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Abstract 
While traditionally considered a motor structure, the cerebellum is also involved in 
cognition. However, the underlying cognitive mechanisms through which the 
cerebellum contributes to evolutionarily novel cognitive abilities remain poorly 
understood. Another open question is how this structure contributes to a core unifying 
mechanism across domains. Motivated by the evolutionary principle of neural reuse, 
we suggest that a successful account of cerebellar contributions to higher cognitive 
domains will build on the structure’s established role in motor behaviors. We 
conducted a series of neuropsychological experiments, assessing selective 
impairments in participants with cerebellar ataxia (CA) compared to neurotypicals in 
solving sequential discrete problems. In three experiments, participants were asked to 
solve symbolic subtraction, alphabet letter transformation, and novel artificial grammar 
problems, which were expected or unexpected. The CA group exhibited a 
disproportionate cost when comparing expected problems to unexpected problems, 
suggesting that the cerebellum is critical for violation of expectations (VE) across 
tasks. The CA group impairment was not found either when the complexity of the 
problem increased or in conditions of uncertainty. Together, these results demonstrate 
a possible causal role for the human cerebellum in higher cognitive abilities. VE might 
be a unifying cerebellar-dependent mechanism across motor and cognitive domains. 
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Significance Statement 

While the cerebellum, a phylogenetically ancient brain region, is traditionally viewed 
as a motor structure, evidence suggests its involvement in cognition. However, the 
mechanisms by which the cerebellum supports evolutionarily novel cognitive abilities 
remain poorly understood. In addition, despite theoretical proposals, direct evidence 
for the cerebellum's contribution to a core unifying mechanism across non-motor 
domains is lacking. Drawing on the principle of neural reuse, we present 
neuropsychological evidence highlighting the cerebellum's causal role in symbolic 
arithmetic reasoning, alphabet transformation, and grammar problems via violation of 
expectations processes. The results offer a new perspective on how, rather than 
merely if, the cerebellum contributes to higher cognition, suggesting a constraint on its 
role in cognitive domains. 
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Introduction 

Traditionally, the cerebellum has been primarily recognized as a motor structure. 

However, evidence indicates its involvement in various cognitive processes1–6. Yet, 

the underlying cognitive mechanisms through which the cerebellum contributes to 

higher cognitive abilities remain unknown. In addition, since the anatomy of the 

cerebellum is relatively uniform throughout its structure, it was suggested that its 

function may be consistent4,7 (i.e., “universal cerebellar transform”). This led to the 

hypothesis that a cerebellar lesion will result in a core ubiquitous impairment across 

domains4,7–9. Despite these theoretical proposals, direct evidence for the cerebellum's 

contribution to a core unifying mechanism across non-motor domains is lacking. 

A substantial body of neuropsychological, modeling, and imaging evidence supports 

the notion that the cerebellum is involved in motor control6,7,10–14. According to the 

forward model framework13,14,  the cerebellum encodes a predictive model  15(i.e., 

“internal model”). Specifically, the cerebellum is involved in prediction error15, such 

that processing of the deviation between the predicted and the perceived information 

(i.e., error signal) leads to an internal model. Research shows that individuals with 

cerebellar pathology exhibit impairments in a range of sensorimotor tasks16,17. For 

example, in visuomotor rotation tasks, people with cerebellar ataxia (CA) exhibit a 

reduced ability to process experimental perturbations, where the participant’s 

predicted outcome is different from the perceived stimuli. This is consistent with the 

idea6,18–20 that an intact cerebellum is required to process violation of expectations 

(VE). However, it is not fully understood how the concept of VE should be applied in 

cognitive domains13,21. 

Converging evidence indicates that the cerebellum’s function extends beyond mere 

motor control. The cerebellum is involved in many cognitive abilities, such as 

sequence learning, executive function, and even math and language 

processes1,2,5,9,20,22–29. This is evidenced by cognitive deficits in individuals with 

cerebellar pathology2,16,21, bidirectional connectivity with the neocortex26,27,30, 

developmental studies31, and neuroimaging studies showing cerebellar activation in 

cognitive tasks7,23,32. While existing studies support a cerebellar role in nonmotor 

functions1,5,18,31,33–35, direct evidence, and stronger theoretical constraints on the 

region’s specific function in higher cognition are needed25. In addition, despite the 

broad evidence in many cognitive domains, how this structure contributes to a 

fundamental, unifying cognitive mechanism remains an open question8,36. 

Furthermore, we observed that imaging and neuropsychological literature do not 

always converge, with the latter mainly showing mixed results. For instance, one 

language paradigm that activates the cerebellum is semantic processing, focusing on 

right cerebellar activation8,19,24,37,38. However, while some studies did not find that 

patients with cerebellar pathology have impairments in semantic processing tasks39–

41, others found significant impairment19, specifically related to the processing of 

errors18 or sequential processing40. Another example is working memory. The 

neuroimaging literature demonstrated the association of cerebellar activity with 

working memory tasks7,42. However, again, the results are not consistent in the 

neuropsychology literature. While some studies report impairments in individuals with 
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cerebellar pathology on working memory tasks43, others report null effects21,44. These 

mixed results may reflect the heterogeneity in the cerebellar patient samples, or it may 

be that the chosen cognitive tasks are not consistently sensitive to cerebellar 

pathology. To address these two challenges, we proposed to examine a homogenous 

sample of individuals with a single type of spinocerebellar ataxia (SCA6). Additionally, 

we suggested utilizing tasks designed to be more reliably sensitive in capturing the 

specific cognitive impairments associated with cerebellar dysfunction. 

