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1. CORTICAL CONTROL OF SKILLED MOVEMENTS 
 

Most descending tracts connect to spinal 

interneurons which in turn project to the 

alpha-MN. Only CM cells have a direct 

excitatory connection from motor cortex to 

the alpha-MN.  

To find where these CM cells are situated in 

the motor cortex, a virus, which is 

transported exclusively retrograde, was 

injected into a muscle cell. To pass one 

synapse, it needs approx. 3 days.  

(DRG: afferent neuron (proprioception)). 

After 3 days, the virus is found in the soma of 

the alpha motoneuron. It can’t be found in 

the afferent neuron, because that would be anterograde transport. After another 3 

days, the virus can be found in all cells indicated by a 2 and so on... The cells in the 

cortex reached first by the virus are the origin of the projection. Primary 

motoneurons are found in one single section of the motor cortex. Neurons with an 

indirect connection (blue) are actually found on both sides. Central Sulcus = Sulcus 

between sensor and motor cortex. 

 

 

 

IN EVOLUTION: 

CM connections have emerged from rodents (no CM) to 

primates, together with an increase in the size and number of 

the CST fibers. More CM connections allow for higher 

dexterity (=Geschicklichkeit). The CM system provides the 

capacity for fractionation of movements and the control of 

small groups of muscles in a highly selective manner 

(New world (America) monkeys evolved earlier in evolution 

while old world (Africa) monkeys evolved later = brain more 

similar to humans).  

“The direct access to motoneurons afforded by CM cells enables New 

M1 to bypass spinal cord mechanisms and sculpt novel patterns of 

motor output that are essential for highly skilled movements” 

It has actually been found that, right after birth, also mice have CM connections. 

However, these direct connections disappear during pruning. If this pruning is 

specifically blocked, the mice perform better in complex tasks. However, this is 

probably no advantage in the wild. Forelimb motion is more important than 

dexterity. Therefor CM connections are removed during development to save energy 

(energy as limiting factor in neuroplasticity). 

IN PATHOPHYSIOLOGY: 

Lesions of CST has different effects in different species! While a lesion of CST leads 

to no significant disruption of locomotor functions with recovery in rodents, it leads 

to a loss of walking with no recovery potential in humans. This is paramount to 

remember for the use of animal models.  
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2. BASIC OF TRANSCRANIAL STIMULATION OF MOTOR CORTEX 

FARADAY’S LAW: An alternating current in one conductor induces current in the 

opposite direction in a nearby conductor. TMS uses electromagnetic induction. The 
field is strongest in between the two rods, which allow for a precise stimulation. 

The earlier used “Rundspule”, stimulating a whole circle, is nowadays only used to 

stimulate all nerves leaving from the spinal cord at once, to check for injuries. 

The further away the targeted region lies (deeper), the lower is the 

current which can reach this region. As we often want to stimulate 

areas lying in the central sulcus, we need to be able to have high 

currents deep in the brain. If the coil is bent, so it resembles a cone, 

the point with the highest current lies deeper down. 

Whether or not neural tissue is depolarized such that an action potential emerges 

depends mainly on the gradient of the induced electric field.  

 

 

 

 

 

 

FUNCTION 

Muscle responses are generally measured by 

“Motor Evoked Potentials” (MEP). Stimulation 

artefact is a result of  immediate conduction by 

the skin, not by neurons! MEPs arise from 

descending volleys, should mean, that at the 

level of the spinal cord, multiple waves (I 

waves) can be registered. These are required 

to reach the threshold and generate an action potential in the lower motoneuron.  

THE NEOCORTEX 

 

 

 

 

 

 

D AND I WAVES 
If stimulated electrically (TES), only the one wave can be measured at the level of 

the spinal cord. This is different from magnetical stimulation, where usually several 

waves can be detecte, with a latency compared to the D wave from the electrical 

stimulation. Stimulation with electrical signal is direct and therefor faster (= D wave). 

Stimulation with magnetic signals on the other hand are indirect and slower (= I 

wave). A MEP resulting from the summation of these I waves is generally bigger. 

2: excitatory star-like neurons (use glutamate) 
3: excitatory pyramidal neurons and inhibitory star-like 
neurons (interneurons; use GABA as neurotransmitter) 
4: Inhibitory neurons receiving imput from the thalamus 
5: Pyramidal neurons whose axons go all the way down 
to the alphy motoneurons 
 

* Electric Field 
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TES: (electric, painful stimulation) The action potential is directly induced in the 

axon. We do not care with the cell bodies 2-5. D wave comes very early. 

TMS: I1 wave behaves differently than all the other waves coming later. I1 wave: 

Stimulation of cells in P2 or 3 "chooses" the excitatory pathway connecting P2+3 and 

P5 directly. Later I waves: P2 to P5 and back again (yellow). At the same time, 

inhibitory GABA cells like to mix in. This results in the waves we can measure. 

