes and the shaded areas 

indicate ±0.25 SD. Notice that the action timing of the cerebellar subjects, who did not reach the maximum 

gravity (red dots), is much higher (less predictive) than for the control subjects (compare also to Fig 2D). 
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correlated between hands for both groups: 

healthy controls (Spearman’s correlation 

coefficient, rho=0.74, p<0.001, N=19) and 

cerebellar subjects (Spearman’s correlation 

coefficient, rho=0.54, p=0.02, N=18). 

Suggesting that the ability to time the actions 

correctly is rapidly transferred from the training 

to the non-training hand.  

Lesion symptom analysis 

Lesions are distributed across the 
cerebellum with focus on the midline and 
intermediate parts 

In twelve cerebellar subjects, lesions involved 

primarily the cerebellar hemispheres and, in the 

seven subjects, primarily the midline. 

Superposition of individual lesions shows that 

the lesions are distributed across the whole 

cerebellum with a focus on the midline and 

intermediate parts (Fig 6 A). Maxima of overall 

lesion overlap were found in lobule V, VIIIa, 

IX (N=8), as well as in lobule VI, VIIb, Crus I 

and Crus II (N=9). In ten subjects the dentate, 

and in eight subjects the interposed nuclei were 

at least partially damaged (maximum lesion 

overlap: N=7 and N=6, respectively).  

Cerebellar regions associated with cart-
pole balancing 

Based on the task performance and action 

timing measures, overall six cerebellar subjects 

were classified as impaired. Of these six 

subjects, all were classified impaired regarding 

the task performance (rnTL combined hands, 

Supplementary Material S3), five were 

classified impaired because of the low 

maximum reached gravity level 

(mrGL≤gthresh=2.0m/s2, Fig 3 D) and four were 

additionally impaired in timing their actions in 

comparison to the control group (AT combined 

hands, Fig 5 A, B). In the following, we call the 

subgroup of four subjects who showed impaired 

behaviour in all of these measures, i.e. those 

who showed impaired action timing behaviour, 

impaired in cart-pole balancing (iCPB, Fig 5 

B). Here we focus on the iCPB classification, 

while the VLSM for the individual measures 

and hands is reported as supplementary material 

(Supplementary Material S3).  

Subtraction analysis based on the general cart-

pole balancing performance classification 

(iCPB, Fig 5 B, Fig 6 B) revealed highest 

consistency in lobule V (100%), VI (92%) and 

in the interposed nucleus (92%). Slightly lower 

consistency was found in the dentate nucleus 

(67%), lobule VIIb (60.7%) and VIIIa (50%). 

Statistical testing using multiple Liebermeister 

tests and correction for multiple comparisons 

(criterion: p<0.05, permutation corrected: 

Z>3.36) confirmed the clusters in lobule V 

(max: x=13, y=-56, z=-20), VI (max: x=14, y=-

64, z=-26) and interposed nucleus (max: x=11, 

y=-57, z=-26).  

 

Fig 5. Classification of the action timing behaviour. (A) AT of the dominant versus the non-dominant hand 

over the last 5 minutes of the respective sessions on the fifth day. The dotted ellipse represents the threshold 

of being affected. (B) Modified z-score of the action timing (AT combined hands) as function of the ICARS 

score for cerebellar (red) and control subjects (blue). Being affected in this measure corresponds to the iCPB 

classification. 
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DISCUSSION  

In this study, we have investigated the influence 

of focal cerebellar lesions on a reward-based 

motor skill acquisition task, namely learning to 

control a virtual cart-pole system.  

Over a period of 5 days, one subgroup of 

patients showed learning capabilities 

comparable with healthy controls, although 

some of them also showed mild to moderate 

ataxia signs in the clinical ataxia score (ICARS 

[0-14]). The subgroup of patients affected in 

virtual cart-pole balancing (ICARS range [3-

20]) showed decreased learning capabilities as 

well as impaired transfer of control knowledge 

to the other hand. Comparison of the two 

subgroups, using lesion symptom mapping 

(LSM), revealed distinct clusters of voxels 

associated with impairments in the intermediate 

and lateral parts of lobules V and VI as well as 

in interposed and dentate nuclei.   

Behavioural analysis of the cart-pole 
task 

The group of affected patients had a significant 

higher clinical ICARS score as the unaffected 

group (p=0.0076). Nevertheless, there were 

also five patients in the unaffected group 

(N=14) showing mild to moderate ataxia signs 

(ICARS range [2-14]). Thus, the clinical score 

alone cannot explain the behavioural 

differences in cart-pole balancing. 