Several hypotheses have been proposed based on the idea that cerebellar 

contributions to motor control may extend to the cognitive domain13,18,21. For example, 

in one recent paper21 it was hypothesized that the cerebellum supports dynamic 

continuous transformations of mental representations. However, the concrete 

implementation of 'continuity' in terms of higher mental representations remains an 

open question45. Currently, there is no established direct evidence supporting the 

existence of such 'continuous' and 'dynamic' higher cognitive processes, and, indeed, 

a recent later study by the same authors found no support for this hypothesis within 

the language domain (i.e., semantic processing task)41. It is unclear whether the 

utilized problems, such as simple addition or mental rotation, are entirely (or even 

partially) solved using “continuous transformation” or through previously learned 

procedural sequential knowledge of the required mental steps. The constraints on the 

cerebellum's role remain an open question, particularly whether its role is limited solely 

to tasks requiring "continuous mental transformation," as previously suggested21. 

Therefore, more consistent with well-established cerebellar models and parsimonious 

theories are still needed. As mentioned, in the motor domain, models of cerebellar 

function emphasize the importance of this structure in VE46,47. Expectations, which are 

based on top-down knowledge, are compared with visual feedback, with the difference 

between the two serving as an error signal15. However, given that violation of 

expectations is a general feature of brain function48, a key challenge is to specify 

constraints on the cerebellum’s specific role.   

When we examined previously used tasks, we noticed that many of them required 

procedure-based sequential processing1,2,18,19,40,49–52. People with  CA show selective 

impairments in procedure-based tasks2,16,49,53,54, requiring an algorithm of a sequence 

of discrete steps to solve16,40,49,50. While many studies explored whether the 

cerebellum contributes to language processes1,22,38,55, the literature on the math 

domain is sparse. Recently, we revealed evidence for a distinct arithmetic impairment 

in a CA group2,21. The cerebellar group, compared to both neurotypical (NT) and 

Parkinson’s disease (PD) groups, exhibited a selective impairment in an addition 

procedure (i.e., counting, but not memory), requiring a sequence of discrete mental 

steps in order to solve each arithmetic problem2 (e.g., 2 + 5 + 7 = 14 ?). 

Herein, we proposed to investigate the cognitive mechanisms by which the cerebellum 

contributes to tasks requiring sequential processing: Symbolic subtraction, alphabet 

transformation, and grammar learning processes. Although defining the distinct 

cerebellum’s role in cognition is challenging25,56, we anticipate that a successful theory 

will likely build on its well-established role in motor control6,13–15,24.  
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Our logic is straightforward. VE is involved in almost every human function, from basic 

ones, such as motor control, to more complex ones, such as language and math. 

Evidence suggests that the cerebellum contributes to motor and cognitive tasks 

through the processing of VE6,18,49,50,52,57. Motivated by the biological and evolutionary 

principle of neural reuse58,59, we propose and test the hypothesis that the cerebellum 

also contributes to higher cognition through cognitive VE. Evolutionarily novel 

cognitive abilities, such as arithmetic and language, also rely on the processing of 

VE18,19,24,60,61. For instance, based on known rules, a person predicts the correct 

answer to an equation, the next word in a sentence, or the next letter in a word. The 

expectations in these sequential processes are sometimes accurate and sometimes 

not. We suggest that through a VE mechanism, the cerebellum contributes not only to 

motor abilities but also to the cognitive procedures necessary for solving symbolic 

arithmetic and alphabet transformation problems2,18,24.  

Notably, these higher cognitive sequential problems are probably not solved by one 

continuous mental computation, and multi-step discrete computations are needed45,62–

64.  It is more likely that mental arithmetic and alphabet transformation problems are 

solved using discrete mental procedures by breaking down these complex cognitive 

computations into smaller steps45,64–71. For instance, when solving a simple 

subtraction problem (e.g., 9 - 5 = 3), a person typically follows a series of mental steps. 

For instance, first, they represent the stimuli mentally, understanding the need to 

subtract 5 from 9. They then retrieve relevant arithmetic facts from long-term memory 

or apply subtraction rules65,72. After arriving at a potential answer, they compare their 

expected computation (e.g., 4) with the actual visual information presented on the 

screen (e.g., 3). This algorithmic procedure highlights how sequential cognitive steps 

are used to solve even a simple arithmetic problem and how VE is a process needed 

for higher cognition as well.  

Notably, this does not necessarily mean that the cerebellum involvement will increase 

when the need for a sequential procedure increases. Rather, we propose that the 

cerebellum role primarily emerges under the constraints of cognitive tasks that require 

sequential processing. In a sequential task requiring a series of discrete steps to solve, 

expectations are formed within each trial rather than between trials. During the 

operation of these mental steps, participants develop a prediction model (i.e., ‘internal 

model’), predicting the correct outcome. When an incorrect answer is presented, it 

leads to a violation of the participant's expectation within that specific trial. This 

process allows for the investigation of expectation formation, and its violation, within 

the context of a single trial, providing valuable insights into the underlying cognitive 

mechanism for each problem. Taken together, rather than being restricted to 

continuous transformations as suggested before21, we propose that the cerebellum is 

necessary for solving sequential higher cognitive problems, which involve discrete 

multi-step procedures, via VE. 

Hypothesis and goals  
We hypothesized that the cerebellum is a generative structure – it generates 
predictions, and the deviation between the expected and perceived information could 
be a cerebellar-dependent problem-solving general mechanism. Rather than merely 
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implementing previously learned cognitive processes (e.g., memory retrieval2,49), the 
cerebellum generates or adapts procedures (i.e., “internal model”) by processing VE 
in higher cognitive domains. The universal cerebellar transform theory73 suggests that 
since the cerebellum is a relatively uniform structure, its function may also be uniform 
across domains6,9,24,36. Thus, we hypothesized that cerebellar degeneration would 
result in a core ubiquitous impairment in processing VE across complex cognitive 
tasks.  

Given the scarcity of literature in this field, which remains inconclusive2,18,24,39,41,44,61, 
we first aim to examine whether individuals with cerebellar degeneration are impaired 
in three high cognitive tasks, which require sequential processing. Second, we aim to 
assess the cerebellum's contribution, specifically in processing VE, compared to other 
cognitive processes (e.g., task complexity). Third, we asked whether the processing 
of VE could be a core, domain-general cerebellar-dependent mechanism across these 
cognitive tasks.  

