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Spinal Cord Injury
Ischemic Stroke
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Ischemic Stroke

rehabilitation

robot arm
MIT manus

exoskeleton
ABLE (CEA-LIST)

exoskeleton
Armeo Spring

requisite — understanding normal motor control

and the effect of strokes




Spinal Cord Injury
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substitution

myo-— brain- brain-
electric machine
control interface

computer
interface

decoding?

Electroencephalogram (EEG)

EEG madieg

requisite — understanding the functional

motor anatomy of the brain
— decoding neural and muscular




augmentation

Interfacing spinal motor neurons in humans
(TMR = Target Muscle Reinnervation)

Neural drive Decoding of the neural drive
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— Farina et al,, 2017, Nat Biomed Eng 1:0025

requisite — understanding the functional

motor anatomy of the brain
— decoding neural and muscular signals




Why is a complex system functioning improperly?
— e.g broken down car vs the motor brain

It could work It could work

— no keys — no motivation

— no gazoline — sleep

— no driver — coma

It works improperly It works improperly
— no breaks — disease/lesion

— no lights — blindness

— drunk driver — drunk driver

It does not work It does not work

— no engine — no muscle

— no tires — paralysis



WHAT ARE MOVEMENT DISORDERS?

Directly visible

patient with stroke — draw a circle
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healthy control — draw a circle
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healthy control — patient with
reflexive saccades Parkinson’s disease —
reflexive saccades
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— Melvill Jones and Dejong, 1971, Exp Neurol 31:17



Paradoxical kinesia
— Conditions in which an impaired action recovers
environment, stimuli, instructions, psychological states

patients who survived the 1917-28
epidemic of encephalitis lethargica

Video 1

— Snijders and Bloem, 2010, — Awakenings, 1990, movie by Penny
N Eng | Med 362:e46 Marshall, adapted from Awakenings, 1973,
book by Oliver Sacks



* Positive vs negative symptoms

— symptom whose content is an exaggeration of a function or is a
behavior “that normal people do not have” vs symptom refering
to a deficit or an absence of a function or signal, to a vacuum, to a
state of “not having a behavior that normal people have”

* Akinetic, hypokinetic, hyperkinetic symptoms
— paucity of movements, mutism

— slowness and reduced amplitude of movements

— abnormal involuntary movements (chorea)

— Hughlings Jackson, 1882, Med Press Circ 2:41 |



E.g. scaling laws
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|. Functional motor anatomy
spinal cord, motor cortex, cerebellum, basal ganglia

2. Methods & advanced data processing

multidimensional data analysis, time series analysis







|. Functional motor anatomy

spinal cord, motor cortex, cerebellum, basal ganglia



PROBLEM
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COMPUTATIONAL ARCHITECTURE

inverse model

SYSTEM
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— Scott, 2004, Nat Rev Neurosci 5:534



COMPUTATIONAL NEUROANATOMY
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CENTRAL NERVOUS SYSTEM

Cearebral
conex

ARy
R\ Brain stem
\\ |\ motor nuclei

central nervous system | 86x109 neurons

cerebellum 69x102 neurons

cerebral cortex 16x10° neurons

motor cortex | ~109 neurons

basal ganglia ~107 neurons

spinal cord ~109 neurons

— Herculano-Houzel, 2009, Front Hum Neurosci 3:3 |

Cerebral cortex

Fine motor skilis

(speech,
Cerebellum , hand-finger control)

Basal ganglia
Spinal cord

Eating and drinking

Protective refloxes \ l [ Brainstem
Locomotion generator

Breathing

Chewing

Swallowing



SPINAL CORD

* Minimal view

— first relay for somatic sensory information
— last station for motor processing

— monosynaptic reflexes (e.g. stretch reflex)

— polysynaptic protective reflexes (e.g. flexzion
reflex, wiping reflex in the spinal frog)

— central pattern generator (e.g. stepping)

* More « active » view

— coordination (e.g. wiping reflex)

— transformation of kinematic representations
into dynamics (in the framework of the
equilibrium point theory)