Without GABA cells, a constant signal would be produced. Therefore, GABA activity 

enhancement (Iorazepam) only affects the late I waves. However, as the resulting 

MEP is a summation of all waves, by lowering the late waves, the MEP is lower too 

Low frequency TMS only generates the first I wave, while high frequency TMS also 

generates a fast D wave by direct P5 stimulation, as it is not as precise anymore. 

The alternative model, a chain of excitatory neurons, can’t explain why I1 is different 

and why GABA enhancement only influences later I waves. 

 

 

MODIFICATIONS 

A weak TMS pulse combined with inputs from other cortex areas results in a higher 

MEP. It's enough, if I just picture myself doing a movement. It does not even have to 

be the exact same muscle as the one I want to stimulate. Say, I could also imagine 

sticking out my tongue. Two weak impulses lead to reaching the threshold. It doesn't 

help, though, if I for example think about flowers. 

This, however, does not work with TES stimulation, as it is more specific. TES MEP 

can not be modified.  

A strong TMS pulse also elicits a stronger electrical field. This enables me to stimulate 

more neurons (less specific), which finally results in a stronger MEP, as all these 

individually stimulated neurons help to reach the threshold. 

 

• Higher excitability of interneurons in layer 2/3 causes larger MEPs 
• Higher stimulation intensities cause higher MEPs 
• Muscle pre-contraction causes higher MEPs 
• Higher excitability of the spinal cord causes higher MEPs 

 

 

Resting threshold is different between individuals and between different muscles of 
the same individuum. Threshold can also be influenced by pre-activation. A MEP can 
for example be measured below threshold if the muscle has been pre-activated. A 
pre-activated muscle can generate a potential lying way higher than indicated here. 
In studies, we generally try to be around here, as we can measure best, whether 
specific tasks can influence the MEP, in both ways. 
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Single pulse, double pulse TMS → Generally safe in all populations 

Repetitive TMS; higher frequencies/ 
intensities/ longer durations 

→ Risk to provoke epileptic seizure 

Higher risk in patients with metal/ devices in the body or susceptible to epilepsy. 

LIMITATION OF TMS AND POTENTIAL SOLUTIONS 

TMS intensities individual, determined by: 
- type/ brand of stimulator/ coil 
- anatomy/ physiology of individual 

Chose reference intensity such that a 
defined effect on the corticomotor 
pathway is evoked = Rest Motor Threshold 
(= MEP amplitude of 0.05 mV in 5 out of 10 
consecutive trials) 

→ Anatomy: Variability depends on coil-to-cortex distance (far - high RMT) 

TMS outcome parameters (ex. MEP 
amplitude) highly variable 

Measure enough data under controlled 
conditions (15-20 per condition) 

→ The bigger the mean MEP, the higher the corticomotor excitability 

TMS measures whole corticomotor 
pathway from cortex to spinal cord to the 
muscle.  

Problem for conclusions… Perform control 
analysis!  

→ ex. TMS experiment shows that there is a higher MEP amplitude after 3s vibration of 
muscle compared to the condition in rest. However, we do not know why it is higher. 
Therefor we conduct the second experiment, TES. As vibration does not affect the 
amplitude in TES, it's not the corticospinal neurons affected by the vibration, nor the 
spinal cord. It is probably at the level of the cortical interneurons, as they are not 
stimulated in the TES, in contrast to TMS. 

 

TMS Parameters are very sensitive to small 
changes in muscle activity. 

Problem for interpretation… Control 
muscle activity with EMG 

WHAT WE CAN LEARN WITH TMS 

Important: We don’t interpret absolute MEP amplitudes, but we compare changes 

in MEP amplitudes between different experimental conditions. 

 

(1) “Hidden” activity in the primary motor cortex –for research in healthy 

subjects.  

  

(2) CST integrity predicts recovery of upper limb function after a stroke → PREP 

(Predicting Recovery Potential for hand & arm) See next page. 

 

(3) Paired Pulse TMS can be used to more complex cortical physiology (ex. 

Connectivity between two areas → see 3. Grasping) 

 

(4) Repetitive TMS can be used to temporarily perturb a brain area (virtual lesion 

→ see 3. Grasping) 

  

Upper graph shows MEP measured in muscle stimulated with 

TMS while imagining flexing the thumb or actively flexing the 

thumb. Lower graph shows MEP measured in muscle 

stimulated with TMS without imagining or actively flexing → 

lower MEP measured.  

Possible interpretations:  
 

• Response is muscle specific, because only the MEPs for the thumb flexor (black) are 

temporally modulated by the on vs. off condition, not for the control (pinkie, white). 

• Temporal movement pattern is similar. MEP of the thumb flexor is in all groups larger for 

the on than for the off condition while no such changes are observed in the control muscle. 

• MEPs larger for the active state. Muscle activity associated w. increased excitability of 

excitatory neurons + suppression of GABAergic interneurons → more I-waves,  larger MEPs. 