To investigate the cerebellum's role in processing error signals in high cognitive 
processes, specifically in arithmetic reasoning and alphabet transformation, we 
employed a neuropsychological approach, comparing the performance of individuals 
with CA to NT. Our study consisted of three experiments designed to measure 
participants' responses to correct and incorrect stimuli, focusing on the effect of errors 
on participant’s behavior.  

In typical paradigms assessing cerebellar contributions to motor processes17,74,75, 
deliberate incorrect information is displayed on a computer screen using visual 
perturbation. The incorrect information contradicts the expected (correct) visual input. 
This experimental manipulation aligns with the notion that an intact cerebellum is 
crucial in processing error signals. Similarly, an event-related potentials study60 by 
Posner and others, utilized correct equations (e.g., 1 + 1 = 2), in which the presented 
solution (e.g., 2) is in accordance with the participant's expectation. However, in 
incorrect equations (e.g., 1 + 1 = 1), the presented solution (e.g., 1) violates the 
expected results and creates a cognitive VE. Thus, to maintain a comparable 
experimental paradigm in the cognitive domain, while having a point of comparison, 
we compared correct and incorrect cognitive problems. Comparing incorrect to correct 
problems allowed us to control for potential confounds, such as memory and 
perceptual processes19,24,65,76. 

In Experiments 1 and 2, we utilized a symbolic arithmetic verification task and an 
alphabet transformation task, respectively. Our goal was to assess whether CA 
modulates the processing of VE in two different tasks that require sequential 
processing: Subtraction reasoning and transformation of alphabet letters. Participants 
were required to identify whether a given subtraction equation or alphabet 
transformation problem was correct or incorrect. In each task, we manipulated two 
processes: the effect of errors on participants’ responses and, for comparison, the 
effect of task complexity (e.g., the number of mental steps). Comparing these two 
effects allowed us to assess potential confounds, such as task difficulty and perceptual 
processes2. To achieve this, we also varied the number of steps required to solve the 
problems (e.g., two-digit vs. three-digit problems). Given our hypothesis and previous 
findings19, we predicted that the CA group would show a distinct disproportionate cost 
for VE (unexpected minus expected problems) but not for the complexity effect (high 
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complexity minus low complexity problems). 

While in Experiment 1 and 2 participants identify if a given problem is correct or not 
based on their previous knowledge, in Experiment 3, we probed novel cognitive 
expectations under uncertainty. We formed a new scenario where lifetime learned 
expectations are absent (no prior knowledge), and participants are required to learn a 
new artificial grammatical rule (i.e., organizing a sequence of letters in a specific order) 
within the task. The participants' expectations were novel and not based on previous 
top-down processes, allowing for minimizing memory effects. To do so, we utilized an 
artificial grammar learning (AGL) task77,78. During the training phase, participants were 
exposed to a sequence of letters that followed a predefined novel complex artificial 
grammar. In the subsequent test phase, participants needed to identify whether novel 
strings of letters were grammatical or nongrammatical (following the rule or not). Given 
previous studies demonstrating the cerebellum's role specifically in procedure-based 
learning2,13,49,50,79, we predicted that the cerebellum would contribute to procedure-
based learning18,40 of an artificial grammar. 

To assess the effect of uncertainty on participants' accuracy, we manipulated the level 
of similarity between grammatical and nongrammatical problems (i.e., sensitivity). We 
predicted that the CA group would exhibit selective impairment only in the low similarity 
condition, where there is greater certainty (higher probability), making it easier to 
differentiate between grammatical and nongrammatical problems. 

Notably, given that processing VE is highly dependent on previous knowledge and 
top-down memory-related processes19,23, it is important to consider these factors. 
Thus, across the three experiments, we examined VE in both established and newly 
learned cognitive procedures, considering varying levels of potential top-down effects. 
Furthermore, we aimed to determine whether the between-group differences in the 
cost of processing VE are domain-general in three cognitive tasks.   

Results 
Experiment 1 – Cerebellar contribution to symbolic subtraction. 

In Experiment 1, we used manipulation to probe two major subtraction processes. We 

utilized a subtraction task because, compared to addition or multiplication that were 

used in previous studies2,21, subtraction necessitates more spatial procedural 

processes80–82, which are directly related to known cerebellar functions83–85.  

First, we manipulated the expectancy effect (expected vs. unexpected) of the 

equation. While at correct equations (e.g., 9 – 5 – 1 = 3), the presented solution (e.g., 

3) is in accordance with the participant's expectation, at incorrect equation (e.g., 9 – 5 

– 1 = 4), the presented solution (e.g., 4) violates the  participant's expectations (see 

also60). Accordingly, response times (RT) are typically higher for incorrect problems 

compared to correct problems63,65,86. We computed the “expectancy effect” score by 

subtracting the mean RT of expected equations from the mean RT of unexpected 

equations. Second, we manipulated the complexity of the equation by probing the 

number of steps required to solve it. We employed problems that involved either one 

or two operators. Accordingly, subtracting one single-digit number (e.g., 9 - 5 = 4) 

takes less time than subtracting two single-digit numbers (9 - 3 - 2 = 4) because the 

latter requires more cognitive steps to solve the problem2. We computed the 
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“complexity effect” score by subtracting the mean RT of low-complexity trials from that 

of high-complexity trials. RT was calculated on the participants' correct responses 

(>90% for both groups). 

Participants completed a subtraction verification task (see Fig. 1). At the beginning of 
each trial, a fixation cross appeared in the center of the screen for 1000 ms. Then, the 
fixation cross was replaced by a display of an equation. The participant was required 
to determine whether a given subtraction equation was correct (by pressing the ‘Z’ 
key) or incorrect (by pressing the ‘M’ key). Three practice equations were presented 
before the experimental trials to familiarize participants with the procedure. The 
equation remained on the screen until a response was recorded or until 5 s’ had 
elapsed, whichever occurred first. Participants were instructed to respond as quickly 
and accurately as possible. Visual feedback was provided for 500 ms above the 
equation, with a green checkmark (√) or a red X indicating the accuracy detected.  

