The Movement System:

Nerve and Muscle Physiology

and the Control of Human
Movement

“The key to success is discipline, Teens dow't want to hear that, They think that they can just
snap their fingers, and voila! But with discipline come knowledge, coordination, balance, muscle
memory, confidence — things that make it possible to hit the bulls-eye three times in a row”
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LEARKMNING OUTCOMES

This chapler provides & overvisw of nevve and muscle slaracion and Mow
they function together ARer reading s chapisr you showld be abie fo:

3 Describe the progerties of irtabiity, exciiabslity, and ansmigsion hatl
are the prigue capabilites of nerve and musche tssue;

I Ghre an avarviews of the nervous system s physiolgecal, anatomical, and
functionad divisions and explain their funclions:

o Describe the basic structee of skebstal muscle and how skeietsl
masschs contracis

L Describe the deffarent bypes of muscle fibars and thair contribution to
functional movement,

O Describe the function of proprinceplors—=CGoigl landon ongan, joint
recapiors, and muscle spindle—and explain how thay conlribute Lo
hurman moement control;

. Define and describe whal mador control means:

O Describe the hmctional contribuliars fo motor cordrol fram the spinal regicn,
the hrainstam, the carsballum, the basal oancla, and the motor cortes, and
sumaTirize e lunchona) conssguences of damage 10 hose aeas:

i Describe the following common movement system mpairmenis—
weakness, abnormal musde fore, coprdination probdems. and
ineoluntry mmemants.
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CLINICAL SCENARIO

Josagh 18 & S-pear okl child with spastic diplegic cerebeal palsy, He has spasticity in both fwer
extremilice and weakiness in his trunk. but he iz able 1o ambulate snosned schood and home using 3
wealkar. Whike playing ouslside, he =8, landing his o onlo 2 broken glzss bolile and parially sey-
erad his left ulnar nerse at the medial epicondyle. fay, his clinician, meeds to expiain to Joseph’s

mother the differences between [he weakness that he is disgdaving in his lef hand and Ihe weak-
ness and spasticity that ks prasent in hia legs.

Introduction

Simee this 5 a clinical Knesiology textbook, you may
wonder what a chapter whese primary informatbon
regards physiclogy and movement theory i doing in
such a text. As clinicians, it is important for us 1o under=
stared how the body works, wiat makes 11 work, and
how we can [nfloence how it works in the exercise ond
rehahilitation prograims we creare for our patients. Since
kinesinlogy is the smudy of human movement, we must
appreciate. the elements that produce motion. Human
muverent ecours as # result of an intimate relationship
b ascon Anatony sl p'l'|_'|.'1.1|::l|-::|!_r|:|-'. Tls i'lluli:l'l‘l.'r prrscnitE
informanton relevant o the comections berween these
twor syaterns; melding this chaprers information with
the subsequent chapters will provide you with o clear
::rn:!l.'.'r:v.'r:;ruli':'lg :1:||'J Jrr]m:'n:lﬁu Wi 1_'|-|"|:|I|.1|:|:4_|| b [ TRESEE f T ]
Prowiding a basic understanding of newral phyeialogy
for the develnpment and appreciation of the kinesiolog-
ical fenctions in human performance is the goal of this
chapter. We will first identife the basic plivsiology of
wniquely excitable nerve and muscle tissoe, Then, the
building blocks of the components of the neuromuscu
lar systerr—neurons, skeletal muscle, and sensory
receptori—ang described, and we will disenss how the
entive systern 15 dynamically organized o produce hune-
tional, purposcfiul movement. This informarion is fiol-
luwed by 4o vverview of all of the central moter control
arans wath o focus on their funetional contributions o
moventent. A discussion of moverment impsairments and

their funcrional consequences follows and concludes
with u discussion of clinical considerations, including a
brief summary of some of the more common irmpaie-
menty resuling from moter control  dyvsfunction.
Impairment of the central and peripheral nervous sys-
tems gre comparsd and contrasted, Some of the material
i this chapter may serve a5 9 quick réview for those
whis have previously snedied the anatomy and phvsiolo-
gy of the nenromuscular system. For those who have not
had the benefit of such courses, textbooks on human
anatomy and physivlogy and neurcscience may be con-
andted tor o more et I.'.x]ﬂ'.lll.l"‘i!ﬂrl ol the T tms
of the nenrotmuselar system.

Purpeseful movement 5 a fundamental characteris-
tic of human behavier, Coordinated hman movement
_iu |'|||,: T\-:'iulr 11l':-|.1'| -:m:'lll:xl'r:ﬂ'u:lrl. ulﬁulmr]-.'x :I.-|.'I."i1:||:-; ot Bl
bony sheleton; this orchestration s organized by the
nervous svetemn and refined by multiple sensory mecha
nisms to produce mechanical responses. Human move-
ment requires activation and tntegration of multple
purrd of multiple systems within a split seconc.
Mavement i3 not the result of one single musclz acting
across one joint but is an integrated system of the brain
anil hochy that responds, secutes, interprets, and adjusts
to continual leedbacl. The use of the term “mstem” i3
appropriate in discusgions of body motion. A “syarem”is
an wssermblige or combinativn of parts that form a fupe-
fominge onit. Viewing human movement as a system
mde up of several contributing elements such as the
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nervous, muscubis, sheletal, and sensory systems allews oy
tee antdy hoth seruetire and fimnetion sooolracoady:
Wihat we wsually think of as separare systems are actually
components of 5 larger system that provides: desined and
purposetul outcomes, [n other words, those structires or
systerns thae enatribute to more than one finction are
actuwally a past of more than ome purposeful syspem.!