5 
 

Colour coding marks the PREP prediction. 

Note: one   really has to test CST integrity 

to make accurate predictions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. GRASPING 
A: Power grip; two under-types: thumb 

opposition or palm opposition, predominant grip 

depends on species. 

B: Precision grip; often held between thumb and 

index finger, which is highly skilful movement, 

requiring the new M1. 

KINEMATICS 

Grip aperture: distance between thumb and other 

fingers 

The hand pre-shapes during its journey to the object 

and adapts to the size of the object. Maximal grip 

aperture usually at 70% of movement completed.  

 

 

Load force: Force required to lift the object against gravity. Only once the needed 

force is acquired, the objects is lifted from the table. Force before is called loading. 

Grip force: Force between fingers and object; pre-load required, lest the object 

would slip as soon as I’d began to lift it. GF is material specific (friction). GF during 

whole grasping bigger than LF, again, because it would slip otherwise → GF/LF must 

be higher than the “slip ratio” (material specific). With numb fingers, the GF is usually 

way higher than required to prevent slipping (higher safety margin). Feeling is crucial 

for proper grasping. Furthermore, the ratio GF/LF is constant: If more LF is needed, 

also more GF is needed. The safety margin is a fixed percentage of the minimum 

required grip force. 
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NEURAL NETWORK 

Primary motor cortex: fine and skilled execution of movements, densely connected 

to alpha-motoneurons. 

Ventral premotor cortex: execution of movements, but even more important for 

planning of these movements, densely connected to primary motor cortex M1. 

AIP (anterior intraparietal area): involved in sensorimotor transformations, receives 

information from visual areas, densely connected to ventral premotor cortex.  

Neurons seem to be specialized for specific grips. Neuron A may fire the strongest 

when a precision grip is performed, while neuron B fires the strongest for the thumb-

opposition power grip. Ventral premotor cortex encodes the grip type. It contains a 

basic “motor vocabulary” from which many dexterous movements can be 

constructed. This vocabulary allows me to perform movements I have never 

executed before, like grasping an unknown object or pressing a key on the piano. 

 

In addition, the context plays a crucial role, say whether the handle is oriented to 

the right or to the left makes a difference. While most neurons in the ventral 

premotor cortex are specific for the grip type, in the AIP more cells are orientation 

specific. In AIP, mainly the visual attributes of the object are encoded.  

TMS AIDED GRASPING IN HUMANS 

Excitability in M1 varies, depending on the grip type. Planning a precision grip 

increases excitability (easier to stimulate by TMS) in the index finger, while a palm 

opposition power grip increases excitability in the pinkie.  

Double stimulation can determine the connectivity of brain areas and furthermore 
test, whether the interaction is inhibiting or promoting. Double pulse TMS (first 
pulse in the VPM area, 8 ms later a second pulse in the M1 area) can double the 
output of the single pulse stimulation in the respective finger This agrees with the 
findings for single pulse stimulation (listed above) and furthermore points towards 
an excitatory connection between the VPM and the M1. 

Repetitive TMS can be used to down-regulate the function of a specific cortical area, 
introduce a virtual lesion. After-effects can outlast the rTMS up to 60 min. The 
double pulse experiment was repeated. However, the AIP was down-regulated by 
rTMS beforehand. This resulted in less grip specific facilitation from VPM to M1. The 
motoneurons of both fingers were active in both grips. Repetitive TMS can show 
causation! The AIP is causally involved in grasping, not only correlatively. 
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4. MAGNETIC RESONANCE IMAGING MRI 
The smallest unit detectable is called VOTEX. MRI allows us to study the anatomy 

(size of the structures, injuries…) or the function of the brain, using fMRI. MRI bases 

on the ability of atomic nuclei to absorb and re-emit radio frequency energy. The 

magnet used is very strong, 60’000 times the Earth’s magnetic field. The thus 

produced main field B0 is continuously present. The MRI signal comes from hydrogen 

(H) protons. Since they spin at very high frequency, the produce a small magnetic 

field. H+ is mainly present in the water and fat of our body. However, these protons 

align once in the magnetic field B0 (the majority parallel to B0, only a small percentage 

antiparallel). This changes once magnetic resonance is induced.  

Magnetic resonance = energy exchanged between protons and a radiofrequency. 

1st phase: Excitation = protons absorb energy, tip over in transverse plane 

2nd phase: Relaxation = protons re-emit energy, turn to their original alignment 

How fast the protons re-align parallel to B0 depends on the tissue. This allows us to 

distinguish between different types of tissues. T1 is defined as the time it takes until 

63% of this process is reached. T2 on the other hand is defined as the point where 

63% of the magnetization in the transverse plane has decayed. T1 may allow us to 

see a certain event better than T2, and vice versa.  