— postural force fields



SPINAL CORD

Microstimulation in spinal frogs
position control and equilibrium point mechanisms

in the spinal cord
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COMPUTATIONAL NEUROANATOMY
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MOTOR CORTEX
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MOTOR CORTEX — PHYSIOLOGY

Intracortical microstimulation
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MOTOR CORTEX — PHYSIOLOGY

Reminder
force, movement direction

Experimental setup

Recording
microelectrode in
wrist area of right

mMOotor cortex O

Stimulating
elecirode

in pyramidal
tract

Potentiometer
(wrist angle)

Restraint Weiat
weg "
{(flexor 0ad)

— Evarts, 1968, | Neurophysiol 31:14

PR3BTR, DO2 D -

— Georgopoulos et al., 1982, | Neurosci 2:1527
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MOTOR CORTEX — PHYSIOLOGY

Isometric

Isometric task pd relative to pd at force onset
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MOTOR CORTEX — PHYSIOLOGY

A Isometric task B Movement task
a0 90
120 T 60 g

150 . i S a0 150

Neu ron 180 180 .

210 "

1580 -

180

Muscle it

— Sergio & Kalaska, 2‘° i ”0
1998, | Neurophysiol R o T
80:1577 S Rt S

270 270



MOTOR CORTEX — PHYSIOLOGY

Corticomotoneuron
° ° ° 50 ips
Muscle-like activity 1.
Ips

reach-and-grasp movements to .
arget muscle

retrieve food from a small well
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— Griffin et al., 2008, | Neurophysiol 99:1 169



INTERNAL MODEL IN REFLEXES

single-joint torque perturbations that induce equal shoulder
motion but different elbow motion in a postural task
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— Kurtzer et al., 2008, Curr Biol 18:449



INTERNAL MODEL IN REFLEXES

multi-joint torque perturbations that induce large elbow
motion and negligible shoulder motion in a postural task
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MOTOR CORTEX — INTERNAL MODEL

M1l recordings
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Number of retrievals

MOTOR CORTEX — PLASTICITY
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MOTOR CORTEX — LESIONS

* Focal lesions

— from weakness, slowing, discoordination to temporary/
permanent paralysis

— effect related to the represented body part, diminished use of
this part, distal extremities more affected

— loss of fine motor skills (e.g. independent movements of the
fingers, precision grip), clumsiness in most motor functions

* Large lesions

pyramidal syndrom — paralysis, spasticity (increase in muscle
tone), increase of deep reflexes, disappearance of superficial
reflexes, altered posture

* Species-specific
cat, monkey, human



MOTOR CORTEX — LESIONS

wrist movements Prelesion Postlesion (4.5 months)
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MOTOR CORTEX — LESIONS

A Normal

. Ny

— Lawrence and Kuypers, 1968, Brain 91:1



COMPUTATIONAL NEUROANATOMY
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GLOBAL CEREBELLAR ORGANISATION

Anatomy

— cerebellar cortex, deep cerebellar nuclei

dorsal view

fiber

lmossy

climbing l

CEREBELLAR
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fiber
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INPUT/OUTPUT ORGANISATION

Association Somatosensory  Somatosensory
Input — cortex

motor cortex and visual information

Spinocerebellar paths (and
vestibulocerebellar and

pontocerebellar paths) /

Pontine Spinocerebellar Spinocerebellar Vestibular
nuclei  and pontine nuclei nuclei
nuclei

/\/—\/

N

Ventrolateral Red nucleus \estibular

thalamus reticular nuclei  nucler

o Y

¢ \

Somatosensory
receptors (imbs), receptors (trunk), auditory receptors (neck), labyrinths,
and visual information

Vestibulocerebellar paths
(and spinocerebellar and
pontocerebellar paths)

Cerebrocerebellum

Spinocerebellum

Vestibulocerebellum

Motor, prefrontal, Interneurons (spinal Motor and interneurons  Vestibular
Output premotor, and cord), inferior olive, (spinal cord and nuclei

parietal cortices other brain stem nuclei  brain stem)