In Experiment 1, we created 64 subtraction equations. To minimize the effect of 
memory, each equation only appeared once. To manipulate the expectancy effect, 
half (32) of the equations were correct, and half were incorrect. To manipulate 
complexity, half of the equations were of low complexity level, and the other half were 
of high complexity level. All the experimental conditions were counterbalanced and 
presented in a random order. In the middle of the task, the participant had a ten-second 
break. The experiment lasted approximately 15 minutes. 

 

 

 

 

 

 

 

   

Figure 2 shows RTs as a function of group (NT/CA), expectancy 
(expected/unexpected), and complexity (high/low). We utilized a linear mixed-effects 
(LME87,88) model with group, expectancy, and complexity as fixed effects, and 
participant ID as a random factor. 

To establish a baseline, we assessed the NT group's performance. As predicted, the 

NT groups showed a significant expectancy effect (beta for simple effect estimator 

(est.) = 238 ms, p < .0001) and a significant complexity effect (est. = 831 ms, p < 

.0001). The CA group exhibited a quantitatively slower response than the NT group 

Fig. 1. Experiment 1 – Subtraction verification task. 
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across all conditions, but this difference did not reach statistical significance (main 

effect est. = 304 ms, p = .120).  

Our focus in Experiment 1 is comparing the effects of expectancy and complexity 

between the CA and NT groups (Fig. 2B). Notably, the expectancy effect was 

significantly larger for the CA group compared to the NT group (two-way interaction: 

est.    60 ms, p   .0  , cohen’s d   0.  7; large effect size), but there was no 

significant difference between the groups in the complexity effect (two-way interaction: 

est. = 79 ms, p = .229). In terms of covariates, there were no significant differences 

between the groups in years of education and age (p > .05). In addition, accuracy rates 

were not significantly different between the groups (NT = 91%, CA = 89%, p > .05). 

Additionally, there was no significant interaction between Group and Expectancy when 

accuracy was the dependent variable (est. = 3.5, p = 0.61). This similar accuracy rates 

indicate that accuracy is not a sensitive measure for detecting group differences in this 

experiment.  

 

B1) B2) 

A) 

Fig. 2. A) RTs as a function of group (NT/CA), expectancy effect (unexpected minus 
expected), and complexity effect (high minus low). B1) The expectancy effect for each 
group. B2) The complexity effect for each group. Each datapoint is a participant. Error 
bars = SEM. * indicates p = .009. n.s = not significant.   
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To conclude, two primary insights can be derived from the results of Experiment 1. 

Firstly, the CA group demonstrated a deficiency in a symbolic subtraction task, 

providing novel evidence of the cerebellum’s contribution to higher cognitive functions. 

Secondly, the findings indicate a selective impairment of the CA group compared to 

the NT group. The CA group exhibited a disproportionate expectancy effect but not a 

complexity effect. In line with the established role of the cerebellum in the motor 

domain, we propose that the selective impairment reflects the cerebellum’s role in 

processing arithmetic VE . 

 

Experiment 2 – Cerebellar contribution to alphabet transformation. 

Participants completed an alphabet letter sequential transformation task. The design 
of this task was specifically tailored to achieve the following two objectives. First, we 
wanted to generalize the findings from arithmetic digits to alphabet letters. Participants 
were required to determine the correctness of an alphabet letter rule-based 
transformation. Similar to Experiment 1, the transformation rule was an arithmetic 
operator (e.g., +1), but the stimuli were alphabetic letters (e.g., A, B, C). This required 
participants to utilize their understanding of alphabetical sequences and relationships 
for each step in a discrete controlled manner. Second, we aimed to reduce top-down 
potential effects. While most educated participants have experience solving arithmetic 
equations, they probably have less experience transforming alphabetic letters using 
an arithmetic operator. Consequently, the alphabet transformation task reduces 
reliance on prior numerical proficiency. This allows for assessing VE in the context of 
relatively newly formed procedures.  

In the alphabet transformation task, participants were presented with alphabet letters 
transformation based on an arithmetic operator (see Fig. 3). On the upper row, we 
presented letters (e.g., “C   M”) that needed to be transformed by a given rule in a 
discrete manner for each letter.  In the second row, the transformation rule appeared 
(i.e., +1 or +2). In the third lower row, the transformation results appeared (e.g., “D   
N”). Participants were required to determine the correctness of the transformation 
displayed on the screen. Six practice problems were administered before the task to 
familiarize participants with the necessary procedure. At the onset of each 
experimental trial, a fixation cross appeared in the center of the screen for   s’. Then, 
the fixation cross was replaced by an alphabet transformation problem. The stimulus 
remained on the screen until a response was recorded or until  0 s’ had elapsed, 
whichever occurred first. Participants were instructed to respond as quickly and 
accurately as possible. Visual feedback was presented for   s’ above the equation, 
with a green checkmark (√) or a red X indicating the accuracy of the response. If a 
response was not detected within   s’, participants received the feedback message 
“Respond faster.”  RT was calculated on the participants correct responses.   
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In Experiment 2, we created 96 unique letter transformation problems. The letters 
were chosen randomly, but each letter appeared only once in each problem. Similarly 
to Experiment 1, to minimize the effect of memory, each problem appeared only once. 
Again, we manipulated the expectancy effect by presenting expected or unexpected 
alphabet transformation problems (50% of the trials). We also manipulated the level 
of complexity: The problems either required transforming one letter (low complexity 
condition) or transforming two letters (high complexity condition). We calculated the 
complexity effect (complex minus simple problems). All the experimental conditions 
were counterbalanced and presented in a random order. The experiment lasted 
approximately 25 minutes.  

