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The cerebellum contains what proportion of 
the brain’s total neurons?  

5-10%

20-30%

40-50%

60-80%



The cerebellum constitutes what percentage 
of the brain’s total weight?  

10%

25%

40%

60%



If unfolded, how much of the cerebrum’s 
surface area would the cerebellum cover?  

10%

25%

50%

75%



Cerebellar development is 
complete at what age?  

At birth

2 years

10 years

20 years



Learning 
Goals

1.Understand the anatomy of the 
cerebellum as the basis for its 
role in cognition

2.Explore current evidence for its 
functional role

3.Clinical assessment of 
cognitive impairments

4.Emerging data in special 
populations



Gross 
Anatomy ConnectivityInternal 

Circuitry

Section 1: Cerebellar Structure





https://commons.wikimedia.org/w/index.php?title=File:1613_Major_Regions_of_the_Cerebellum-02.jpg&oldid=466502798
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Bostan, Dum, Strick, Trends Cog Sci, 2013; 17(5):241-54

Anatomical Connectivity



Anatomical Connectivity

Strick, Dum, Fiez. Annu. Rev. Neurosci. 2009; 32:413–34



Steele et al, Cerebral Cortex,, 2017; 27(9),:4537–4548

Anatomical Connectivity



Buckner, RL. Neuron, 2013; 80:807-815

Functional Connectivity



Crossed Cerebellar Diaschisis

Marien et al., 1996,  Marien et al., 2009; Baradaran et al, 2016; Roarke & Dedashti, http://gamma.wustl.edu/pt006te117.html 



Crossed Cerebellar Diaschisis

Baradaran, Omran, and Chazen, Neurology, 2016, 86 (14) e154-e155



The cerebellum contains what proportion of 
the brain’s total neurons?  

5-10%

20-30%

40-50%

60-80%



Section 2: What does the cerebellum do?  

Anatomical Connectivity

Functional Connectivity

Function?



Classic Motor Symptoms
• Ataxia
• Dysmetria
• Dysdiadochokinesia
• Nystagmus
• Dysarthria



Coordination of Movement
• regulates the rate, rhythm, force, and accuracy of movements
• Automatically, and without awareness

Requires an internal model of the environment that integrates:
1. current state information (sensory input from arm)
2. Information about motor commands (reaching movement)
Allows for fine tuning ongoing activity

Cerebellum’s Role in Motor Function



Temporal Control Theory
Cerebellum coordinates movement timing:
Dysmetria and dysdiadochkinesia attributed to impaired ability to time 
activation of antagonist muscles
Dysarthria – impaired temporal coordination of muscular events 
involved in articulation

• Cerebellar output precedes activity in motor cortex
• Cerebellocortical signal contains explicit timing information 
• Electrophysiological rhythms/oscillatory activity predicts movement 

accuracy 
Keele & Ivry, 1991; Sasaki, 1984; Dichgans, 1984)



Motor Learning Theory
Cerebellum is an error-monitoring system to promote learning:
Ataxia/dysmetria due to absence of sensorimotor error correction 

• Motor adaptation & skill learning - (e.g., prism studies, gait development)
• Classical conditioning – stimulus-response learning through association 

(eye blink conditioning)
• Sensorimotor error signals produce long-term depression (reduced firing) 

in cerebellar cortex (similar to the hippocampus)
• Precise patterns of spiking activity in cortex associated with rate of motor 

learning



Translation to Cognitive Function

Dysmetria of thought – regulates the speed, consistency, capacity, 
and appropriateness of mental or cognitive processes. 

Schmahmann JD. Neurosci Lett. 2019; 688:62-75.

Homogeneous architecture = every area of the 
cerebellum does the same thing 
Universal Cerebellar Transform (UTC)

The connections of each region determine functional domain to 
which the UCT is applied – spinal, motor, association, 
language, etc



Congruent:  Two plus two is … four. 
Incongruent: The water had frozen to … cars.
Scrambled: Fast in clock       … plane.