Therefore, the human movement system invelves the
functicnud interaction of structunes that coneibute o de
act of moving ! Included in hese strucoures are the nerv-
aus systemy somatosensory and relay components that
facilirate the skel=tal and muscalar syetems 34 The bady's
movernent system changes throughout the life owdle in
response to poowth, maheeation, afriop, dizease, or enn-
ponamendal dlenads.

Movement occwrs  throwsh  biemechanical
responses to this neurological inpur. These biome-
chanival responses mclude skeletal muscle contrae-
rons thar move the bodys syerem of levers and pul-
leys which are formed by bomes. tendons, and
ligamentz. A persons individuality is expressed by his
ar her own pattern of muoscular contractions. Thess
individually unigne manifestations include facial
cxpresaions, body postures, fine motor skill perform
ances such as typing ot playing a musical instroment,
and gross meter activities such as walking and run
ning, The individval with o normal funcrioning neu-
romusculoshilesal syatem has @ remurkable abilicy
develop juse the right amount of muscle force needed
to perform an endless variety of motor tasks—from
placing a contact lens in one’s eve bo carmving 3 heavy
load of texthooks 1o class,

Whatever the muscle activity, it is accomplished
through intricate communication between the musou-
loskeletal and nerveus spstems, An elaburate nervous
syatem provides fine control of muscle contractions over
1 widle rarge of lengrhs, tensions, speeds, and loads. The
nervoms system is very complex and has mymiad respon-
sibilities, inchuding a variety of sensory wnd motor fune-
tinag. T he aensory neiwolis svetem provides sccorate and
tirmely Information abour the status of each body part
and their emvironmental surremdings through its affer
ent (L, &, to, plus ferre, to carry} receptors. Incoming
sensary information from rthese afferent receprors trav-
els to variows parts of the nervous system where it s
accepted, interpeeted, and responded to in context with
information previously stored in the brain, Once the
nervous system has processed the afferent infarmation,
ity effereny (L. ex, out, ples feree, 1o carry) motor neeve
impulses send a response to selecred muscles or musels
groups e produce desired movements, Thus, the end

aroduet—desired movement—is nchieved throueh the

enllaboutive interaction and conrdination of primarily
the motns and iendsry apsrems.

The bodys ability to poduce an appropriate
responsc rolics on nwmerons facrors. These factors
include the ability of muscles o develop praded
arnoatnes of aerve rensinng the abiliey of the cardinvas-
cular. respiratory, and digestive systems to provide the
ingredients that tuel the contractile process; and the
ahility of the nervous swstem to regulate the rte and
armoatnt of contraction needed to accurately maove cee-
taift hody parts while stabilisng and inhibiting other
parts. This entire procesz from affereat sdnulation to
motor response occurs within milliseconds.

Physiology of Excitable Tissue:
Nerve and Muscle

As you kamed in physiology, all living cclls ane
surrounded by membranes formed by a continaous
phospholipid bilayer Embedded throughout these
frcin branes arc ]1|'-|,1h:'i|l|= witli varioaie characheristics,
This sectinn beiefly reviews cell physinlogy to refrezh
vour merory of the topics relevant to nevromuoscular
functicn as they relate to and further add ro vour
umderstanding: of kinesacleg.

Uniguely, both nervous and musoular tissue mem-
branes are excitable; that is, their membeanes are irrita
ble and thereby sensitive w electrochemical change.
Furthermore, this excitability: can be communicated
berween che tsswes and from one reglon or system o
another. Because of this unique characteratic, nerve
cells and muscle cells are not only excitable but are also
ahle to transmir this electrochemical informanen to
produce movement, Before we discuss the specific inter-
working between the penous and musoalar systems, we
retad o wnderstand hew these dssues work.

Differences in electrical potential exist across the
rmembranes of all Tving cells. Fluids baehe the mside
and onrside of each cell. Thews inrrace llular and exera=
eellular Muids contain negatively and  positively
charged particles, called ions. The jons are predomi-
|:I.'411ﬂ__l|-' 1'|Ie:'|a_;:.|li".ﬂ|' meside the cell and '|1-:u.'iﬁ'ﬂ' antade
the gell, This imbalance of ions from gne side of a
cell membrane to the other is culled 3 potencial dif-
ference. Two factors are responsible for the ability of
a ocell to meairtain E:-n'h_'.ntiuj iliFerenee seroes fes
rrernbrane:

* The cell membrune has selective permenhility, This
means thal it is relatively impermeabde w certain
ion: and more parmeahle (les jons pass theough
the membrune) to others, However, the permeabal-
ity af the membrane to an ton con be incrensed
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trunsiently by certain chemicnl substanoes nelensed
by nerve endings, as s discussed later,

* The cell can actively move jons aceoss the mem-
brane to maintain a required vesting potential.