Figure 4 shows RTs as a function of group (NT/CA), expectancy 

(expected/unexpected), and complexity (high/low). We utilized a linear mixed-effects 

(LME87,88) model with group, expectancy, and complexity as fixed effects, and 

participant ID as a random factor.  

As predicted, the NT group responded slower to the unexpected than the expected 

alphabet transformation problems (the expectancy effect, est. = 478 ms, p < .0001). 

In addition, this group was slower to respond to the high complexity condition (two-

letter problems) compared to the low complexity condition (the complexity effect, est. 

= 1173 ms, p < .0001). Across all trials, we observed that the CA group was 

significantly slower than the NT group (est. = 1470 ms, p < .0001).  

Our focus in Experiment 2 is on the comparison of the effects of expectancy and 

complexity between groups (Fig. 4B). Notably, only the expectancy effect was 

significantly larger for the CA group compared to the NT group (expectancy effect: est. 

= 372 ms, p < .0001, cohen’s d = 1.388 (large); complexity effect: est. = 108 ms, p = 

.270). In terms of covariates, there were no significant differences between the groups 

in years of education, MoCA, and age (p > .05). In addition, accuracy rates were not 

significantly different between the groups (NT = 75%, CA = 76%, p > .05). Additionally, 

there was no significant interaction between group and expectancy when accuracy 

was the dependent variable (est. = 4.0, p = 0.277). This similar accuracy rates indicate 
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Fig. 3. Experiment 2 – Alphabet transformation task. 
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that accuracy is not a sensitive measure for detecting group differences in this 

experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consistent with Experiment 1, in Experiment 2, using the alphabet transformation task, 

the CA group showed a selective disproportionate expectancy effect, but not 

complexity effect. In Experiment 2, the required transformation was implemented on 

alphabetic letters, which allowed for the generalization of the results from arithmetic 

digits to language-related stimuli. Furthermore, transforming alphabetic letters by an 

arithmetic operator is a less commonly used cognitive operation than subtracting 

digits, as evidenced by the general increase in RT (~5,000ms vs. ~3,000ms). This 

allowed us to reduce the potential effects of top-down processes and show that CA 

distinct impairment also appears in these conditions. 

Fig. 4. A) RTs as a function of group (NT/CA), expectancy (unexpected/expected), and 
complexity (high/low). B1) The expectancy effect (unexpected minus expected) for 
each group. B2) The complexity effect (high minus low) for each group. Each datapoint 
is a participant. Error bars = SEM. * indicates p < .0001. n.s = not significant. 

 

B1) B2) 

A) 
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Experiment 3 – Cerebellar contribution to cognitive expectations under 
uncertainty. 

In Experiment 3, we aimed to test our hypothesis in novel scenarios involving cognitive 

expectations under uncertainty. We manipulated the participants’ expectations by 

forming new predictions – learning new rules (i.e., grammar) without prior knowledge 

of the required procedures. Participants were first exposed to strings of letters 

generated according to a specific novel grammatical rule. During this training phase, 

they were not informed about the rules regarding how to organize a sequence of letters 

in a specific order. Next, they were shown new strings and asked to judge whether 

these strings followed the grammatical rules or not. We assessed learning by 

measuring how well participants could distinguish between grammatical and 

nongrammatical strings. 

During the test stage, we assessed the participant's response to unexpected 

(nongrammatical) versus expected (grammatical) problems. As there are no 

expectations based on previous lifetime knowledge, the participant’s expectations are 

formed during the task rather than before it. This approach allowed us to minimize the 

influence of previously learned top-down processes on newly learned grammar 

regarding a specific order of a sequence of letters.  

We achieved this by using an artificial grammar learning (AGL) task77. In this task, 

during the training phase, we exposed participants to 23 strings of 2 to 6 letters (e.g., 

‘XVJ’) four times each (   training trials). In each trial, a fixation cross appeared for 

500 ms, and participants were requested to type in the string (each string appeared 

for   s’). Next, in the test phase, participants were informed that the order of the letters 

in the previous strings was determined by a complex set of grammatical rules, without 

explicitly stating the rules. See Fig. 5 for the Markovian grammar chain used to 

produce the training and test strings. We then presented novel strings of letters (32 

strings, each three times), and the participant was required to decide whether each 

new string was formed according to the grammatical rule or not. If the new sequence 

of letters followed the rule, it was considered “grammatical” (e.g., ‘XVXJ’).  therwise, 

it was considered “nongrammatical” (e.g., ‘XVXT’). Given the results of the previous 

two experiments, complexity was not a factor of interest in this experimental design.   

Notably, utilizing the AGL task, we also probed novel cognitive expectations under 

uncertainty. In the test phase, to assess the effect of uncertainty, we manipulated the 

level of similarity between grammatical and nongrammatical strings. In the low 

similarity condition, it was relatively easy for participants to distinguish between 

grammatical and nongrammatical strings. Participants were able, with a higher level 

of sensitivity, to differentiate which problems adhere to the expected grammar and 

which deviate from it (i.e., incorrect). In contrast, in the high similarity condition, 

participants' sensitivity was decreased. The discrimination between grammatical vs. 

nongrammatical strings was more challenging given the elevated degree of similarity 

between them. This manipulation also allowed us to disentangle between the difficulty 

in learning the rule during training and the difficulty in responding to the new strings 

during testing. 
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We presented strings that were utilized in previous studies77. For each test string, we 
calculated a similarity value, which is sometimes called a ‘chunk strength’ value. 
Similarity refers to the frequency of specific letter combinations (bigrams and trigrams) 
that participants have been exposed to during the training phase. Higher similarity 
indicates that certain letter combinations have been repeated more frequently during 
the training phase. This similarity value served as a measure of uncertainty since, in 
higher similarity levels, the sensitivity to grammatical versus nongrammatical is lower. 
Similarly to previous studies77, we then categorized the test strings into four groups 
based on grammaticality and low- or high-similarity values: Grammatical high, 
grammatical low, nongrammatical high, and nongrammatical low.  