A magnetic gradient is used to encode space. The magnetic field at the top of the 

head is slightly higher than at the neck and therefor also the Larmor frequency 

differs. The Larmor frequency is an indication for how high a magnetic field is needed 

to excite protons. Higher magnetic field → Higher LF → Higher excitation frequency 

Safety rules: - not dangerous, neither the radio frequency nor the magnetic field 

  - metal objects/ people with implants must not enter the MRI area 

 

 

 

FMRI 

Single cell recording measures neuronal activity directly, while fMRI measures 

neuronal activity indirectly via hemodynamic changes. Hemoglobin changes its 

magnetic properties when it is deoxygenized (= unloaded). It is paramagnetic, what 

means, it induces small changes in the magnetic field, so called inhomogeneities. 

T2* = observed T2, reflecting true T2 and magnetic field inhomogeneities 

Task: relatively more oxy-

hemoglobin; less field 

inhomogeneity; slower 

T2* decay; stronger signal 

Control: relatively more 

deoxy-hemoglobin; more 

field inhomogeneity; faster 

T2* decay, weaker signal 

fMRI measures Blood Oxygen Level Dependent BOLD signal. An inactive neuron 

needs some oxygen (1). An activated neuron has a much higher need of oxygen. 

Consequently, the percentage of oxy HB in the surrounding vessels decreases (2). 

The brain adapts and sends highly oxygenated blood to the active neurons (3). This 

“re-organization” is called neurovascular coupling. A higher BOLD is measurable.  
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BOLD signal seems to be more strongly related to the post synaptic potentials, so 

called Local Field Potentials LFP, than to the action potential. LFP is generated by all 

individual inputs a cell body receives before summing them all up and translating 

them into an action potential. Still, in some cases, the spiking activity (action 

potentials sent by neurons) can help predict the BOLD signal reasonably well. This 

works especially well for short stimuli, like rapidly changing sound.  

Actual numbers in of BOLD are meaningless. They could even change when switching 

on and off the device. Difference is what we are looking for. Therefore, we always 

need to measure two conditions, an experimental task, like listening to music, and a 

control task, like absolute silence.  

In addition, it is important which neurons are measured. Naturally, not all neurons 

react in the same way to a stimulus. For example, neurons in the auditory lobe would 

fire strongly, while neurons in the visual lobe wouldn’t react to the music. The 

responding neurons are coloured according to the BOLD signal.  

 

Brief repetition: There are two visuomotor pathways. Both work independently and 

lesion of one stream can lead to very particular symptoms. For example, lesion of 

the ventral lobe would leave the patient unable to identify objects. However, he 

could still grasp the same object. On the other hand, a patient with a lesioned dorsal 

stream, can easily describe an object, but can’t reach towards it, let alone grasp it. 

Ventral stream: “What”; vision for perception 

Dorsal stream: “Where”; vision for action 

 

 

 

5. MOTOR CONTROL PRINCIPLES 
The generalized motor program defines a set of rules how sensory information 

needs to be processed and muscles need to be coordinated to generate response 

within a movement class (soccer) specified by some invariant features: 

• Sequencing of submovements (bring leg back and kick) 

• Relative timinig (slowly pulling leg back, fast forward movement) 

• Relative forces (high forces for kicking, low forces for passing) 

To perform a movement, some parameters are specified to the motor program:  

• Overall movement duration 

• Overall force of contraction 

• The muscles involved 

Motor programs are of course flexible to adjust the movement to the circumstances.  

THE BERNSTEIN PROBLEM  

Most of our joints has more muscles than strictly needed for the degree of freedom 

of the said joint. There is an infinite number of possibilities to perform a certain 

movement pattern. How does the brain select the best solution? (inverse kinematics) 

Every solution is associated with a certain cost. The 

chosen solution will cause the minimal costs. The way 

of transport for example is determined by the energy 

expenditure. As soon as trotting becomes more 

efficient than walking, a horse automatically shifts.  

Planar aiming, for a less intuitive example, results in a 

straight, sometimes slightly curved trajectory with a 

bell-shaped velocity profile. The brain tries to 

maximize accuracy, to minimize endpoint errors 

(minimal variance theory). At the same time, the brain tries to make the movement 

as fast as possible, without losing accuracy. Fitts’ law: Speed-accuracy tradeoff: Fast 

movements are less accurate than slow movements. The same is true for high 

forces (ex. shopping bag hanging from my arm while I try to stick the key into the 

locket. Generated forces are higher than usual, the movement is more variant. → 

Force–accuracy tradeoff).  
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CLOSED-LOOP CONTROL  

These observances are valid for open-loop control. However, in real life, our brain is 

mostly confronted with closed-loop situations. Only very fast movements, like 

saccades, are open-loop control, as the sensory feedback is too slow. 

As our senses are not accurate, the brain can only estimate the state of our body. 

Furthermore, the sensory information is delayed (approx. 100 ms). To compensate 

this delay, a second circle is active. The cerebellum predicts the consequences of the 

motor command on the body state. However, this predictor is only accurate for a 

short time if it is not updated by new sensory information. Both loops are required 

for an adequate estimation.  