The potential inside a cell membrane i measured rel-
ative to the fwid just owside the membrane (Fig. 3.1)
Under resting conditions when oo sction Is OCCURTIng,
tse membrane petertial, wpely vallod the resting poten-
tial, i= negative. Nerve cells, muscle cells, and sensory
receptors maintzin a negative resting potential in the
range of =} o -9 mV (average = —R5mV) between the
tnspde amd poside of ther membrines,

A neveon innervating skeletal muscle and the skele-
rul muscle itself each possess membrane characteristics
that allow them to resct when a stimulus is provided.
This ability to react to o stiroulus is called irritabiling
Ohnce nervous and muoseular tisges feact 1o o stooulus,
the cell’s membrane changes ita resting potential and ic
becomes more positive. This process is called depolar-
ization. When the nerve or musele cell membranes are
depolagized, they become ercifafle and trnsanit the
eleeteochemical impulse alorgg their membranes, so thar
the depularization propagates, or moves, dong the cell’s
membrane, When this depolarization continues o he
tzansmitted, this impulsy, is known s an action poten-
fal. Acrion potentals are the fsguaes, or the clecrro-
chiemical messages, that ane then provagated through
thr mevement system. Liet’s oxamine this process stop

by step,

Think of a light switch tuming on a cedling light
when the switch 5 moved 1o the “on” position, 1 signoal
iz denit theough the cleetrical wiee to the light bulb, The
ey pescts to a stimulus in o similar manner. A suffi-
cient stirmulus (electrical, mechanical, chermical, or ther-
mal} applied to 2 nerve or muscle =0l causes the cell
mentheare 1o he more peemeable o cermain ions Thiz
increased penneability results oo a rapld cochange of
previnusly separated positive and negative ions as the
stirnulus moves across the membrne, This rapid ion
maovement catses the membrane tn beenme more peo-
tively charged, or depolarized (Fig. 3.1). The fow of
current betwesn immediately adjacent reginne serves m
excite the polarized region shead of the current, with
the result chat this region now comributes a greatly
amplified elecuic signal. Widh subsequent. adjucent
regions becoming excited, the action porential propa-
pates or spreads down the length of the axon without a
change in its amplitude (intensievd as it moves along the
axon. In other words, the excituion that is produced by
a stirmuilus produces o wave of electrochemical activiny
that moves mapidly along nerve and muscle fibers and is
associnted with local changes in the electyical potential
of each ol the flers. An actbon potential sranamiitred
over a nerve fiber is a verev fmppadse, wheveas an action
potendisl comdweted over a muscle fiber @5 @ mewsole
smpaize, Tmmediately after depolarization, an active
Proess, el r.:'l_n:ta.ﬁ:l:al.':inn, retiirns Bl inesn hrsose
tea its resting potential.
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Mewrons send "sontnl signals” to orher neurons or to
rriscbea by releasing amall amounts of chemicals sermed
acurotransmitbers. Each time a nerve impulse arrives at
the synapse {(Gr. spmapris, a conncetion), a function
between nerves or at the junction between 1 motor new-
e and o miscle fiher, nevtotransmirters are released ar
the synapse. The chemical synapse between two neu-
rons may be either excitarory or inhibitory. Fxcitarory
symupees cause depolarization of the postarnaptic mem-
brase to produce an action porential. In contrase,
inhibitory synapses result in o hyperpolarization (more
negative potential) of the postsynaptic membrane. This
inhibition increases the voltage requitement so it is
more difficult 1o create an action potentiald

Mervous System Anatomy
Overview

MNow thae we understand how nerves and muscles *mlk”
ter each other, lers examine che gnatomical componernts
af the nervous and muscular systems before we invest-
gate how they work rogether in o functional movement
system.

Hervous System Classifications

The mnst basic srcture of the nervous system is the
neuron, Meurons have many different shapes and sizes,
depending on their loeation and funcrions in the ner-
ous svetem. A typical newron consists of 4 cell body con-
taining the nucleus; several short radiaring processes
called dendrites; and one long process, the axon, which
terminates in twiz-like braonches, The weon moy alsa
have branches or collaterals projecting along 18 course.
The xoon, rogether with itz covering, or sheath, foems
the nerve fiber.

Beyund cumnprehending the meuron, the nervus sys-
tem beenmes very complex. To make such a complex
system casier o understand, science has divided the
nervoms systemn into stoalier wnits, Becanse the nervons
svstem performs so many fusctions and is compeised of
varlons srruepares, it ean be divided usting a wasiery af
methods. The most comenon methods used vo discuss
the nervmus system include phy=inlogical, anatomical or
tunctional divisions, Phwielegtoady, the nervous system
i divided into the somatic and visceral nervous svatems,
The somatic system includes all of the receproms and
nerves that innervate musches and skin. The visceral ays-
tem iz the sutonomic system that 15 further subdivided
ineo the sympathetic and pamsympathetic srstems,
Further dizoussion of phvsiology is available in human
physiclogy texts. This rext, however, focuses an anatom-
icil and functional classifications of the nervous system
ng they relate o movenent,