Affected cerebellar patients are impaired in 
online but show offline learning 

Interestingly, we have observed that cerebellar 

subjects improve significantly more between 

practice sessions (offline learning) compared to 

their improvement during the practice sessions 

(online learning), while there was no such 

difference for control subjects.  

It has been argued that online and offline 

learning mechanisms might rely on the activity 

of different brain areas (see Dayan et al.28 for a 

recent review). Studies examining the non-

invasive stimulation of different areas of the 

motor network have shown that stimulating the 

cerebellum can lead to faster online learning 

whereas stimulating the primary motor cortex 

(M1) can facilitate retention and offline 

learning29,38,39. There are however almost no 

systematic studies on motor learning in 

cerebellar patients over several days. One of the 

few studies40 showed consolidation of timing 

improvements in an eye-blink conditioning 

paradigm over multiple days in patients with 

focal cerebellar lesions. Together, these studies 

 

Fig 6. Voxel-wise lesion symptom mapping. (A) Superposition of cerebellar lesions across all cerebellar 

subjects (N=19) after flipping to the right. Colour indicates the number lesions, which overlap in the given 

voxel. (B) VLSM considering the general performance in the cart-pole balancing task (iCPB, i.e. impaired 

according to the measures mrGL, rnTL combined hands and AT combined hands). Shown is the Z-value map 

of the performed Liebermeister test. The z-value corresponding to the permutation corrected 5% significance 

level is indicated by a white triangle. All results are superimposed on the maximum probability SUIT template 

of the cerebellum71. Names of cerebellar lobules are indicated according to Schmahmann et al.72. 
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point in a direction, consistent with our finding, 

which is that specifically online learning is 

decreased in cerebellar subjects during skill 

acquisition while offline learning as well as 

retention are at least partly preserved in mildly 

to moderately affected patients with focal 

cerebellar lesions.  

Affected cerebellar patients need 
potentially longer training durations  

Another observation regarding the group of 

affected patients is that the learning curves are 

not saturated after the learning period of five 

days (Fig 3 A), which strongly indicates that 

these patients would profit from an even longer 

period of training. In fact, it has been previously 

stated that learning processes are slowed down 

in cerebellar patients and that they might 

therefore be dependent on even longer training 

durations19. Validating this hypothesis would 

be of particular relevance for continuous 

training approaches18.  

Affected cerebellar patients exhibit 
increased action variability  

One of our hypotheses was that cerebellar-

induced motor impairments result in increased 

motor action variability and thereby influence 

the learning process negatively.  

In fact, we found that subjects in the affected 

cerebellar group show increased action 

variability (AV) at the end of the training. This 

result is in correspondence with a recent study 

on reward-based learning in a visuomotor 

adaptation paradigm involving cerebellar 

patients. Therrien et al.22 found that learning 

was dependent on the balance of motor noise 

and exploration variability, with the patient 

group having greater motor noise and thus 

learned less in the same time. The authors 

concluded that cerebellar damage may 

indirectly impair reinforcement learning by 

increasing motor noise, rather than interfering 

with the reinforcement mechanism itself 22. The 

influence of motor variability on reward-based 

learning has been shown also in other 

movement disorders like dystonia41, supporting 

the general hypothesis that reward-based 

learning is dependent on the balance of motor 

noise and exploration variability. 

Predictive action timing is crucial   

Another of our central hypotheses was that 

specific parts of the cerebellum are crucial for 

timing actions in relation to predictable sensory 

events in the cart-pole balancing task. Skilled 

motor behaviour, as necessary in cart-pole 

balancing, is suggested to rely on accurate 

predictive models of both our own body and 

tools we interact with31,42,43. Following this 

consideration, internal forward models, which 

represent the new tools or objects, have to be 

acquired during the skill acquisition process43.  

Coherently, we have previously shown26 that 

performing the cart-pole balancing task 

facilitates the ability to extrapolate the pole 

motion in a pure perception task, supporting the 

notion of an acquired forward model of object 

dynamics. We have previously also shown that 

predictive action timing and cart-pole balancing 

performance are tightly coupled27. Here, we 

verified this result and found that the cart-pole 

balancing performance (rnTL) is significantly 

correlated (r=0.71, p<0.001, N=38) with the 

action timing (AT) at the end of the training 

period. Moreover, we found no significant 

difference in the learning rate of action timing 

between the unaffected patients and the control 

group, while the learning rate of the affected 

cerebellar group was significantly different 

from both of the other groups (see 

Supplementary Material S2). This result 

suggests that control subjects and unaffected 

cerebellar subjects were able to acquire the 

necessary control knowledge to execute their 

actions predictively with respect to the pole 

movement. Affected cerebellar subjects, in 

contrast, were not able to learn to execute their 

actions more predictively and thus did not 

manage to increase the gravity over a certain 

level (Fig 4 B).  