The motor command is not a 100% correct (because something happens that could 

not have been anticipated), but it is variable. Redundancy (more muscle per joint 

than strictly needed for degree of freedom) allows the body to compensate 

efficiently for task-specific errors that arise during movement. Minimal intervention 

principle: Only task-relevant errors are corrected. Errors, that do not prevent me 

from successfully completing the task, are tolerated. 

INTERLIMB COORDINATION 

In-phase movements (same pattern with both hands/ arms/ limbs) is more stable 

than anti-phase movement. Neural crosstalk refers to neural interactions between 

command streams. In bimanual coordination, this includes information exchange 

between the hemispheres through the corpus callosum. If the pre-programmed 

command is not identical, the two commands tend to adjust.   

There are spatial constraints… 

…and temporal constraints (isochronous [1:1] rhythms preferred to polyrhythms 

[1:2 or 3:2] and synchronization [on beat] preferred to syncopation [off beat]). 

THE NEURAL BASIS OF TIMING 

Shorter range timing (up to 3 seconds) seems to be automatic/ unconscious. Longer 

range timing is believed to be a cognitive process, depending on attention and 

working memory.  

However, short timing is not short timing. There are different mechanisms for event 

timing (tapping to a rhythm) and continuous timing (drawing a circle to a rhythm). 

• Event timing requires an explicit representation of temporal regularities 

which is provided by the cerebellum.  

• Continuous timing can be achieved by controlling other parameter, ex. 

Angular velocity. Temporal regularities (like passing the top of the circle at 

the beat) are emergent properties. 

Cerebellar patients can actually perform quite well in continuous timing, while they 

have major difficulties in event timing. The cerebellum is important for representing 

an event structure. Depending on the task, there might be other areas involved.  
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6. MOTOR LEARNING 
Systems 

Declarative (explicit) Non-declarative/ procedural (implicit) 

Spatial memories: mental map Motor learning 

Episodic memories: information related to 
certain events 

Habits: automatic responses to familiar 
stimuli, independent of reward 

Semantic memories: facts and figures not 
related to autobiographic memory 

Priming: previously learned information 
affects performance on tasks that do not 
require the individual to consciously 
recollect the information, ex. Seeing 
“cake” increases likelihood to solve c__e 
accordingly 

Conditioning: Pairing stimuli with response 

Short-term storage: hippocampus  Short-term storage: unknown, widespread 

Long-term storage: variety of cortical sites Long-term storage: cerebellum, basal 
ganglia, premotor cortex… 

 

Removal of hippocampus impairs declarative memory gravely but has no impact on 

procedural memory formation. The patient can still learn and remember new skills. 

Processes 

Encoding Submitting to short-term storage 

Consolidation Strengthen of memory, essential to remember longer than a few minutes 

Retrieval Bring memory from long-term storage to working memory 

Reconsolidation Improve stable memory, store it even stronger 

Retention Retrieval of memory after it hasn’t been used for a long time 
 

SENSORIMOTOR LEARNING AND MEMORIES 

3 different learning phases 

Cognitive Phase Learning what to do, verbalizing, error prone, slow, jerky and 
often variable movements 

Associative Phase Optimized movements, low variability, fewer mistakes, 
smooth movements, high efficiency, adaption to environment 

Autonomous Phase Extremely efficient and stable movements, execution under all 
conditions 

Typical learning curve: large improvements early in learning and slow  improvements 

later in learning 

Use-dependent plasticity: Learning and practice of a motor skill is accompanied by 

increased efficacy of horizontal connections in M1 via Long Term Potentiation (LTP). 

As a result, information can be more easily spread across different parts of M1.  

Studies examining the effect of use-dependent 

plasticity usually ask patients to perform and train a 

simple movement like lifting the thumb, rather than 

something new. In that way, the effect of new 

learning/ new connections can be eliminated. 

When training goes on for some time, the baseline 

(measurement before training on that day) doesn’t 

differ from the performance after training (day 5). The 

training of the previous days has already had a 

permanent effect (rewiring of brain). 

Long Term Potentiation in a nutshell: Mg2+ blocks NMDA receptor. Only if the post-

synaptic side depolarizes, the Mg2+ block is removed. Now, Ca+ can enter the cell and 

initiate structural changes, like the insertion of additional AMPA receptors into the 

plasma membrane. Thus, the simultaneous stimulation of the pre- and post-synaptic 

neuron is essential for LTP. 

HOMEOSTATIC METAPLASTICITY 

Focal Dystonia: Movement disorder 

characterized by persistent muscular 

incoordination or loss of voluntary motor 

control during task-specific highly trained 

movements; neuroplasticity went out of 

control; often in professional musicians. 

This shows the importance of keeping 

neuroplasticity under control! (=homeostatic 

Metaplasticity) 

Basic information: LTP and LTD can be mimicked 

by stimulating the synapses with high or low 

frequency TMS respectively (graph left). 

