o

e e 24

y '/u”@f’d‘f.b

®ne o

Locomotion and Central Pattow Generator (CPG)

http://amaleki.profile.semnan.ac.ir
Dr. A. Maleki , Semnan University, Biomedical Engineering Department



o
ya R

)

© © © © © [© (el NerNe)

(locomotion) o lul> wlio
(SIPIS §50 oy

L ewbw! &Y g

Ubgg.oﬂ &l p el ‘S}l.wool.oi byl

il oS (6 5 S Joro
Concepts of locomotion foc gbd g s
A detailed description of gait 5 ooy
. S SR
Fundamental questions! CNS SY0 5| .
Different preparation conditions for tests SRS
Location of locomotion pattern formation CPG o Joo
Role of proprioception
Role of somatosensory
Role of higher CNS centers

CPG models

:.‘/’Lk/_“//'

i

EERSERONO O O O O



(Locomotion) lbuwl> & 2

20 O 4 (g0 S 3l 0w g2 g0 S Jlib el wiyly$ 4 (Locomotion) o Lul>

Joleo sla)bislu b) (Sl g (s (omas Glapins S md 1 a2l 45 39 g0 45
ol bazmo S b sl i b (Gilidee o lils 4o bay]

20,5 o)Ll (o 35 b (5055 (g ey0 S Ll e gd 58 oy 41 (g o0 (2l lagSl alos

Locomotion is the process of
active movement of a living o
organism from one place to
another, resulting from the
interaction of the nervo-
Musculo-skeletal systems (or *
their equivalent structures
in different organisms) with
the physical forces of the
environment.

Types of locomotion include
walking, running,
swimming, flying, and
crawling.
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A step is the distance or movement between the heel contact of one foot and the heel

contact of the opposite foot. A step is the smallest unit of movement in walking.

Step length is the linear distance between the heel contact of one foot and the heel
contact of the other foot on the ground.

Step time is the time it takes to take one step, that is, from the heel contact of one
foot to the heel contact of the opposite foot.

Cadence is the number of steps a person takes per unit of time and is usually
expressed as steps per minute. This index indicates the speed of the rhythm of
walking.

Stride is the distance or movement between two consecutive heel contacts of one
foot. Each stride consists of two steps (one with each foot).

Stride time is the time between two consecutive heel contacts of one foot with the
ground. This time is equal to the sum of the times of two consecutive steps.

| Left step length ———}—— Right step length ————]

M Left foot angle
| Step width
q,‘\\,' Right foot angle W

| Stride length |
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Step cycle: A step cycle begins at a specific point, such as the toe leaving the ground (toe-off),
and continues to the same point in the next step.

The step cycle consists of two phases: the stance phase and the swing phase.
Cycle time: The time it takes to complete a step cycle.
Stance phase: The phase in which the foot is in contact with the ground.

Swing phase: The phase in which the foot is not in contact with the ground from the toe-off to
the heel strike.
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Accurate description of stepping:

Swing phase: The phase of a stride in which the foot lifts off the ground and
moves forward in preparation for the next contact with the ground.

Stance phase: The phase of a stride in which the foot is in contact with the
ground and supports the body's weight.

Double Support: The part of the stride cycle in which both feet are in contact
with the ground at the same time.

Single Support: The phase of a stride in which only one foot is in contact with
the ground and supports the entire body's weight.

} Stance phase | Swing phase —|
|- First double 4 Single limb stance 4+ Second double -

support support
Initial Loading Mid Temminal Preswing Initial Midswing Terminal

contact response stance stance swing swing
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A Four phases of the step cycle

Joint angle (degrees)

140

120

100

80

60

40

45

Lt 1 pI5 30 g Jo1 50

Al po yle 4 bl0 g o6 45
OO o3 Jol o 109 o0 oy

. | Swing | - { Stance } i 30 (E1) o 3L opdgl 9 (F1)