Of the grammatical and nongrammatical test  strings77, there were an equal number of 
high-similarity (i.e., chunk strengths) and low-similarity items. The similarity was 
calculated as the average number  of times each of the bigrams and trigrams in the 
string had been  presented in the training set. The average  similarity of high-similarity 
items was 8.5; the average of low-similarity items was 5.6. 

To describe the magnitude of the sensitivity to grammatical status, we calculated a 
percent correct score for each participant in each condition. The analysis of accuracy 
not only provided insights into cognitive performance but also served a secondary 
benefit by reducing potential motor effects on RT. This approach helps to disentangle 
cognitive processes from motor execution, which is impacted by CA. 

Typically, in experiments using the AGL task77, the NT group is more accurate in 
grammatical strings compared to nongrammatical strings. In addition, this group 
demonstrates higher accuracy in low similarity conditions, where grammatical strings 
are likely more distinguishable from non-grammatical strings, compared to high 
similarity conditions. Accordingly, and to control potential response bias/motor-related 
abilities, a common dependent measure is d’ (sensitivity) in discriminating between 
grammatical vs. nongrammatical strings. To investigate the expectancy effect under 
uncertainty conditions, our focus in Experiment 3 was on the comparison of the d’ 
between groups in each level of similarity. Notably, when looking at d’, we predicted 
an interaction between group and similarity, such that the d’ will be larger for the NT 
group compared to the CA group in the low similarity condition only. 

 Fig. 5. The finite-state Markovian rule system used in Experiment 3. S1-S5 indicate 
the states that occur during the generation of grammatical letter strings. Letter strings 
are formed by starting at one entry and then by navigating from one transition to 
another, with each transition being able to generate a letter. A letter string terminates 
when an exit is reached. 
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Figure 6A shows accuracy as a function of group (NT/CA), expectancy 
(expected/unexpected), and similarity (high/low). We utilized an LME model with 
group, expectancy, and similarity as fixed effects, and participant ID as a random 
factor.  

We observed no differences between the groups in mean accuracy across conditions 

(57.4%, est. = 4.02%, p = .310), indicating that potential specific group differences in 

this task cannot be fully explained by motor abilities. Then, turning to our main 

variables of interest, as predicted61, the NT group was more accurate in grammatical 

strings compared to nongrammatical strings (error effect est. = 28.20%, p < 0.0001). 

In addition, the NT group was more accurate in the low similarity condition compared 

to the high similarity condition (est. = 11.33%, p = 0.024). Accordingly, and to control 

for potential response bias, we also found higher d’ (sensitivity) in discriminating 

between grammatical vs. nongrammatical strings for the low similarity condition 

compared to the high similarity condition (est. = 0.635, p < 0.0001).  

Our focus in Experiment 3 is on the comparison of the d’ between groups in each level 

of similarity (Fig. 6B). Importantly, when looking at d’, we found an interaction between 

group and similarity (est. = 0.459, p = 0.022). As predicted, the d’ was larger for the 

NT group compared to the CA group in the low similarity condition only (est. = 0.464, 

p < .0001, effect size = 1.106 (large); High similarity: est. = 0.004, p = .978).  

In terms of covariates, there were no significant differences between the groups in 

years of education, MoCA, and age (p > .05). As expected, no significant group 

differences in RT were observed for this task (p = 0.549, NT = 2,568 ms, CA = 2,815 

ms). Additionally, the interaction between group and expectancy was insignificant 

when RT was the depended vaibale (Low similarity: est. = 255, p = 0.310; High 

similarity: est. = 352, p = 0.180). Therefore, as commonly used in AGL tasks, we 

focused on accuracy measures.   

We also conducted a criterion (c’) analysis to examine potential effects of response 

bias. First, we did not find group differences in response bias (est. = 0.291, p = 0.210). 

Second, while we observed a two-way interaction between Similarity and Group when 

d' was the dependent variable, we did not find a significant interaction when we 

examined response bias (est. = 0.114, p = 0.262). This pattern of results supports the 

interpretation of reduced sensitivity in the CA group rather than the presence of a 

systematic response bias. Furthermore, we are unaware of any robust prior studies 

demonstrating a consistent response bias in the CA group . 

Additionally, if the CA group had a bias to respond “no” or exhibited any other bias, 

such a bias should have been evident across different conditions. However, our 

inclusion of a control condition allowed us to examine this possibility. When we 

examined the High similarity condition, we did not find significant differences between 

the groups in d'. If the CA group exhibited a bias, one would expect significant 

performance differences from the control NT group across conditions and not only in 

the Low similarity condition. This alternative explanation, however, is not supported by 

the current empirical data.   
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Fig. 6. A) Accuracy as a function of group (NT/CA), expectancy 
(expected/unexpected), and similarity (high/low). B) Sensitivity (d’) as a function of 
group for each level of similarity (high/low). Each datapoint is a participant. Error bars 
= SEM. * indicates p < .0001. n.s = not significant.  
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Discussion 
In three experiments, patients with cerebellar ataxia (CA) and neurotypical (NT) 

healthy participants solved symbolic arithmetic, alphabet transformation, and grammar 

sequential problems. These sequential problems required a series of discrete steps to 

be completed in a specific order to reach a solution. In Experiment 1, the CA group 

demonstrated impairment in a subtraction task, providing novel evidence of the 

cerebellum’s contribution to symbolic arithmetic reasoning. In addition, we found a 

selective impairment of the CA group compared to the NT group. The CA group 

exhibited a disproportionate expectancy effect only (no difference in the complexity 

effect). Consistent with Experiment 1, in Experiment 2, using the alphabet 

transformation task, we found a distinct disproportionate expectancy effect (no 

difference in the complexity effect). Transforming alphabetic letters by an arithmetic 

operator is a less commonly used cognitive operation than subtracting digits. This 

allowed us to reduce the potential effects of top-down processes and show that CA’s 

impairment also appears when there are fewer top-down effects. Rather, this probably 

increased the need to develop algorithmic procedures during the task.  