Anatomicaiiy, the nervous system is divided intm the
cetitral nervong syaeem (CNS) and the pesipheral nerv-
oz syatem [PNS) The central nervous system is com
posed of the brain and spinal cord and inchodes all of
the nerves that communicate with each other within
thise areas. Thess neural strocmires are enclaeed within
the bony verichral oolumn and skull On the other
hand, the peripheral nervous system includes the cranial
nerves, the atferent sensory nerves o the spinad cord
and the efferent motor newrors from the spinal cord to
the muscles: A eross section of a thomede spinal eond
segments and locations of major motor and sensory
traces arc illustrated in Figure 3.2. The term tract
describes a group of avons with comman oarign, fune-
Gty ot Cerminations, The name of a trect often indi-
cares the general ovigin and destination of the axons
which make up the mmcr, For example, the spinocerchel-
liir tructs convey sensory impubses from the spingl cond
tes the cerchellim. Likewise, aons in the corticospinal
tract descend from the cerebral cortex and tenninate
within the spinal cord, General anatomic featires of the
neural pathways transmittang from the brain o ndivid-
ual mugcle fibers are aleo dluserated schematically in
Figure 3.2. Awons of epper motor neurons are locaned
in the cerehral cormex and descend in the spinal cord,
These upper motor neurnns foam axonal bundles as cor-
ticospinal pathwiys of wacts, Corticospinal traces are
in the luteral and medial portions of the spinal cord
(Fig. 3.2) and are the lateral and medial corticospinal
tract, respectively, The axons of the corticospinal tracs
miske amaptic contect, nawdly vin interneurons, with
Tower moior neurons. Lower motor nensons are in the
veutral hoen gray marter of the spinal cord. Each lower
motr medren innervases 1 set of muscle fbers within a
mmzcle, These connections between a nerve and o mus-
ele are dlustraned in Figure 3.2

Famerionadly, the nervous system is divided similarly o
the anammmically bazsed sstemn bat wich additicnmal clan-
twution. For example, the peripheral nervous system
tniehiides afferent and efferent neeves. In functional tering,
the afferet system includes all nerves associated with the
transmission of semeory information: inte the CNS
Afferent nerves includes peripheral axons, often called
primary or first order afferents, originating from the
recepions and cntering into the domsal horn of the spinal
enad. Onee in the spinal cond, afferent signa’s symapse and
continue transmission within the central nervous system
vig second and thied order afferents ot wariows meuml
reghons hetween the spinal cosd and cortex.

The efferent system includes nerves that regulate
movement and moter behavion The inigal efferent
nerses within the central mervous system are upper
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moter newrons sinee their connections, cell bodies, and
mons lie within the bmin and spinal cord, Intermeurons
are: thewe earons within the ventral oen and interrmeds
ate wress of the spinal cord, Interneyrons transmir effer-
ently e alpha and gamma lower moroe neurons, Alpha
and gamma bower motor neurans innervate extratisal
muscle fhers and intrafusal muscle fbers respectivelr
muscle fibers are discussed in more deil Tater in this
chapter. Intemeunons function as a neural dridye berween
the upper and lower motor newrons.

Merve Fibers

As we by, neeupons are tThe functional structuse of the
nervous system. Afferent and efferent nerves must relay
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e panoheral winle nialier wilh ssoending
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o ars erilanoed (o Buedrate sersory and
rmedor components, dote trat gtructuness
anc fracts exisk on nolb tha lsft and ngnt
gt dor simplicing, howsier, ony On B eios
|5 lluistredec],

messages quite Tapidly if thoy are to perform their
responsibilities effectively The motor and sensory
TR U l.l.'r.qj'rru‘:l.l with a mvehn sheutk o i1r-:1l.r'||:|!-r' far
this necessary transmission speed, Myelin is a whire
lipid subsrance that insulares the neural axon. Aleng
this myelin sheath are regular indentations the length of
the avon: these are podes of Ranvier, named after o
French histologist, Lows Ranvier (1835-1922), The
myelin sheath increases the speed of neural mansmis-
sion Dy allowing the excitation to jump along the
axon from one nods of Ramaer to the next rather
thun fluwing o make contuct with the entire axomn,
Characteristios of sensory and mozor neurone are
depicted in Figure 3.3,
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ferve Fibers in the Penphers! Nervous Sysfam
ﬂl i'u_'.'ri[l'hl::l_‘.;lT TR h'|||'||-|: {‘mlli_ng |1!"|" I‘1II;,: :v.'i:-'iﬁ:_l} -u_'rml 1%
counpoaed of many nerve Bhers, both sensory and moter
(Fig. 3.2). Funerienally, peripheral neeves include the
frllowing fibers:

* Sensory nerves are functionally referred to as affers
ent nerve fibers. Their cell bodies lie in special gan-
elia, Sensory Abers carry impalies arsing From var-
ous receptors in the skin, muscles, and special
sense ofgans to the central nervous system, where
the impulses are interpreced.

s Motor nerve fibers are functionally referred to as
efferent nerve fibers These mtor fibers comduct
impulses from the spinal cord to sheleral muscle
fibers for voluntary musde activity contml, Their
cell bodies are located in the gy matter of the
spana] eord and beadnstem. Laswer widor teonrom s
the term wsed to deseribe 4 motor (efferent) serve
whoae coll body and axon originate in the venral
hom of the spinal cord and synapse dicecely nom
skeletal muscle, It i alse often eferrad to as the
final qammant patd between the nervous system and
the muscalar system,