Ll i - Wb o0 &y slwgl Al o Job

k k % Do 9 e 51 o5 (Soj

36 ogw 9 (E2) (ol 5L oo

| 4 o o Jab 3 (E3) oy

E,— ” | b a5 Gloj s 0 &y (yOLiws

3 o9 el oy b (lod 5o

J TExtensmn b g 9 905 0 oy o3 b oy

ol 4 E9 1) dgd on (atine

00g®20%° 1 Dilae WS (o0 Bl (039 Jo

3“..'."‘:...:::::..:9" tFlexion s> o o9l 50 b 0 g 6l cudaS3b

»:uc"‘@w o Hip et s
oo a  casla (:_(.),‘\“V B e Knee
°®g000%0p e 0.1s o Ankle

Figure 36-2 Stepping is produced by complex patterns of contractions in leg muscles.

A. The step cycle is divided into four phases: the flexion (F) and first extension (E1) phases occur during swing, when the foot is
off the ground, whereas second extension (E2) and third extension (E3) occur during stance, when the foot contacts the ground.
Second extension is characterized by flexion at the knee and ankle as the leg begins to bear the animal's weight. The contracting
knee and ankle extensor muscles lengthen during this phase. (Adapted, with permission, from Engberg and Lundberg 1969.)



4 (3PN 40 ONas cullad ou sl oIt
B Activity in hind leg muscles during the step cycle
Flexors: - _//E/\ ___E _____ A
| !
Sart,, A_ ___i _______ 0
| I

Sart, /\L\/'—\‘L\ .
I

ST/PB X__J:_ZSL____l
I
I

I
TAL Q{L —
Extensors: : :
VLAVMNI s /\/r,—/\

Y

P2 50 (S cdled Hloges
(&) ouiaS 3L 5 (843) ouisS v wdlac
2 lo o8 LS 40,8 e gl
OHas 4z )51 .Cawl ol ool o Lid i
35 o 57 41 Y gamo 0035 3L g 0uiiS o3

|
|
I
o s /‘/\ Cy3biuns| Al po g (SWINE) ylws 4l> no
LGMG/SOL| :/\/\R called L5 o) s Jl2d (stance)
ol oty dold g yloy Hhai
%

Swing Stance =
Figure 36-2 Stepping is produced by complex patterns of contractions in leg muscles.
B. Profiles of electrical activity in some of the hind leg flexor and extensor muscles in the cat during stepping. Although flexor and
extensor muscles are generally active during swing and stance, respectively, the overall pattern of activity is complex in both
timing and amplitude. (IP, iliopsoas; LG and MG, lateral and medial gastrocnemius; PB, posterior biceps; RF, rectus femoris;
Sartm and Sart,, medial and anterior sartorius; SOL, soleus; ST, semitendinosus; TA, tibialis anterior; VL, VM, and VI, vastus
lateralis, medialis, and intermedialis.)
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Where are locomotion patterns formed?

How are locomotion patterns formed?

What is the role of proprioceptors?

What is the role of somatosensory sensations?

What is the role of centers such as the brainstem and cerebellum?
What is the role of vision and working memory?
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Figure 36-1 Preparations Used to Study the Neural Control of Stepping.

A. Transection of the spinal cord of a cat at the level a-a' isolates the segments of the cord with nerves that project to the hind
limbs. The hind limbs are still able to step on a treadmill either immediately after recovery from surgery if adrenergic drugs are
administered or a few weeks after surgery if the animal is exercised regularly on the treadmill. Transection of the brain stem at the
level b-b' isolates the spinal cord and lower brain stem from the cerebral hemispheres.



s&w i 5 jlwodlol
A « <
525 b Wilgi oo b (1) a8 o0 &) (5395 41 395 00 4 &S 4o (o Al by §450 gl 4y ddny
a8l 31 (S 95 4l Uil jo (5 > 4>l (¥) 3940 5T (MLR) Jlidl 3o (35 1 o (S i

(IC) Sl e gS oS gl 31§ omly yio o & Loy JSUb (S dwnd &y S35 35 45 Casl 3o
.é)‘é )‘)3