While in Experiments 1 and 2, participants identify if a given problem is correct or not 

based on their previous knowledge, in Experiment 3, we probed novel cognitive VE 

under uncertainty. We formed a new scenario where prior lifetime knowledge is 

absent, and participants are required to learn a new grammatical rule within the task. 

The participants' expectations were novel and were not based on previous top-down 

processes. Utilizing an artificial grammar learning (AGL) task77,  participants needed 

to learn a new Markovian grammar, regarding how to organize a sequence of letters 

in a specific order. To assess the effect of the participant’s uncertainty, we manipulated 

the level of similarity between grammatical and nongrammatical problems. We found 

that the CA group showed selective impairment only in the low similarity condition 

(higher sensitivity), probably where expectations are higher. Although it was not a 

causal finding and no behavioral evidence was found, an fMRI study24 revealed that 

activity in the right posterolateral cerebellum correlated with the predictability of the 

upcoming target word. Together with our current findings and others18,19, this pattern 

of results might indicate that the cerebellum is necessary for higher cognition through 

a VE mechanism. 

Across the three experiments, we examined the effect of VE in both established and 
newly learned cognitive procedures, considering varying levels of potential top-down 
effects. The CA group showed a disproportionate expectancy effect compared to the 
NT group. We found that the between-group differences in the expectancy effect are 
consistent across tasks. Notably, the results indicate that CA patients had both intact 
processing of the problems' complexity (i.e., number of steps) and intact ability to 
discriminate between correct and incorrect problems when certainty decreased (i.e., 
sensitivity was lower). Thus, the results indicate a distinct role of the cerebellum in 
processing VE across these sequential cognitive tasks.  

Several theories are in line with the principle of neural reuse and our hypothesis that 

the cerebellum contributes to many domains using the same core cognitive 

mechanism25. Paul Rozin58  proposed that computations that initially evolved to solve 

specific problems become accessible to other systems through evolution as well as 
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within the individual lifetime of an organism. Change or expansion of a function, 

because it is more generally available or accessible, “would have adaptive value when 

an area of behavioral function could profit from programs initially developed for another 

purpose.” This idea has been reframed and elaborated upon in Gallese’s “neural 

exploitation” hypothesis89 and Anderson’s “massive redeployment” hypothesis59,90. 

The core idea is that neural networks can acquire new uses after establishing an initial 

function. Decades of empirical research from human and animal experiments, 

including our own, support this framework6,25,91,92. The broad involvement of the 

cerebellum in motor and nonmotor functions supports the idea of neural reuse, 

indicating this specific structure's potential ability to reuse its core function. 

Importantly, while our findings point to a cerebellar unique and consistent role in VE 

processes in sequential tasks, we do not aim to generalize this role to all forms of 

expectations18–20. Notably, previous experimental paradigms aiming to assess 

violation of expectations utilized tasks that manipulated errors and/or probability-

related processes, but did not fully dissociate these constructs. We propose that these 

previous experimental operational manipulations17,19,40,93–95, applied in both motor and 

non-motor domains, may have inadvertently manipulated different cognitive 

constructs, such as statistical probability, error identification, or error correction. In our 

Experiments 1 and 2, we specifically manipulated error signals derived from previous 

top-down effects, while in Experiment 3, the participant’s VE was derived from within-

task probability processes. If feasible, we propose that future studies will disentangle 

different forms of expectations by operationalizing them in experimental tasks in an 

orthogonal manner. This will allow us to achieve a more well-defined cerebellar 

cognitive and motor mechanistic account. 

Additionally, mathematical and linguistic tasks involve intricate cognitive processes. 

 owever, our study’s scope is limited, and we do not propose that the cerebellum 

contributes to all mathematical or linguistic functions. These tasks depend on many 

neural networks beyond the cerebellum, which fall outside our current investigation. 

Our research aimed to better define a constraint on specific aspects of VE and the 

selective contributions of the cerebellum to higher cognition. 

Our study is subject to two main limitations. First, information about anatomical-

behavioral relationships can provide valuable data and will certainly be important in 

the long run for understanding how the cerebellum contributes to cognition. For 

example, one can ask if performance is related to gross measures such as total 

cerebellar volume or finer measures such as whether the observed deficits are 

associated with atrophy in particular regions. These analyses typically require large 

sample sizes, especially when dealing with atrophic processes (where the pathology 

tends to be relatively diffuse). Relatedly, we could not perform brain connectivity 

analysis, which limits our ability to examine the interactions between the cerebellum 

and other brain regions, such as the basal ganglia (BG) and the frontal lobe. This lack 

of brain connectivity data also restricts our ability to compare the cerebellum's 

functional contributions to those of other regions. For example, in a recently published 

paper (2024), we found that the BG plays a distinct role in mathematical complexity 

processes2. Unfortunately, we do not have imaging data for many of the patients. 
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Yet, there is added value in studies that include behavioral results from neurological 

groups defined based on clinical diagnosis. This is common in the literature, as seen 

in other recently (2019, 2022, 2024) published studies2,21,96 in high-impact journals 

(PNAS, Journal of Neuroscience, Brain). In addition, the current experimental design 

is already complex, with two groups and three experiments, including control 

conditions. However, future work should use lesion analysis or connectivity methods 

to identify the specific anatomical-behavioral relationships critical for arithmetic and 

language operations.  

Conclusion 

Our findings support neural reuse hypotheses58,90 in that the cerebellum contributes 

to both motor and non-motor functions using a similar mechanism6,19,97. The 

cerebellum not only contributes to motor control but also to cognitive procedures 

necessary for processing sequential arithmetic reasoning, alphabet transformation, 

and grammar problems using a similar mechanism – processing VE.  