These results are in line with earlier studies, 

showing the impairment of cerebellar patients 

in predictive motor timing in visual interception 

tasks44–46. 
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Influence of the cerebellum on hand-
independent representations for 
manipulating dynamic objects  

Internal forward models, which predict the 

dynamics of the cart-pole system and which can 

be used for pure perceptual tasks26, could be at 

least partly hand-independent and thus should 

facilitate the transfer to the other hand. This 

hypothesis is supported for example by the 

study of Morton et al.47, in which inter-limb 

generalization of adaptation during ball 

catching was observed. Thus, it was suggested 

that partial inter-limb transfer is due to an 

internal representation of ball momentum, 

which is used for predictively controlling any 

of the hands to catch the ball. Furthermore, 

these authors have suggested the cerebellum as 

location for such a representation based on their 

observation that individuals with cerebellar 

damage have an impaired ability to adapt to a 

novel ball weight during catching48. 

Both, the (1) occurrence of transfer as well as 

the (2) impaired transfer due to cerebellar 

lesions is reflected in our data. (1) The 

identified correlations between action timing of 

both hands for controls (rho=0.74, p<0.001, 

N=19) as well for cerebellar subjects (rho=0.54, 

p=0.02, N=18, Fig 5 B) indicate that subjects 

were able to transfer this knowledge to the non-

dominant hand on the fifth day (Fig 4 A). This 

result suggests that the learned representation 

for predicting the cart-pole system’s behaviour 

and the therewith-associated ability to time 

actions in relation to the system’s state is not 

exclusively bound to the hand, which was used 

for acquiring the skill. (2) On the other hand, 

we have shown that the transfer from the 

dominant to the non-dominant hand was for 

cerebellar subjects less complete than for 

control subjects (Fig 3 F), which confirms the 

initial hypothesis of a negative influence of 

impaired internal models predicting the 

dynamics of the cart-pole system.  

Focal lesions associated with impaired 
control and learning performance  

The action timing in the cart-pole balancing 

task measures the ability to time finger 

movements in relation to the predictable pole 

movement. Accordingly, we found 

impairments to be associated with lesions in the 

intermediate and lateral areas of lobule V and 

VI. The lobules V and VI are known to be 

involved in general hand and finger control49,50, 

of which in particular lobule VI is involved in 

complex movements. Especially in complex 

movement sequences both hemispheres are 

activated33. These considerations strongly 

suggest that the necessary fine-motoric finger 

movements in combination with the complexity 

of the cart-pole balancing task require bilateral 

cerebellar activity and, thus, legitimates our 

strategy to flip all lesions to the right 

hemisphere51.  

Lesions in these areas are commonly also 

associated with decreased accuracy of finger 

movements52,53. The impaired control 

capabilities can therefore, firstly, be explained 

by the inability to execute finger movements 

accurately. Secondly, the lobules V and VI 

together with the dentate nucleus are also 

important for predictive action timing in target 

interception46,54. In the study by Bares et al. 46, 

successful performance was associated with 

increased activity in the cerebellum (right 

dentate nucleus as well as lobules V and VI) for 

healthy and cerebellar subjects.  

Bilateral cerebellar activity during learning to 

use a new tool was also reported by Imamizu et 

al.55 and was interpreted as indication that 

activated regions might acquire internal models 

for cognitive function independent of the 

ipsilateral correspondence between the motor 

apparatus and the cerebellum. In combination 

with previous work, these authors suggested 

that internal models for the motor apparatus are 

present in phylogenetically older parts of the 

cerebellum (such as the ventral paraflocculus, 

vermis and intermediate parts), whereas 

internal models of objects and tools in the 

external world seem to reside in newer parts 

located in the hemispheres (see Imamizu et al.55 

for a more detailed discussion). 

This theory fits, on the one hand, perfectly to 

our observation that decreased performance in 

learning to balance the inverted pendulum is 

associated with lesions in the intermediate and 

lateral parts of lobules V and VI. On the other 
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hand, it supports our hypothesis that internal 

models, which predict the dynamics of the 

manipulated object, are stored are in the 

cerebellum. These internal models might be at 

least partly stored in both hemispheres 

independently from the training hand and are 

engaged in the transfer of control knowledge to 

the other hand.  