Moberget et al., 2014 J Neurosci, 34, 2871-78

Non-motor Internal Models



rTMS (Lesage et al., 2012) 
tDCS (Miall et al., 2016) 

Non-motor Internal Models

Predictive: “The boy will eat the cake”

Control: “The boy will move the cake”



Cognitive Timing

 Pts are impaired in judging relative duration of time intervals (Casini, 1999; Ivry, 1989; 
Mangels, 1998)

 Impaired at judging the velocity of moving visual stimuli (Grill, 1994; Ivry, 1991; Nawrot, 
1995)

 Speech perception
• Intact discrimination of voice onset times or vowel 

durations (Ackermann, 1997; Ivry, 1992).
• When other acoustical cues during phonological 

encoding are controlled, discrimination of two 
spoken words differing in durational parameters is 
severely impaired in pts w/ diffuse atrophy 
(Ackermann, 1997)



Wagner MJ et al, Nature. 2017; 544(7648):96-100

in vivo two-photon microscopy images of cerebellar granule cells at rest and during a forelimb movement

Non-motor Learning 






Wagner MJ et al, Nature. 2017; 544(7648):96-100
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Wagner MJ et al, Nature. 2017; 544(7648):96-100
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The cerebellum constitutes what percentage 
of the brain’s total weight?  

10%

25%

40%

60%



Section 3: Neuropsychological Deficits  

Connectivity

Functional Role

Clinical Manifestations



Case #1
35 year-old, right-handed, single Caucasian male
ED: Graduated from high school and joined Army as flight 

engineer – helicopter repair; some college coursework 
during military

PMHx: No history of chronic diseases or psychiatric illnesses
Substances: Denied history of drug or alcohol abuse – smokes 

pack of cigarettes per day since the age of 12



GSW on active duty - entrance approximately 2 cm anterior 
to right tragus, which traversed right temporal, mastoid, and 
posterior fossa, and had a right suboccipital exit

Right suboccipital/craniectomy/debridement/ resection of 
the lateral third of the cerebellum performed the day after 
the injury

NP testing 9 weeks post-injury
Mild ataxia R>L

Presenting Problem



NP Results
WAIS-III SS

Similarities 10
Arithmetic 9
Information 12
LNS 9
Block Design 11
Picture arrangement 9
Matrix Reasoning 15
Symbol Search 5

WMS-R Percentile
Digit Span 32
Forward longest = 7 81
Backward longest = 3 3
Spatial Span Forward 46
Spatial Span Backward 75
LM I 52
LM II 67
Verbal Paired Assoc I 71
Verbal Paired Assoc II 73
Visual Paired Assoc I 66
Visual Paired Assoc II 67

CVLT-II Z-score
Trial 1 5 -1
Trial 5 10 -1
Trial B 4 -1
Long Delay Free Recall 8 -1
Recognition Hits 11 -3
False Positives 1 -0.5

Language Percentile
COWAT 7,3,5  10 err 3
Animals 10, 1 err 3
Supermarket 15, 2 err 7
BNT 30/30 >75
WRAT Reading 73
WRAT Spelling 32

SDMT oral 3

Stroop
Word Reading 1
Color Naming 1 err 1
Color Word 2 err 2
Interference 70

Trails
Part A 0 err 1
Part B 0 err 2

WCST
Categories 6 16
Perseverative Responses 4 99

Speech: Dysarthric, slow, and 
monotone 
Behavior and affect: 
unremarkable
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Case #2
77 year-old, right-handed, married Caucasian male
ED: 13 yrs
Occupation: Retired heavy equipment operator
PMHx: HTN, Hyperlipidemia, DM, CAD, diverticulosis, ET
Substances: 8 mini cigars/day, occasional scotch



Presenting Problem
2006 – Right VIM DBS surgery for ET
- 2-weeks postop complaints of 

dizziness
- Mild L>R ataxia, RAM
- Right gaze horizontal nystagmus
- CT showed left SCA territory infarct 
- Tremor resolved, DBS never turned on

2012 – referred for NP d/t subj cognitive 
decline – trouble remembering 
names, delays to retrieve known 
information