* Antonaimic neunns ane concernsd with the invwolun-
tary comiral of glandular activities and smooth mus-
cles, incloding smooth muscles sursounding acteri-
odes and venules within muacles, Compeehensive
explanations of the autonomic nervous system are
beyons] the seope of this texe bur may be found in
phoesbology and newnoscience wextbooks

Classificarion aof Motor and Sensory Nerve Fibers

o Lhae Hauh il SMuwineal I]lu:nl:li.': 11 I|:1.' IIJI.'I'rlﬂ:IL'l'-II
Nervous System

When histologists and anaronists began studying the
characteristics af the nervous system, neurons supplying
VATHRLE rnotor il gensary stnictires i the E‘Hnl}r WETE
elassitied aceording o the diameter of theit axons. Their
clagsification system remains in wse today {Table 3-1).
The largest axons are classified a5 type A, and the small-
et fibers are O those of intermediate diameter are
reterred 1o a5 type B Both A and B fibers ave miyelinated,
whereas C fibers are unmyelinared, Type A fibers are
turther divided, based on fiber diameter. Type A subdi-
visions include type A-alpha (e, frpe A-beta (B), type
A-gramrng, [y}, and type A-delta (8),

The reason classification according 1o size is impor-
tant has to do with the speed of nerve conduction. The
speed ar which 1 nerve impube trvels aloog the leneth
ol um weom 33 reboed W the dismeter of the won wl
whether ir is enclosed in o myelin cheath. Larger swone
conduct impalses at a faster velocity. This makes innuitive
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TABLE 3-1 | NERVE FIBER TYPLS

Condiiclion

Fiber Type Fiber Diameter (pm)  Velocity (m/sec) Peripheral Organ Function
A-zipha (a) 12-20 =120 Shetetal muscle Mator, slzietal muscle
fmaton) efferent
A-glpha la 12=20 To-120 Mucle spirdle Propricception
(Eansnny affezant
A-alpha Ik 1220 -1 Coigi tandon oroans Propricception
(sansoey) afferent
A-Bata |l 512 30-70 Muzcle spindle and TFoiech, pressure.
(Eansony Ehprassure vibretion

recephors
A-gamma [+) 36 1530 Indrafusal musede Mator, muscle somdie
(miakor fiers of maiselp eiferent

spinde
Aeclpita (B 2-5 12-30 Skin Pain and tempesalure
=20y afferent
B fibars 1-3 15 ALHINEHTIIC Aumnoms: effersnt

Sympadhetic
& fibers 51 e Ski, autonomic Pain and fempesatire
1] pastganglianic efferent

Sourzec Berinf, I Auociovur Alsuomsmd Babon dooss e Lie S Phildebibie & A Davis Comparry, 2. Beon nbed with perm ssion o BAL Casks Compamy!

rense, and a simple eomparison belps s understand this
concept. If you compare the kicgest-diameter nerve to a
parcien hose and the smuadlest-dimmetsr nere tooa strav,
it i mogch Buster 1o move one gallon ol water theough the
hose than throwgh the straow. As we have dlready dis-
cussed, adding o myelin sheath causes the axon to con-
duct an impulse cven Fsrer, Type An are the Tirmest
rryelimated axons (diameter = 20 wm) and conduct an
irnpatlee ar a mazimnm velocity of approgimarcly 120 m/s.
The Jongest senscry and motor axons extend from the
Pambar spinal coed sogments to the foor muescles, a dis-
tance of gpprosgroately 1 meter w an sdult of eenge
height. Therefore, 3 miminiim of B maee (00008 secand)
ks needed for a nerve impulse to ravel the length of type
At avon, As seen in Tahke 3-1, the smallest nerve fibers,
type & (0.5 pun in dismeter), convey nerve impulses from
senanTy endings in the skin thar appear to produce sesa-
tions of pain when stimulated. Pain impulses are con
ducted ara velocity of approximarely 0.3 mufs.

Classification of Sensovy Fibers on the Basis of
Fiber Origin within the Peripheral Nervous System
Afferent nevve fbers within the peripheral nervous sys-
tee iy also be clagsified weconding vo the type of sen-
sory recepror from which impulees are conduected. This
method includes four groups. The first group (group 1)
i subidivided into subgroups L and Th, Group Ia fibers
carry inpulses from the primary sensory receptos in

muscles, the muscle spindle. Group Ib fibers carry
impulses from sensory receptors located in tendons and
are referred 1o gs Golg tendon organs (GTO). The
Grolgi tendon crgans are located at the interiice of a
mugcle with its tendon. Diamerers of growp la and 1h
fbers are approxdmartely 12 to 20 mm. Muscle spindles
and Gelgl wrdon engans are type A-a fibers. Group 11
Eibwers are equivalent v type A-P in dismeter size (4 w
12 o} and carry impulses from the sceondary recep-
tors In the muscle spindle.® The structure and function
of muscle spindles and (GTOs are deseribed in the sce-
I o fecephors,

Classification of Motor Fibers on the Basis of Fiber
Desimation within the Peripheral NMervous System
Efferent nerve fibers are classifled ino pwo proups based
on which muzcle fiber thar they innervate. Alpha (o)
mator neurons  innervaie exirafusal skelstal muscle.
Cramma () motar neurons Innervicte the conractibe ehi-
ment called the intrafusal (within the spindle) muescle
fibers. As rhe name indicans, the inmrafisal muscle fibers
lie within the muscle spindle while extrafusal muscle
fihers are nommal skeletal muscle fibers,