To conclude, theories of universal cerebellar transform propose that the cerebellum 

plays an essential role in modulating not only motor functions but also cognitive and 

affective processes4,9. The dysmetria of thought theory posits that cognitive and 

affective symptoms observed in cerebellar patients arise from the same dysfunction 

that affects motor control. This concept highlights the interconnectedness of motor, 

emotional, and cognitive domains, suggesting that impairments in one domain can 

reflect core problems in others. Our study provides convergent empirical evidence for 

the potential core role of the cerebellum and aligns with these previous theoretical 

frameworks.  
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Methods 
Participants 
The sample size was determined based on previous comparable work in CA patients. To 

calculate the required sample size, we conducted a power analysis (alpha = .05; power = 

.95) using effect sizes (Cohen’s d   1.36) derived from previous studies2,21. This analysis 

suggested a minimal sample size of 13 participants for each group. As such, the sample 

sizes of our groups (>14) had sufficient power to detect group differences.  

For Experiment 1, 15 individuals with CA were tested along with 15 neurotypical (NT) 

healthy participants. For Experiment 2, 27 individuals with CA and 27 NT participants were 

tested. Three of these CA had participated in Experiment 1. Two participants (1/group) 

were excluded because they had accuracy scores below chance level (50%). For 

Experiment 3, 22 individuals with CA were tested along with 22 NT participants. Two of 

these CA had participated in Experiment 2. Four participants were excluded (2/group) 

based on a failure to respond correctly to the attention probes. Thus, in Experiments 1–3, 

63 individuals with CA and 63 healthy age- and education-matched NT participants were 

included in the final analyses: 15/group in Experiment 1, 26/group in Experiment 2, and 

20/group in Experiment 3.  

The participants’ demographic and medical information are presented in Table  . 

Individuals with a previously established diagnosis of CA were recruited through our clinical 

Center for Accessible Neuropsychology (CAN) database. The CA groups included 

participants with a genetically confirmed SCA6, in which the pathology is relatively limited 

to the cerebellum98. Based on a prescreening interview, we included participants who were 

diagnosed with ataxia, had MRI evidence of cerebellar degeneration, and had genetic 

confirmation of SCA6. Individuals with other neurological conditions (not CA), psychiatric 

conditions, learning disabilities, and severe visual or auditory impairments were excluded 

from the study. The NT participants were recruited through the Prolific platform99 for 

Experiment 1, and through our CAN database for Experiments 2 and 3, targeting 

participants that met the same demographic criteria as the CA participants in terms of age, 

years of education, gender distribution, and no general cognitive impairment. As previously 

mentioned, except in Experiment 1 (where MoCA was not collected), MoCA, age, and 

years of education were included as covariates in the primary analyses of all the 

experiments. All participants were above the age of 18 and were required to be able to 

understand and provide informed consent. The Tel Aviv University Institutional Review 

Board approved the protocol. 

Neurological and neuropsychological assessment 
We followed the online neuropsychological testing published protocol16,41,100–102. 

Individuals were invited by email to participate in an online, live interview with an 

experimenter. After providing informed consent, the participant completed a 

demographic and medical questionnaire. The trained experimenter then administered 

the Montreal Cognitive Assessment test (MoCA100,101,103) as a brief evaluation of 

cognitive status. The CA participants continued to the medical evaluation phase. First, 

the experimenter obtained the participant’s medical history, collecting information 

about age at diagnosis, medication, primary symptoms, genetic subtype (based on 

molecular genetic testing), diet, other neurological or psychiatric conditions, and more 
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relevant information. Second, the experimenter administered the Scale for 

Assessment and Rating of Ataxia (SARA16,101,104) as an evaluation of disease severity. 

The mean duration since diagnosis was 7 years in Experiment 1, 6.4 years in 

Experiment 2, and 6.8 years in Experiment 3. To avoid participants with general 

cognitive impairments, all CA participants have early to moderate ataxia severity (see 

SARA scores), providing further evidence for the absence of general cognitive 

impairments. This session took 40-60 minutes to complete.  

 

  

Table 1. Demographic and medical summary table of the CA and NT groups in each 

Experiment. Mean ± SEM.  

Group Years of 
Education 

# Of 
Females 

Age MoCA SARA 

Experiment 1 

NT 16.6 ± 0.8 10 58.0 ± 1.70 

CA 16 ± 0.7 13 60.6 ± 3.12 27.9 ± 0.47 13.6 ± 1.4 

Experiment 2 

NT 16.7 ± 0.8 11 57.4 ± 2.62 27.1 ± 0.78 NA 

CA 16.8 ± 0.7 12 57.1 ± 2.31 26.4 ± 0.81 12.2 ± 1.4 

Experiment 3 

NT 16.1 ± 0.7 11 57.9 ± 2.43 27.3 ± 0.84 NA 

CA 15.8 ± 0.6 10 58.1 ± 2.10 26.2 ± 1.36 14.2 ± 1.3 

 
 

Procedure 
The experiments were programmed in Gorilla Experiment Builder105 and designed to 

be compatible with personal computers. Stimuli were presented at the center of the 

screen as black characters on a white screen. The actual size in terms of visual angle 

varied given that participants used their computer system, but we chose a font (7 

HTML) that is clearly readable on all screens (as determined by pilots when developing 

the tasks). Participants were invited by email to participate in an experiment. The email 

provided an overview of the experimental task and included a link that could be 

clicked to initiate the experimental session. The link was associated with a unique 

participant ID, providing a means to ensure that the data were stored in an anonymized 

and confidential manner. Once activated, the link connected to the Gorilla platform was 

used to run the experimental session. The instructions were provided on the monitor 

in an automated manner, with the program advancing under the participant’s control. 

 

To maintain and check attentiveness, in each of the three experiments, we included 

three attention probes that appeared before, during, and after the experimental block 

(e.g., 'Do not press the Z key to continue; press the M key to continue'). At the end of 

the task, the participants were asked to provide feedback on their experience (e.g., 

'How well were the study instructions explained?').  
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