NP Results
2006 2012

WASI Raw Raw
Vocabulary T 51
Similarities T 64 50
Block Design T 59 57
Matrix Reasoning T 62 67

WRAT Reading Std 105 102
BNT

Total SS 54 10 52 10
Phonemic correct 3

COWA SS 35 9 17 5
Semantic  (Anim, Fruits, Veg) 33 7 17 3

JOLO SS 16 11

SDMT Oral Std 101 85

WMS-III
LM1 SS 10 12
LM2 SS 10 12
Digit Span SS 11 11
LNS SS 12 12

2006 2012
Raw Raw

RAVLT
T1 SS 6 12 4 9
Total SS 47 37
List B SS 3 9 3 9
T6 SS 11 13 9 12
Delay SS 13 15 7 11
Recognition SS 15 13 14 12

DKEFS Color-Word Err
Color SS 2 11
Word SS 2 9
Color-word SS 10 9
Switching SS

WCST
Categories % 6 >16 1 >16
Persev Errors Std 10 141

BDI-II 7 10
BAI 17 10

Behavior and affect: unremarkable
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Case #3
45 year old, right-handed, married female
ED: 18 yrs
Occupation:  Teacher, terminated 1 year prior
PMHx: Hyperlipidemia, hypothyroidism, OSA, migraine, 

depression
Substances: denied



Presenting Problem
Initial sx: slowed speech 10 years ago

Current: severe dysarthria, psuedobulbar
affect (improved on Neudexta), 
nystagmus, moderate to severe 
dysmetria, dysdiadochokinesia, ataxic 
gait, urinary incontinence

Cognitive complaints:  slow SOP, poor 
organization, distractible, wfd



NP results
WAIS-IV Raw SS

Vocabulary 9
Similarities 8
Matrix Reasoning 8
Digit Span 8
Forward 9
Backward 7
Sequencing 11
Symbol Search 4
Coding 5

Std
WRAT Reading 105
BNT

Total 43 57
Phonemic correct 5

%ile
Rey-O copy 29.5 <1

Grooved Pegs Std
Dom 143 45
Nondom 189 42

SS
WMS-IV LM1 5

LM2 6
VR1 11
VR2 9
VR Copy >75 (%)

Z
CVLT-III T1 5 -1

Total 41 40 (T)
List B 6 0
SDFR 7 -1.5
LDFR 7 -2
Recognition d' -2

Std
Trails Part A 48 73

Part B 96 76

%ile
WCST Categories 3 6-10

Persev Errors 41 <1
LOS 2 6-10

BDI-II 12
BAI 16

• “Surprised” affect
• Appropriate interpersonal 

interaction
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In the beginning…
Case reports and case series began to 
emerge

- Language deficits unrelated to speech 
- Variable data for executive function, 

working memory, visuospatial abilities
Confounding factors

- Motor contributions?
- Cerebellar+ damage?
- Acute vs chronic recovery stage

• Deficits resolved on retest
Petersen et al., JoCN, 1989; 1: 153–170.



Cerebellar Cognitive Affective Syndrome

Schmahmann & Sherman, Brain, 1998; 121:561-79

Ataxic patients between 
1989-97

Excluded age > 75; 
other MRI abnormality; 
pre-existing neurological 
or psychiatric diagnoses; 
systemic disease; 
psychoactive/sedating 
meds; non-cerebellar 
findings on neuroexam



Cerebellar Cognitive Affective Syndrome

Schmahmann JD. Neurosci Lett. 2019; 688:62-75.

Language

Executive 
Function

Visuospatial

Emotion/Affect

anomia, agrammatism, dysprosody Right



BNT
Reading
Spelling 

Verb 
Generation

Mild 
dysarthria

BNT
Reading

Minimal 
dysarthria

BNT
Reading
Vocabulary

Severe 
dysarthria

Subacute Right 
Hemisphere

Chronic Left SCA Progressive Diffuse



Cerebellar Cognitive Affective Syndrome

Schmahmann JD. Neurosci Lett. 2019; 688:62-75.