Primary and
premotor
cortex

cerebellar control

of 1imb and axial
muscles

OUTPUT ORGANISATION
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LOCAL CEREBELLAR ORGANIZATION

granular layer — input
Purkinje cell layer — output

Parallel
fibers

Purkinje
cell

Granule
cell £

Climbing
fiber

Mossy
fiber 1

simple spikes

IlOmV

50 ms

connectivity

granule/Purkinje = 0.2-1x10¢
climbing fiber/Purkinje = 1
Purkinje/climbing fiber = 1-10



CEREBELLAR MICROCIRCUIT
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CEREBELLAR DISEASES

Distinctive symptoms and signs

— no paralysis, hypotonia, astasia/abasia (¢nability to stand and walk),
ataxia (@bnormal execution of multijoint movements, e.g. dysmetria,
dysdiadochokinesia), tremor (action or intention, series of erroneous
corrections at the end of the movement)

A Delayed movement B Range of movement errors C Patterned movement errors

Left = =
cerebellar N
lesion

Go

-/

Right hand

Abnormal
N\

. _—Normal

Normal

VWYYV

Abnormal

Finish
| |
Delay

dysmetria dysdiadochokinesia

Left hand




CEREBELLAR DEFICITS

Deficits in the control of rapid movements
abnormal triphasic EMG — abormal timing

normal participant — elbow flexion cerebellar patients — elbow flexion
(A) (8)
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(A) normal triphasic EMG (A,D) patient with moderate ataxia
(B-D) different degrees of cocontraction (B,C) two patients with severe ataxia

— Hallett et al., 1991, Neurol Neurosurg Psychiauy 54:124



CEREBELLUM — MOTOR THEORY

Storage of inverse models
the cerebellum computes a function that creates or modifies the
patterns of muscle activations that underlie coordinated movement

Cerebellar cortex

Feedback
controller

motor
command

Feedforward

———————— Complex spikes

Climbing fiber
: 1+ Controlled
e =0 ™ object — >

Feedback Motor J Actual
motor command trajectory
command

* — Wolpert et al., 1998,

Trends Cogn Sci 2:338




CEREBELLUM — SENSORY THEORY

Arguments

— strong parallelism in the
phylogeny between the size of
the cerebellum and the
complexity of sensory systems
(Paulin 1993)

— the discharge pattern of
Purkinje cells is not modulated
by forces applied during

movement execution

» incompatible with a representation
of an internal inverse model

» storage of a forward model?
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CEREBELLAR PREDICTION DEFICIT

Predictive grip
force control

acceleration

I0ad ferce

A

— Nowak et al., 2007,
Neuropsychologia 45:696
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PREDICTING SENSORY CONSEQUENCES

The cerebellum signals

sensory discrepancy between the predicted and

actual SENSOry consequences of movements

activity in the
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— Blakemore et al., 2001, NeuroReport 12:1879




COMPUTATIONAL NEUROANATOMY
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— Shadmehr and Krakauer, 2008, Exp Brain Res 185:359



GLOBAL BASAL GANGLIA ORGANISATION
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LOCAL BASAL GANGLIA ORGANISATION
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Hyperdirect pathway

BASAL GANGLIA DYSFUNCTION
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Hyperdirect pathway

BASAL GANGLIA DYSFUNCTION
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BASAL GANGLIA — MOTOR DEFICITS

Movements and EMG are segmented
in patients with Parkinson’s disease (PwPD)
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— Hallett & Khoshbin,
1980, Brain 103:301
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— Berardelli et al., 1984,
Neurosci Lett 47:47



BASAL GANGLIA — MOTOR DEFICITS
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Movement time (ms)

BASAL GANGLIA — MOTOR DEFICITS

Context-dependent deficits

nature of sensory guidance in PwPD
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PARKINSON'’S DISEASE AND MOTIVATION

voluntary ergogram electronic ergogram

uosutyaed
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hemiplegia urge to make a
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— Schwab et al.,, 1959, Neurology 9:65



PARKINSON'’S DISEASE AND MOTIVATION
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COMPUTATIONAL NEUROANATOMY
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