B Transection of brain stem

Cerebellum
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Figure 36-1 Preparations Used to Study the Neural Control of Stepping.
B. Depending on the exact level of the transection of the brain stem, locomotion occurs spontaneously (1) or can be initiated by
electrical stimulation of the mesencephalic locomotor region (MLR) (2). The mesencephalic locomotor region is a small region of
the brain stem close to the cuneiform nucleus approximately 6 mm below the surface of the inferior colliculus (IC). (Thal,
thalamus; SC, superior colliculus; MB, mammillary body.)
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Figure 36-1 Preparations Used to Study the Neural Control of Stepping.

C. The spinal cord is removed from a neonatal rat and placed in a saline bath. Addition of N-methyl-o-aspartate (NMDA) and
serotonin (5-hydroxytryptamine, or 5-HT) to the bath elicits rhythmic bursting in the motor neurons supplying leg muscles, as
shown in recordings from nerve roots of the second (L2) and third (L3) lumbar segments. Intracellular or tight-seal recordings can
also be made from lumbar neurons during periods of rhythmic activity. (Adapted, with permission, from Cazalets, Borde, and
Clarac 1995.)
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Central Pattern Generator:

Central pattern generators (CPGs) are spinal neuronal networks that can generate

rhythmic motor activity in the absence of rhythmic input from peripheral receptors.

The rhythmic activity of the CPG depends on three factors:

* Cellular properties of each neuron in a neural network
¢ Characteristics of synaptic connections between neurons

e Structure of connections between neurons
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Figure 36-3 Rhythmic activity for stepping is generated by networks of neurons in the spinal cord.

The existence of such spinal networks was first demonstrated by Thomas Graham Brown in 1911. Graham Brown developed an
experimental preparation system in which dorsal roots were cut so that sensory information from the limbs could not reach the
spinal cord. An original record from Graham Brown's study shows that rhythmic alternating contractions of ankle flexor (tibialis
anterior) and extensor (gastrocnemius) muscles begin immediately after transection of the spinal cord.
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Figure 36-4 Reciprocal activity in flexor and extensor motor neurons.

A. High-threshold cutaneous and muscle afferents called flexor reflex afferents (FRA) were electrically stimulated in spinal cats
treated with L-DOPA (L-dihydroxyphenylalanine) and nialamide. Brief stimulation of ipsilateral FRAs evoked a short sequence of
rhythmic activity in flexor and extensor motor neurons. (Adapted, with permission, from Jankowska et al. 1967a.)
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Figure 36-4 Reciprocal activity in flexor and extensor motor neurons.
B. Interneurons in the pathways mediating long-latency reflexes from the ipsilateral and contralateral FRAs mutually inhibit one
another. This "half-center" organization of the flexor and extensor interneurons likely mediates rhythmic stepping.
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Figure 36-4 Reciprocal activity in flexor and extensor motor neurons.
C. Stimulation of the ipsilateral FRA evokes a delayed, long-lasting burst of activity in the half-center interneurons located in the
intermediate region of the gray matter. (Adapted, with permission, from Jankowska et al. 1967b.)
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Rhythm in intact animal Rhythm in isolated cord

Figure 36-5 The lamprey swims by means of a wave of muscle contractions traveling down one side of the body 180 degrees
out of phase with a similar traveling wave on the opposite side.

This pattern is evident in electromyogram recordings from four locations along the animal during normal swimming. A similar
pattern is recorded from four spinal roots in an isolated cord. (Adapted, with permission, from Grillner et al. 1987.)
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Figure 36-6 Each body segment of the lamprey contains a

neuronal network responsible for the motor pattern in that Brain Brain stem
stem reticular
segment. formation

Activity in each segmental network is initiated by activity in
glutamatergic axons descending from the brain stem reticular
formation. The reticulospinal neurons increase the excitability of |
all neurons in a segmental network by activation of both
NMDA-type and non-NMDA-type glutamate receptors. On each
side of the network excitatory interneurons (E) drive the motor
neurons (MN) and two classes of inhibitory interneurons,
commissural (I) and local (L).