Merve Fibars (n the Central Nervous Sysiem

As with the pedpheral nervous system classitications,
the CNS alen hae different methode of clasafving the
nerves which comprise b Within the centeal nervous
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systern, nerves are classified typically by their physical
characteriaties aneh as size or thape. For cxanple, the
grant cortical newron s so named for it size, and a
pyramidal noeron is named for the shape of it coll body:

Annther way of classibving neurons references their
functine. For example, the aeeriattan nenean 1 o neyron
within the sssociation cortices ol the bosin Thess
nerves communicate with each other within the brain
and literally create sssociations between neural areas,
slmilar to the bridging function of the interneurons
within the spinal cord: hence, thelr name—association
LEAEORS.

As previously mentioned, all sensory and motor
avons travel in traces within the NS, Recall that traces
cumnstal el boamedled axoass and are mamed for their Tk,
lacation and destination. Because many nerve fibers aes
covered with @ mvelin sheath, tracts appear white in
unstuined histologic sections, therefore, the term white
marter 4 used o deseribe arcas in the cenoeal nersaous
system that contain predeminantdy fiber traces. Within
varicnis reginns of the central nervous system, agprega-
tios of anstemically and functionally related neurons
icell bodies) are distingnighed from one another, and
these aggregarcs ane veferred to as oucled or ganglia
Reginns of the contral nervous. system in which nerve
cell bodies are concentrated sppear gray in oolor because
they are net covered with myeling these sections ae
referred o s gray macter. The ceneal region of the
epinal cord containe nerve cell bodies {grav marter) sur-
rounded by tracts of myelinated axons (white mateer]
(Fig. 2.2}, Some traces carry mscending or sensory
impulses whereas others carry descending motor
impuitses. In the cerebrum, the cell bodies and teact
positions reverse; the cortex appears gray because cell
budies uf corthal newrons lie in the saperficial surlacs
layers. Tisaue heneath the gray marter 18 white hecanse
here i3 where the myelinaced axons that connect corti-
cal neurnns with other regions of the UNS are locared.

Upper motor neurons i within the ceniral nereous
ayatem and carey timpulees from ehe brain to motor ne-
ronis i the spinal cord, and lower motor neuromns of the
peripheral nervous system transmit motns implees
trom the spinal cord to activare skeletal muscle fibers,
Some nenrons. termed internenrons, reside entirely
within the spinal cord and transmit impulses foom one
nenron o the dendrites ar eell bady of another newron
nearby

Most neurons discharge nerve Impulses intermit-
tently; that is, the sewrons exhibin a level of firing even
whilz at “rest.” The trequency of discharge is modified
by the influence of other neurons. Both facilitatary and
inhibirory stimuli are continmally transmited from

motor cetters in the brain to internewrnos theoughout
the spinal eord. Metor neurons reecive synaptic connes-
tions from thousands of other neueons. Whether a
given momor neneon becomes more active or fess acrive
depends on the net effect of all the tcilitaeory and
inhibitery srimull ehat arrive ar the motar neasan of any
Eivern Insgant.

Afferent nerves also haws varioue possible connections
when they enter the spinal cord. After entering through
the dorzal hoen of the spinal cond, the sensory avon mey
pive oft a branch that aynapses with intemeurons in the
spinal cosd. However, the muin fiber wsually ascends
through the spinal cord to synapse with other neurons in
the central nervous system, A peripheral nennon with an
veinterruptesd awon Bke this i 2 fiet onder newron.
Sensory newrons that receive symaptic inpur from a
peripheral sensory senron (first order menron) and then
carry the impulse to the boainstern and other lower cen-
rers in the cenoral nervons system ane second order neu-
rons, Sceond order neurons frequently transmie the
impulse o thied order newrons, which are Tncated in

higher centers of the central mervous sywteT.
Muscular System

Cogmizant that the nervous and scnsory systenss con
stanthy eoordinane and refire noT MovEEeNtE, we nexr
examine muschs in terms of their strocture and fone
tio. Like nerves, mnscles ane alao excaitable and reapiond
dvmamically; similarly, just as an action poteatial ecours
Az a single excitation and response of a nerve, 3 muscle
twitch results a5 o single excitation and response of a
muscle. (Fig. 3.4).

Structure of Sheletal Muscle

Just as the newon is the basic element of the nervous
svspern, the muscle fiher ks ot the core of the muscular
gvspem. Although very different from newrons, muscle
fibers are also complex in their strucmure.