→ mechanism that keeps neuroplasticity 

within a healthy range. 
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Synaptic modification threshold (= threshold for induction of LTP versus LTD) is not 

stable but varies as a function of the postsynaptic activity. 

→ Low levels of previous postsynaptic activity favour induction of LTP. 

→ High levels of previous postsynaptic activity favour induction of LTD. 

→ If we already have a very high 

excitability, further stimulation with high 

frequency induces LTD rather than LTP! 

If the system has already undergone some 

LTP, it will become more difficult to induce 

more LTP and easier to induce LTD! 

This has been shown in an animal experiment. One M1 (hemisphere) was trained, 

the other remained untrained. High frequency stimulation of both M1 induced a 

higher LTP in the untrained M1 (white) and a higher LTD in the trained M1 (black). 

[Note: Baseline is 100% of each hemisphere, no absolute numbers. In absolute 

numbers, the trained hemisphere would naturally be higher.] 

 

 

LEARNING BY OBSERVING 

Mirror neurons fire in a similar fashion when we 

observe a movement as well as when we execute the 

same movement. The visual cortex sends a signal to the 

mirror neurons in the parietal and the premotor cortex, 

which then send the signal to the primary motor cortex. 

An observation is thus intuitively translated into a 

muscle movement (= motor resonance). 

Movement observation is sufficient to induce neuroplastic changes! 

→ Only through observing alone, a learning-like phenomenon can be noticed and 

measured by TMS.  

→ Movement observation while practicing is even better than observing or 

practicing alone. 

The level of expertise influences the way and efficiency we observe others. Experts 

are better in reading movement than non-experts. 

ERROR BASED LEARNING 
The sensory prediction error drives error-based learning so that task performance 

is improved. Adaption occurs to minimize a sensory prediction error. 

High success rate in the null field (= normal conditions). The experimenter messes 

around with the conditions, introducing a condition where the target doesn’t behave 

as it should/ is expected. (here: target moves in a 45° angle to my hand, right 

picture). With practice, the sensory prediction error can be minimized. Switching 

back to null field, the participant is still accustomed to the experimental conditions. 

Error based learning is very successful for simple movements. However, for complex 

movements, there is an assignment problem: Where did the error arise from? 
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REINFORCEMENT LEARNING 

There are often several ways to solve a task. 

Everything on the blue line are possible solutions. 

Error based learning only tells me when I am not 

reaching my goal, say I’m performing somewhere 

outside the blue line. Reinforcement learning helps 

me to find the optimal solution. Maybe I feel better 

while performing or maybe I receive feedback from 

the outside. 

Reinforcement signals do not give information about the direction of required 

behavioural change. It can replace error based learning but takes longer. 

→ Teacher/ Coaches are a reliable source of reinforcement signals (feedback). 

→ In unsupervised learning situations, reinforcement requires exploration and 

exploitation (once known which movement is successful, repeat it) of the 

motor task. 

→ Lot of exploration (eager to try different strategies) facilitates early 

learning, while high exploitation is beneficial in the end, when it is about 

fine adaptions to reach perfection.  

 

 

 

 

 

 

 

 

 

SKILL LEARNING AND OPTIMIZATION 
Skill is acquired, when 

…there’s a shift in speed-accuracy trade-off: less mistakes at the same or faster speed. 

…the movement variability is strongly reduced. 

Changes occur in the closed loop-control in…  

(1) Control Policy: Sensory feedback is used more efficiently to generate a better, more 

energy efficient motor command. ex. less co-contraction of antagonist 

(2) Predictor: Prediction depends on experience. During learning, more experience is 

acquired and prediction improves. ex. how to react on an opponent’s action 

(3) More accurate state estimation due to a better extraction of sensory information. 

ex. experts need less time to predict a goalkeeper’s movement 

(4) Prior: Encodes experiences/ statistics of a given task.  

→ Learning to control the movement path takes much longer than learning to 

predict the required force. Thus, subjects can learn to predict the behaviour of 

an object before they master control over the behaviour. ex. First learn how a 

tennis racket responds to external forces. Only then can be learned to 

manipulate the racket. 

→ If we move with a tool, we first learn the properties of the tool before we can 

control it. A quick prediction of the behaviour of tools enables us to stabilize 

our limbs. And only then can the controller (1) be trained. A well-trained 

predictor is a key requisite for training the control policy.  

→ An improved extraction of sensory information shows in a different eye 

movement pattern (experts’ eyes rest longer on decisive elements) and an 

adapted focus (experts can focus on extending knees while doing a handstand, 

while novices need to focus on shoulders and hands). 
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→ The concept of priors: Current data is integrated with experience and previous 

knowledge to estimate an outcome. ex. Tennis: I know that my opponent likes 

to target the out line (prior). I see, where the ball should approximately hit 

(data). This information combined let me estimate the effective hit point 

(resulting believe). 