Commissural neurons are a type of neuron whose main function
is to establish communication between the two hemispheres of
the brain, or the two symmetrical sides of the nervous system. In
simpler terms, they are nerve cells whose axons cross the
midline, connecting the right and left neural regions.

Left-side Right-side
muscles muscles
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Figure 36-7 A variety of motor patterns can be generated without phasic sensory input.

A. A reciprocal pattern of activity in nerves innervating flexor and extensor muscles is seen in an immobilized spinal cat treated
with L-DOPA and nialamide. (G, gastrocnemius; Q, quadriceps; ST, semitendinosus.) (Adapted, with permission, from Edgerton
etal. 1976.)
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Figure 36-7 A variety of motor patterns can be generated without phasic sensory input.
B. A complex motor pattern is recorded from a walking decerebrate cat with deafferented hind-leg muscles. (LG, lateral
gastrocnemius; EDB, extensor digitorum brevis; IP, iliopsoas; ST, semitendinosus.)
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C Decerebrate cat immobilized
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Figure 36-7 A variety of motor patterns can be generated without phasic sensory input.
C. Fictive motor patterns are recorded in an immobilized decorticate cat when either the ipsilateral or contralateral paw is
squeezed. The patterns are radically different. (Sart, sartorius; RF, rectus femoris; ST, semitendinosus.)
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D Locomotor pattern generator

Descending

Figure 36-7 A variety of motor patterns can be signals

generated without phasic sensory input. Drugs

D. This schematic description of a locomotor

pattern generator is based on recent studies on

fictive locomotion in decerebrate cats. The basic e
rhythmic pattern is produced by mutually Ext
inhibiting flexor and extensor half-centers. The Q
interneurons of these half-centers drive the motor
neurons through an intermediate system of
interneurons (patterning network) that control the Flex
timing of activation of different classes of motor
neurons. Descending signals, drugs, or afferent Rhythm
signals can modify the temporal motor activity generator
pattern by altering the functioning of interneurons

in the patterning network.
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ﬁgfg Figure 36-8 Information on hip extension controls
the transition from stance to swing.

A. In an immobilized decerebrate cat oscillating

Hi e . . .
exﬁ’ension movement around the hip joint entrains the fictive
\—W locomotor pattern in knee extensor and flexor motor
neurons. The flexor bursts, corresponding
Hip flexion '—‘1 s to the swing phase, are generated when the hip is

extended.
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Figure 36-8 Information on hip extension controls
the transition from stance to swing.

B. In a walking decerebrate cat stretching of the hip
flexor muscle (iliopsoas) inhibits knee extensor activity
allowing knee flexor activity to begin earlier. The arrow
in the knee-flexor record indicates the expected onset of
knee flexor activity had the hip flexor muscle not been
stretched. Activation of sensory fibers from muscle
spindles in the hip flexor muscle is responsible

for this effect. (Adapted, with permission, from Hiebert
et al. 1996.)
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Figure 36-9 The swing phase of walking is initiated by sensory feedback from extensor muscles.

A. In a decerebrate cat electrical stimulation of group I sensory fibers from ankle extensor muscles inhibits bursting in ipsilateral
flexors and prolongs the burst in the ipsilateral extensors during walking. The timing of contralateral flexor activity is not altered.
Stimulating group I fibers from the extensors prevents initiation of the swing phase, as can be seen in the position of the leg
during the time the fibers were stimulated. The arrow shows the point at which the swing phase would normally have occurred
had the extensor afferents not been stimulated. (Adapted, with permission, from Whelan, Hiebert, and Pearson 1995.)
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Figure 36-9 The swing phase of walking is initiated by sensory feedback from extensor muscles.