Language

Executive 
Function

Visuospatial

Emotion/Affect

planning, set-shifting, abstract 
reasoning, fluency, working memory Bilateral



Fluency
Similarities
Matrix Rs
Arithmetic
Digits Back
Spatial Back
LNS
Stroop
Trails
WCST

Fluency
Similarities
Matrix Rs
Digits Back
LNS
Stroop
WCST

Similarities
Matrix Rs
Digits Back
Sequencing
Trails
WCST

Subacute Right 
Hemisphere

Chronic Left SCA Progressive Diffuse



Cerebellar Cognitive Affective Syndrome

Schmahmann JD. Neurosci Lett. 2019; 688:62-75.

Language

Executive 
Function

Visuospatial

Emotion/Affect

• Visual-spatial disorganization, 
visual-spatial memory Left



Block Design
Picture Arr
Vis PA I
Vis PA II

Block Design
JOLO

Rey-O copy
VisReprod I
VisReprod II
VR Copy

Subacute Right 
Hemisphere

Chronic Left SCA Progressive Diffuse



Cerebellar Cognitive Affective Syndrome

Schmahmann JD. Neurosci Lett. 2019; 688:62-75.

Language

Executive 
Function

Visuospatial

• Personality change, blunted affect, 
disinhibition/inappropriate behaviorEmotion/Affect Vermis



Unremarkable Unremarkable Wide-eyed 
affect
Pseudobulbar

Subacute Right 
Hemisphere

Chronic Left SCA Progressive Diffuse



Cerebellar Cognitive Affective Syndrome

Schmahmann JD. Neurosci Lett. 2019; 688:62-75.

anomia, agrammatism, dysprosodyLanguage

Executive 
Function

• Visual-spatial disorganization, 
visual-spatial memoryVisuospatial

• Personality change, blunted affect, 
disinhibition/inappropriate behaviorEmotion/Affect

planning, set-shifting, abstract 
reasoning, fluency, working memory

Right

Left

Vermis

Bilateral



Stoodley CJ, et al. Neuroimage Clin. 2016;12:765-775

Voxel-based Lesion 
Symptom Maps



Language

Visuospatial

Executive

L R



Stoodley CJ, et al. Neuroimage Clin. 2016;12:765-775



Cognitive Recovery

Schmahmann & Sherman, Brain, 1998; 121:561-79



Cerebellar Cognitive Reserve
Transient deficits in humans, recovery of motor function in rodent models, 
effectiveness of rehabilitation in some degenerative disorders, 
immunotherapy effectiveness in immune-mediated cerebellar ataxias

Acute focal etiologies (e.g., stroke, trauma) - other cerebellar areas or 
extracerebellar structures compensate for damage

= Structural cerebellar reserve

Progressive degeneration (e.g., metabolic and immune-mediated cerebellar 
ataxias, neurodegenerative ataxias) - the affected area itself compensates 
for the slowly evolving cerebellar lesion 

= Functional cerebellar reserve
Mitoma et al., Cerebellum, 2020; 19:131-53



Development sample
• 77 diverse cerebellar 

patients (36 ‘isolated’ 
cerebellar damage)

• 17-80 years old
• Recruited from Ataxia Unit
• 54 matched controls

36 NP tests (71 Z scores) 

1. One-tailed t-tests comparing 
patients and controls

2. Rank-ordered significant 
tests by Z difference

3. Selected tests that index EF, 
linguistic, VS, affective

4. Narrowed to short/shortened 
tests

5. Selected raw score cutoffs 
on each test to maximize 
selectivity (true negatives) 
over sensitivity (true 
positives) 





• German study in 107 patients
• Translated CCASS 

“Useful if age < 50 
and education > 12”



NP Assessment Tools
• Study inclusion: consecutive patients; N > 20; tested >75% of patients (minimize 

missing data); control group, <1 year of diagnosis  = 10 studies

• ‘Aphasia Tests’
• Rey Complex Figure Test, Block Design Test
• Phonological and Semantic Verbal Fluency 
• Five Point Test (~Ruff Figural Fluency)
• Trail Making Test, Stroop Test, Go/No-Go Test
• Digit Span Forward and Digit Span Backward 
• Wechsler Memory Scale-R Visual Memory (VR; Spatial span) 