Musele and Muscle Fiber Structire

Each segment of the body contuins several shleral
muacles {Fig. 3.5A). A mnacle is rummounded by a thin
connective tissue covering called epimysivm, The
epimysium helps to keep each muscle separats from
adjpcent muscles. If we delve into a muscle, we see that
annther connective tissue layer called perimysium suh-
divides the muscle, Perimysium divides @ muscle into
sections within the entire muscle, Each subsection of 4
eruscle 1s a Fascioulus (Fig 3581 IT we move desper
into the muscle’s fasciculi, we realize that they are made
up of lots of muscle fhers. The muscle fibers are the
basie seructure of muscle. Muscle fibers are mmscle cells
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(Fig. 3.5C), Each muzcle fiber s made up of mulripl:
rod-like myofibrils, spanniung the entire Tength of the
muiscle fiber (Fig. 3.502). Myofibrils are bundles of fila-
ments within a muscle fiber; myofibrils are also called
myofilaments. The lengrh of a muscle fiber wvanes from
a few millimeters to many millimeters, The diameter of
an individual muscle fiber ranges from 10 w100
micrometers (pm). Each movscle cell has several nuclet.
Each myoctibril has a covering or membrane, the sar-
colemma, and is composed of a gelatin-like substance,
sarcoplasm (Fig, 3.5C). Hondreds of muscle fibers and

other vital stractures, such as mitochondria and the sar-
coplasmic reticulum, are imbedded in the sarcoplasm,
Mitochondria serve as “riny fictories” where metabolic
PIOCEIAES (GCCLL.

A myofibril (Fig. 3.5T3) s composed of units, and
each unit s reterred 1o as a sarcomere. A sarcomere les
betwzen two Z-lines. Between these two Z-lines are
many myofilaments. Myofilaments are made upoof fine
threads of two protein molecules, actin (thin filaments)
and myosin (thick fikiments) (Fig. 3.5E), These two fil-
arments provide skeletal muscle with the appearance of
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() Actin filamont

Figura 3.5 Diagrem of the organizston of skelsta!
mede at rest, from &) he gress o B the rolacular
levels, F. 5, and H &g oroge secions of the oty
at 1ha levels inclcated. iz & diagrsm of the compoesition
of the nyofiemesnt=. [Acaped rom Soom W, and
Feacell O A Tenbook of Herology ed 10. WE
Saveederz, Philsdalpila, 1975, p 306

Tighr ancl durke strbations, which i '|.'|'11_'|.' skelera] mmuscle 1%
referred to a8 “striated” muscle. The seations are alver-
nate hands of fight and dark light-refractive marerials
that, when viewed under a microscope, are sten 1o be
alternately lighter and darker bands {Fyes, 3,510

The darker band in skeletal muscles, referred to as
the anizotropic or A-band, contains both aefin and
myosin Llaments (Fig. 3.51-1), In the three-dimensional
arrangement of these flaments, six actin filaments sur-
round each myosin wnd three myusin filaments
{Fig. 3.5) surround cach acrin filimenr. A-handz have
an isotropic middle zone: the H-band which containa

— b
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— . | e

—] = Fi 2 i

- Trapoirhigein J llL T'W"-'rlrﬂ
Razfin

B myotiaments

(& wyosin filament

() Myosin malecule

Light

maremysin .n. Heawy
METomysin

anly myosin Blaments I:F'i#' 3.5, G). The Tighter band
in skeletal muscle—the isotropic or I-band—containg
only actin filaments and is bisected vertically by a £-line
{Fig. 3.5} F). One end of each actin myofilament with-
in the 1-band 15 anchored to the Z-line,

The thin actin iliments of the T-bands contaln two
proteing, troponin and topomynain (Fig. 3.5 Adfin s
polymerized (linked together) to form two-stranded £il-
aments that are bvistesd topether (Fie 3.5F) o farm
part of the wetin filwment, " Trepomyosin is @ rod-shaped
molecule and composed of rwo separate palypepride
chains that are wound amund each other to form a long,
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rigid insnlukle chain, Tropemynsin is about 40 nm long,
"rhl::-u.' :~1‘|'||'ig1|t T:lr:-]n'.'u]l:k Afe urru1|g-e:d :llrm_g ﬂ1r-. m.'h'.||
Elament 50 one topounyosin is coupled with approsd-
matcly gix actin molecules (Fig. 3.5F), Troponin i a reg

ulatory protein that is bound to a specific region of the
tropmyosin filament. This armmgement provides one
woponin globule per 4 nm of tropomyosin flumen,
Regulatory proteins, such as troponin, impact the inter-
gctions between an actin filament and its adjacent
mysin filaments, An important function of troponin is
baved on ity envrmous widity for caliium ons (Cao)a
property that i important in activating the coneracrile
process, This arrangement of actin, tropomyosin, and
troponin forms the actin filaments in the sarcomere, Tn
sirnple terms, the functivml purpose of actin is 1w pro-
vide a binding site for ehe myasin during a musele con-
mractioi.

Myngin filaments {Fig, 3.5G) am thicker than
actin filaments and are composed of myosin molecules
(Fig. 3.5H). Mynsin consists of polypeptide chains, one
pair of heavy chains and two pairs of lighter chains,
which are coiled fogether inte nwe Jarge chain (Fig.
3.30G-1), Myosin melecules form o rod about 1.6 pwm
bong and 1.5-2.0 am in diameter, about 110,000 of the