B. Afferent pathway from extensor muscles regulating stance. Two mutually inhibiting groups of extensor and flexor
interneurons constitute a central pattern generator. Feedback from extensor muscles increases the level of activity in extensor
motor neurons during stance and maintains extensor activity when the extensor muscles are loaded. The feedback is relayed
through three excitatory (+) pathways: monosynaptic connections from Ia fibers to extensor motor neurons (1); disynaptic
connections from Ia and Ib fibers (2); and a polysynaptic excitatory pathway through the extensor interneurons (3).
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Figure 36-10 The brain stem and motor cortex control locomotion.
The spinal locomotor system is activated by signals from the mesencephalic locomotor region (MLR) relayed by neurons in the
medial reticular formation (MRF). The cerebellum receives signals from both peripheral receptors and spinal central pattern

generators and adjusts the locomotor pattern through connections in brain stem nuclei. Visual information conveyed to the motor
cortex can also modify stepping movements.
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Figure 36-11 The mesencephalic locomotor region modifies stepping patterns.
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A. Stimulation of the mesencephalic locomotor region (MLR) excites interneurons in the medial reticular formation whose axons

descend in the ventrolateral funiculus (VLF) to the spinal locomotor system.
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Figure 36-11 The mesencephalic locomotor region modifies stepping patterns.

B. When the strength of stimulation of the mesencephalic locomotor region in a decerebrate cat walking on a treadmill is
gradually increased, the gait and rate of stepping change from slow walking to trotting and finally to galloping. As the cat
progresses from trotting to galloping, the hind limbs shift from alternating to simultaneous flexion and extension.
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Figure 36-12 Stepping movements are adapted by
visual input in the motor cortex.

When a normal cat steps over a visible object fixed to
the belt of a treadmill, neurons in the motor cortex
increase in activity. This increase in cortical activity is
associated with enhanced activity in foreleg muscles, as
seen in the electromyograms (EMG).
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Figure 36-13 Neurons in area 5 of the posterior parietal cortex of the cat are involved in visuomotor transformations of
walking.  A. The activity of a neuron increases as the animal approaches an obstacle and then declines the instant the leading
foreleg begins to step over the obstacle.  B. Activity in a different neuron increases after the leading foreleg begins to step over
an obstacle and is maximally active when the cat straddles the obstacle.
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Half-center model

v

Extensor Flexor

Guertin P.A., The mammalian central pattern generator for locomotion, Brain Research Reviews, No. 62, pp. 45-56, 2009.



A Unit burst generator CPG model

Guertin P.A., The mammalian central pattern generator for locomotion, Brain Research Reviews, No. 62, pp. 45-56, 2009.



¥ a. Feedforward model b. Feedback model

Hybrid FF/FB model
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Kuo A.D., The relative roles of feedforward and feedback in the control of rhythmic movements, Motor Control, No. 6, pp. 129-145,2002.



I

o -motoneurons

IL I_I WiLs

Basic Patterns

/ GM o
¢|Smn ¢|5[m+d¢l /
VA Wi Wias
CPG Start Start / BFS “”BFS! W
(D_, (b_, +A(i.')_: ”) | | BFS3
@ — —y A W
_- TA4
¢3§tm ¢3SM+A¢3 \\L SO - “”502
5 \ RF Wera
¢4 tart QSmn_i_A@_‘ \ ol :
VaeLs
Sensory \ —
: - GC Weca
Information OFEn S LA, .

Aoi S., Ogihara N., Funato Y. and Tsuchiya K., Evaluating functional roles of phase resetting in generation of adaptive human bipedal walking with a phy
siologically-based model of the spinal pattern generator, Biological Cybernetics manuscript, No., pp. -,.