Ahmadian et al., Cerebellum, 2019; 18:941-50



Motor considerations for test selection
Patients with Dysarthria/Ataxic speech

- Speeded verbal tests require a true ‘control’ condition. 
• Differential phonemic vs semantic word generation vs switching
• Derived interference scores for Stroop (e.g., Stroop/Color Naming)

Patients with Ataxia/Incoordination
- Manual responses may be slowed or imprecise 

• Focus on error rates, rule breaks rather than timed metrics (e.g., Trails, WCST, Tower)
• Motor control conditions for derived scores (e.g., TrailsB/A)

Patients with Nystagmus/Imbalance
- Verbal or Foveal presentation to avoid visual scanning errors

• Oral vs Written Trails, Hooper Visual Organization Test vs JOLO



NP Assessment
1. No pathognomonic neuropsych deficit for Cerebellar damage
2. Expectations for abnormal performance will depend on location 

and extent of damage within the cerebellum, involvement of 
non-cerebellar structures, etiology and chronicity of dysfunction

3. Thorough understanding of the patient’s motor deficits help 
guide test selection or, at least, inform test interpretation
• Recognize that movement and speech may take extra effort to 

normalize and thereby require greater attentional resources
4. Test development specific to cerebellum role (mental timing, 

semantic priming/models) may produce greater yields 



If unfolded, how much of the cerebrum’s 
surface area would the cerebellum cover?  

10%

25%

50%

75%



Section 4: Special Populations  

Clinical Manifestations

Functional Role

Connectivity

Clinical Syndromes



Autism Spectrum Disorder

Structure

Genetics

Function

Murakami et al. 1989; Fatemi et al., 2002; Sarnat & Netsky, 2002; 
Jack et al., 2017; Mosconi et al., 2015; Jack and Morris, 2014

• Smaller vermis and 
hemispheres 

• Purkinje cell 
reductions in Crus I/II 

• Reduced activation in 
Crus I/II correlated 
with parent-reported 
social challenges

• Abnormal connectivity 
between right Crus I/II 
and contralateral 
cerebral cortex 
associated behavior 
symptoms.

38 genes with cerebellar-enriched 
expression identified as ASD-linked 

susceptibility genes 



Cerebellum 
& Social 
Cognition

Adaptive Prediction: 
Reflexively use past experiences to:
1. derive intent from the actions of 

others;
2. anticipate what they may say; 
3. infer their mental states to rapidly 

correct own behaviors in response



Badura et al., eLife 2018;7:e36401

Social Development 



Badura et al., eLife 2018;7:e36401



Schizophrenia

Structure

Genetics

Function

Ichimiyaetal.,2001; Okugawaetal.,2007; Eastwood et al., 2001; Andreasen et al, 
1997; Paradiso et al., 2003; Bernard and Mittal, 2015; Chen etal.,2013; Garg et 
al., 2016; Demirtas-Tatlidede et al., 2010

• Decreased Purkinje 
density and size 

• Structural vermal
abnormalities 

• Reduced BOLD and 
metabolic activity 
during cognitive and 
emotional tasks 

• Abnormal cerebellar 
functional topography

• Abnormal connectivity  
in functional networks 
rTMS to vermis may 
improve mood and 
negative symptoms

reduced expression of synaptic 
proteins in cerebellum leading to 
reduced purkinje output



Cognitive 
Dysmetria

Parker et al., Mol Psychiatry. 2017 May; 22(5): 647–655. 



Mouse Schizophrenia and Timing

Parker et al., Mol Psychiatry. 2017 May; 22(5): 647–655. 



Mouse Cerebellum and Timing

Parker et al., Mol Psychiatry. 2017 May; 22(5): 647–655. 



Cerebellar Stimulation

Infect cells here

Light stimulation here
Record activity here



Cerebellar Stimulation

Parker et al., Mol Psychiatry. 2017 May; 22(5): 647–655. 



Cerebellar development is 
complete at what age?  

At birth 10 years

20 years2 years
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