The resulting believe is generally shifted more towards data, which is less 

uncertain, and has the least uncertainty of the three. 

Priors are influencing our daily live. We subconsciously integrate prior 

knowledge all the time. ex. On the picture to the left, we see 4 balls and 2 holes 

by assuming that the light comes from above. 

When the sensory data becomes less reliable, the brain will increasingly rely on 

the prior and the resulting believe will lie closer to the prior. ex. Playing tennis 

in fog, where the ball can’t be seen as clearly as in the sunshine.  

The brain acquires the statistics of a task during practice which is combined 

with sensory information to influence our behaviour. ex. Previous experience 

tells a golfer how hard he has to hit the ball depending on the slope. The sensory 

information tells the golfer the current slope. Combination of the two helps the 

golfer find the optimal solution for the current situation. 

 

OTHER GENERAL KNOWLEDGE ABOUT MOTOR LEARNING 

• The more practice, the more improvement of performance. 

• High motivation leads to increased effort during practice and might 

facilitate physiological mechanisms important for neuroplasticity. 

• Training with augmented feedback (immediate feedback, whether I do it 

right and correct solution when I don’t) leads to faster learning but can also 

lead to feedback dependency, causing performance to drop rapidly once 

augmented feedback is removed.  

• When two skills are trained (skill A and B), spaced training (A B AA BB) takes 

longer to see progress but is better for long-term memory and retention 

than mass training (AAA BBB). 

CONSOLIDATION IN MOTOR LEARNING 

Practice leads to formation of a memory trace. However, this memory trace is fragil 

and susceptible to interference, ex. learning a competing motor task. Consolidation 

occurs during awake rest within minutes and hours after skill acquisition. This 

requires several hours. Perturbing consolidation during a critical time window 

(approx. 5.5 hours) decreases the learning effect significantly.  
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7. NEUROMODULATION 
Change the activity level/ state of a group of neurons by 

 Pharmacological agents 

 Deep brain stimulation 

 Electroconvulsive therapy     INVASIVE 

 Magnetic stimulation TMS 

 Electrical stimulation TES               

 Sensory stimulation                  NTBS 

 Neurofeedback              MINIMALLY INVASIVE 

NON-INVASIVE TRANSCRANIAL BRAIN STIMULATION (NTBS) 
Mixed evidence whether NTBS influences neuroplasticity in a predictable manner. 

[Offline: Effects outlast the period of stimulation] 

Placebo has a strong effect on outcome in NTBS experiments. Participants form 

immediately a subconscious believe as soon as they are wired or touched by the 

magnetic coil. Therefore, the experimental intervention has to be compared to a 

control intervention to determine its effect. Ideally, patients and experimenters are 

blinded. 

 

 

 

 

 

OFFLINE MODULATIONS 

TMS 
Repetitive TMS can modulate brain activity and function. It is an effective 

treatment for patients with major depression. There seems to be a large intra- 

and inter-individual variability. Possible reasons for this intra-individual 

variability are the circadian rhythm (which differs between individuals), synaptic 

activation history (How much LTP or LTD has been introduced in the past?) and 

network activity. Reasons for inter-individual variability are more obvious: age,  

genetics, developmental factors, neurotransmitter and receptor variability… 
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Theta Burst Stimulation (TBS) 
a repetitive TMS 

Each burst has three pulses at 50 Hz. Bursts are given at 5 Hz. This 5 Hz were 
recorded from hippocampus of rats and were shown to induce plasticity in animal 
brains → learning effect. 

 

iTBS (intermittent) cTBS (continuous) 

2 sec. stimulation, 8 sec. break, repeat 20 sec. stimulation 

increases excitability, mediated by LTP-
like mechanism 

suppresses excitability, mediated by 
LTD-like mechanism 

→ Both act through influencing the I-waves. 

 

Stroke: Hemispheric imbalance model 

It is believed, that the “healthy” hemisphere suppresses the lesioned hemisphere 

(= interhemispheric inhibition). The suppressed neural activity in the ipsilesional 

hemisphere provides a bad milieu for neuroplastic changes to occur. The 

contralesional hemisphere, on the other hand, is less suppressed than under 

healthy conditions, thus neural activity is facilitated: The milieu is supportive for 

neuroplastic changes to occur.  

Does rebalancing activity via TBS across hemispheres facilitate rehabilitation? 

Positive effects of iTBS of the ipsilateral hemisphere could be shown in a small 

cohort, it but couldn’t be confirmed in a randomized control trial. 

 TES 

In transcranial direct current 

stimulation (tDCS), a form of TES, a 

weak constant current is applied over a 

long period of time (10-30 min). It is 

less painful than the TES we discussed 

in chapter two and modulates 

neuronal activity, while the strong, 

painful TES merely activates neurons.  

 

After-effects outlast the stimulation period by up to 2 hours, most likely 

mediated by LTP-like mechanisms. It depends on the glutamatergic system and 

NMDA receptors and might also reduce GABA activity. 