IA)

Trunk
Posture

Locomotion
Speed

Y

—>

Posture

Control

Delay

Rhythm
Generator

Pattern
Formation

o™ v GRF

Delay
Low-pass Muscular Body
Filter ”| Dynamics ”| Dynamics
Delay
GRF




¢
(Ao 2
oY) )
™ (locomotion) lul> olio o
2 33 3435 dinogi o
J e

| bl <Y gus o
L ygesl ol ciliso o jlwoslel byl o

) sl 598U (6505 U5 Yo

v Concepts of locomotion foc b o s e

¥ A detailed description of gait 5 ooy sii of
SR o

¥ Fundamental questions!
CNS Y 51,0 i o

Q( Different preparation conditions for tests
Q( Location of locomotion pattern formation CPG o Joo o
¥ Role of proprioception

@( Role of somatosensory

¥ Role of higher CNS centers

{ CPG models



Sl 30 (S T 31 day (3 5 01y S 909

oy

A T B
Weight support 5 Before training After training
155
(2]
Harness =
0 —
g ‘
S 10
3
a
[S
=
=
5_
@ — 0O LS L
W 6 1 2 3 4 5 0 1 2 3 4 5

Functional rating



%K/
ya R

x‘\ (J‘/Vvidé&yj}'rj /

4./&!/‘;0’ btzu‘ u)u



	Slide 1: کنترل سیستم‌های عصبی-عضلانی
	Slide 2: فهرست مطالب:
	Slide 3: تعریف جابجایی (Locomotion)
	Slide 4: نمونه‌هایی از حرکت‌های ریتمیک انسان
	Slide 5: فهرست مطالب:
	Slide 6: معرفی اصطلاحات:
	Slide 7: معرفی اصطلاحات:
	Slide 8: معرفی چرخه گام برداشتن:
	Slide 9: توصیف دقیق گام برداشتن
	Slide 10: Accurate description of stepping:
	Slide 11: مراحل و فازهای گام برداشتن گربه
	Slide 12: الگوهای پیچیده فعالیت عضلات در قدم‌زنی گربه
	Slide 13: فهرست مطالب:
	Slide 14: سوالات اساسی!
	Slide 15: فهرست مطالب:
	Slide 16: شرایط آماده‌سازی مختلف برای آزمون‌ها
	Slide 17: آماده‌سازی قطع نخاع:
	Slide 18: آماده‌سازی حذف مخ:
	Slide 19: آماده‌سازی جونده نوزاد:
	Slide 20: فهرست مطالب:
	Slide 21: مولد الگوی مرکزی (CPG)
	Slide 22: شکل‌گیری الگوی ریتمیک با قطع ریشه‌های پشتی:
	Slide 23: شکل‌گیری الگوی ریتمیک در گربه‌های نخاعی:
	Slide 24: فعالیت متقابل سلول‌های عصبی حرکتی فلکسور و اکستنسور:
	Slide 25: تحریک اینترنورون‌های half-center از طریق FRA:
	Slide 26: بررسی نحوه حرکت مارماهی:
	Slide 27: چگونگی فعال‌سازی شبکه نورونی مولد الگوی حرکتی:
	Slide 28: ایجاد الگوی حرکتی بدون ورودی حسی:
	Slide 29: :
	Slide 30: :
	Slide 31: توصیف شماتیک مولد الگوی جابجایی:
	Slide 32: فهرست مطالب:
	Slide 33: نقش حس‌های عمقی: حرکت نوسانی حول مفصل ران
	Slide 34: نقش حس‌های عمقی: کشیدن عضله خم کننده ران
	Slide 35: بررسی اثر تحریک آوران‌های گروه bold italic cap I. هنگام راه رفتن
	Slide 36
	Slide 37: فهرست مطالب:
	Slide 38
	Slide 39: فهرست مطالب:
	Slide 40: نقش مراکز بالاتر CNS
	Slide 41: مسیر اثرگذاری تحریک ناحیه MLR تا نخاع:
	Slide 42: نقش ناحیه MLR
	Slide 43: نقش فیدبک بینایی
	Slide 44: نقش مراکز بالاتر CNS
	Slide 45: نقش حافظه کاری (working memory)
	Slide 46: فهرست مطالب:
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52: فهرست مطالب:
	Slide 53: بهبود راه رفتن بعد از آسیب نخاعی در انسان
	Slide 54: الهی . . .                                                         ما اگر بد کنیم تو را بنده‌های خوب بسیار است،                                                                                                                        تو اگر مدارا ن