Influence of the cerebellum on reward-
based learning processes  

While error-based or supervised learning have 

been suggested to rely on the cerebellum9,56,57, 

reward-based learning mechanisms are not 

primarily proposed to be dependent on the 

cerebellum but on the basal ganglia58. 

Accordingly, it was hypothesized that 

cerebellar patients could potentially use 

reward-based learning as an alternative 

mechanism21. However, increasing evidence 

due to recent research suggests that reward-

based learning may be also supported by the 

cerebellum22,59,60.  

Thus, cerebellar dysfunction might influence 

reward-based learning besides the previously 

discussed negative influence of motor 

variability22,61. For instance, BOLD response in 

the cerebellum has been found to be correlated 

with reward prediction error62,63. In addition, a 

recent neurophysiological study showed that 

granule cells in lobule VI of mice encode not 

only movement but also the expectation of 

reward64. Together with former functional-MRI 

studies, which indicate that lobule VI encodes 

sensory prediction error65, these results could 

suggest that these cerebellar regions form 

predictions in both mechanisms of learning: 

sensory predictions in the case of error-based 

learning and predictions of future reward for 

reward-based learning.   

However, the above-described potential 

influences of cerebellar lesions on reward-

based learning have to remain speculative 

because there is no possibility for us to 

distinguish such processes based on the here 

reported behavioural or MRT analysis.  

Interacting learning mechanisms in skill 
acquisition  

Although the cart-pole task is a classical 

reinforcement learning task23 with only the 

reward of success or failure as available 

feedback, successful control mechanisms are 

suggested to involve a forward model of the 

cart-pole dynamics24,25. For our experiment this 

hypothesis implies that forward models have to 

be formed initially and recalibrated later on to 

different gravity levels 43 by reducing the error 

between predicted and actual cart-pole system 

behavior resulting in error-based learning. 

Consequently, acquiring the cart-pole 

balancing skill would require interacting 

learning processes: (1) acquiring and 

recalibrating a forward model of cart-pole 

dynamics and (2) reward-based learning of the 

valuable actions and/or system states. The 

interaction of both mechanisms together has 

previously been referred to as model-based 

action selection66,67.  

Our findings of increased action variability, 

decreased predictive timing and the impaired 

transfer to the other hand are consistent with the 

hypothesis that impaired or poorly calibrated 

internal forward models represented in the 

cerebellum influence the skill acquisition 

process negatively. This hypothesis is further 

supported by the identified cerebellar areas, 

which were associated with impaired learning 

performance in the cart-pole task and overlap 

with areas commonly active in visuomotor 

adaptations tasks and which are suggested to 

represent internal forward models of the motor 

apparatus as well as of external objects and 

tools (see for example Imamizu et al.55).  

Following this hypothesis, impaired cerebellar 

error-based learning such as in cerebellar 

patients could influence reward-based learning 

in motor tasks negatively by leading to poorly 

calibrated forward models, increased motor 

variability22, decreased predictive motor 

control capabilities and, finally, to less success 

in the task.  

Another potentially relevant interaction of 

learning mechanisms was recently described by 

Wong et al. 68. They reported that impairments 

of cerebellar patients in learning rule-based 
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strategies are caused by dysfunctional sensory 

predictions (see also Donchin et al. 69 for 

discussion).  The development, expression and 

use of strategies have been suggested to play a 

pivotal role in reinforcement-based motor 

learning 70,71. Thus, also in our cart-pole 

balancing task, dysfunctional sensory 

predictions could influence the development of 

rule-based strategies negatively. Future 

research has to examine the interactions 

between these learning mechanisms further and 

explore training methods, which enable 

cerebellar patients to utilize their remaining 

motor learning capabilities.  

Conclusion 

We have shown that even cerebellar subjects 

with only very mild to moderate ataxia 

symptoms can show significant deficits in the 

in learning to control the virtual cart-pole 

system. These deficits depend on the lesioned 

regions in the cerebellum. Intermediate and 

lateral areas of the cerebellar lobules V, VI 

were most strongly associated with impaired 

performance. Intriguingly, affected cerebellar 

subject showed more offline than online 

improvements and their learning progress does 

not seem to be saturated after five days. Further 

investigation is required to examine the long-

term learning capabilities of cerebellar patients 

as well as to disentangle the neural mechanisms 

of motor learning in this population. 
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