Can tDCS help stroke patients in daily life? 

Small beneficial effects could be measured shortly after the intervention. 

However, these effects were so small and cute as not to have a significant impact 

on daily living. Also here, large inter-individual variability could be observed.  

→ It is somewhat effective in neurological patients when combined with 

motor training. But these effects vanish when the training is stopped. 

→ Less effective in healthy adults and even less in experts. 

→ Cheap equipment, easy to use 

  

To activate neurons transcranial, a current of 100 V/m is needed. tDCS only 
provides 1 V/m. It is assumed that this strength polarizes the soma of neurons 
by 0.2 mV (which is tiny when keeping in mind that, to depolarize, a neuron 
has to change from -70 mV to the positive). That happens simultaneously, 
though, in ten thousand of neurons. tDCS can not be used to induce neural 
processes but it has modulating effect on ongoing processes. 
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ONLINE MODULATIONS 

We already know how to quantify local networks and how to interfere with ongoing 

neuronal processing. The focus lies on how to modulate the level or timing of 

neuronal activity through electrical and sensory stimulation. 

 EEG – WHAT IS MEASURED? 
Active cellular processes produce electric currents. Within a volume of brain tissue, 

these currents are superimposed (= überlagert) and generate a potential (Ve) in the 

extracellular medium. The difference in Ve between two locations gives rise to an 

electric field that can be measured via extracellular electrodes. Action potentials 

would cancel each other if summed up. Post-synaptic potentials, however, can be 

summed up and measured at great distance. This is only possible, because the cells 

in the cortex are tidily arranged, facing the same direction.  

3 ways to measure potentials: 

• Scalp: non-invasive → standard; relatively low changes; skull is a good isolator; high 

temporal but poor spatial resolution 

• LFP: invasive, only in patients; local field potentials measured with depth electrodes 

• ECoG: invasive, only in patients; Intracranial electroencephalography 

EEG is good for measuring when but not where in the brain 

neurons are firing! 

While an EEG 

usually doesn’t tell 

anything standing 

alone, once 

segmented overlaid 

and averaged, a 

specific pattern can 

be recognized.  

 

Problem: EEG are useful for identifying responses to discrete events, but can not 

be used for experiments involving continuous signals (rest, sleep, complex  

activities). Instead of looking at evoked potentials, we look at the oscillation of 

the brain during a task or during rest. Therefore, the signal is transformed from 

the time domain into the frequency domain, basically like decomposing a fruit 

salad into apples, pears and grapes. Some frequencies could be assorted to 

specific tasks. However, for many rhythms, the function is not clear.  

 

 MEG (MAGNETO-ENCEPHALOGRAM) – WHAT IS MEASURED? 

MEG measures the magnetic field generated by the electric current. It has a higher 

spatial specificity than EEG.  

 TACS: TRANSCRANIAL ELECTRIC STIMULATION WITH 

ALTERNATING CURRENT 

Extracellularly applied currents influence frequency of 

neural activity bursts. tACS in humans is weak, as the skull 

is a good isolator. 

Arnold tongue: Weak driving signals are only effective if their frequency is 

close to the natural frequency. Strong driving signals are also effective if 

their frequency is farther away from the natural frequency. 

If two brain areas are phase 

synchronized, neural communication is 

facilitated. This implicates, that two 

areas, which need to work together, will 

synchronize their phase. Messing with 

this natural synchronization can 

influence cognitive ability. 
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Synchronizing the phases of two areas with tACS improved task performance, 

while de-synchronizing the phases with tACS forced a worse performance. But 

remember: tACS has only a weak impact! 

 

 

 

 

 

 

 

tACS stimulation can reverse aging effect on working memory: Elderly people after 

stimulation can perform as good as younger people in a working memory task. 

 TACS DURING SLEEP 
Deep sleep favours memory formation. By modulating deep sleep with tACS, the 

consolidation process can clearly be improved and the performance after sleep is 

better than in the sham group. Probably via more intense communication between 

hippocampus and cortex. However, this seems to be only effective in declarative 

memory (learning words) and has no effect on procedural memories.  

 SENSORY STIMULATION 

Idea: Peaks of slow waves are crucial for memory formation. By detecting slow 

waves and enforcing them by playing a sensory impulse (like music) that coincides 

with the peaks, the amplitude should be higher and memory consolidation more 

effective.  

ONLINE NEUROMODULATION: AN OVERVIEW 

 Transcranial alternating current stimulation (tACS) or closed-loop sensory 

stimulation can be used to entrain oscillatory brain activity. 

 The effect of these interventions depends on the relationship of frequency 

and phase between the applied stimulation and the underlying oscillatory 

activity. This implicates, that it needs to be tailored to the individual subject 

or patient.  

 We don’t know yet whether we can create procedures/ technology that can 

really change the brain function to a degree that matters in real life.  

 