diameter of 2 hair from your hesd, The end of each
hru..'.'!.' ;'1|:li1| '|1|,|.'.q. n #nhulu'r striictiife rhn-r Frrr:n.-. ]
“heads” of myosin, These heads lool similar to the dis-
t end of a hockey stick (Fig. 3.5}, These globular heads
are at the end of an “arm” portion that is *hinged” to the
MY, These «I‘Iiﬂh"l‘.‘.ii' alliver thie arm= o [renpect out
nterally from the myosin Glament and move during
muscle activation. These heads are called evossbridges
because they bridge the thick filaments to the thin fila-
meents ducing muscle activity (B 3.8} Crosdbricizes
wre not present at the central portion of the mywsin fil-
ament, and the crossbridges on the two halvez of the
myosin project in opposite directions. These cross-
bridzes alipn in groups of three called “ormmns.” Each
consecutive crown i positioned swch that it is rosed
on the myosin from the previous erowm. This arrange-
ment provides crossbridges for each actin that is adja
cent to the mymsin, There are sboor 300 to S0 cross-
bridies oo & L6 pm-long nywsin filament,” Myosin
exhibirs enzyme-like qualitics capable of splirting
adenceine triplhosphate (ATF) into adenosine diplios-
phate (ADP} and phosphate (FO,) plus energy. The
sipnificance of this reaction 15 discussed in the section
dealing with the energetics of muscle contraction.
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lvestigators using hght and clectron mcroscopy
have obeerved relaved and conrected srares of muscls
tisaue. The length of cach serially repeasing sarcomers
unit is approximately 2.5 pm when the muscle is
relimed (Fig, 3.6A0, The length of each sarcomers
decreases o about 1.5 pm when the muscle is ylly
cantraceed (Fig. 3.6C). In contrast, the sarcomere unit
may be increazed to about 3.0 pm when the muscle is
stretched (P 3,600,

As mentioned, a sarcomere is secured an each of i
ends by a Z=line (Figs. 3510 and 3.7). Widths of indi-
vidual A-bands do not change during contraction.
Howeewer, the T-hand where only actin Blamients are
szen does become nacrewer, und the H-zone, whers
anly myosin filuments are seen within the A-band, is
obliterated. These observations demonstrate thae the
froe ends of the acom Alaments lide toawvard each other
it the cenrral H-zone of the A-bands when mmwscles
comtrice. Ag the acrin Blamenes mowve toward each
ather, the Z - lines are pulled closer together so that the
I-bands shorten (Fig. 3.6A, B, C). Although the amount
of shortening of each sarcomere unit is small (0.5-
L0 pm) the shortening of several thausands of these
sarenmere units linked in series produces o noticeahle
reduction in the entire muscles overall length. Tor
cxample, 1 muscle fiber 10 cm in lenpth, like the biceps

Figure 3.7 Enckopimmin redruloen of the slosladal mussis
fiber. Ehatch of the lne siuciume of pat of a musch e
Gozed on on slectron microgroph, The sel mambrane
inrEgnates at (he (eve ol each Z-line, zanding transeerss
lLibes srrnEe 1Ne Filsnor o the fbern hetveasn e L-es
and paraal ba e rponbals o e Sarmopias e reticulum,
alwhich sacl+e e aemetis ke terminal CEH:H'HHE* adn
theirensyerea lubuas,

brachii muscle, has approcimately 40,000 sarcomere units
Teed up end fo end.” TF each of these 30000 sarcomere
units shortened by 1 pm, the ends of the entire muscle
fiber wonild rove 40000 pm [or 4 cm) closer Together.
Thus, an overall shortening of 40# of the length of the
mmecle evomrs

This comcept of aetin and myosin Glaments stiding
past cach other o produce musele eoneraetion iz
lenown as the sliding filament model of muscle con-
traction,™ " The specific way in which actin filamenrs
wre drawn past myosin Slaments to develep muscle
renston and moscular shoreening 43 complex, Simply
sumrnarized, however, the myosing heads attach o and
parll on the actin causing the actin filamen® o slide
over the myosin into the H-zone to shorten the
sarcomene during muscle centraction (Fig. 3.5 E,
Fig. 3.8} Let us delve deeper into the sliding filament
mode] to gain additional understanding of how mus-
cles conlract.

Mynneunl Junction: Transmission of Impnlaes from
Merves to Skeletal Muscle Fibors

The nervous system regulates the aceiviry of muscle
fibers by sending eontrol signals In the form of action
potentiale, Corversion of a nerve impulse to a muscle
impulse, however, occurs throwgh o complex process,
The nerve Bber branches at its end ro form g motor end
place, which adheres tighdy to sucfuce of the muscle
fiber b does not penerrate the muscle fiber membrane
(Fig. 3.2). Thir connection is a type of sywapse referred
ta as the myoneural (Gr. ey, muscle, plus wewrer,
nerve) junction, commonly referred to as the nearn-
muscular junction. The muror nennm end plare con-
taing mitochonidria that synthesize a neurotransmitter,
acetylcholine. Molecules of acetylcholine are stored in
srrall viesicles Yocamed w0 the presyiapns nding aof
tnwtor nenrons. The artival of a nerve impulse ar the
rrvonieral junction causes release of acctylcholine from
some of the vesicles, When freed from storags in the
veriles, ur:'.f_'g.'l-r!‘ml'lrl:: diffuses tupadly. weross the short
distance between the motor end plare and muscle Hher
membrane, Acetylcholine them interaces with recepror
sitez on the muscle fiber membrane. The interaction
i_ﬂt'FﬂH!ﬁl,"!I; the Tmmw.uhihl'}-' :l-%-tlw. :l:1|m.;]|:‘: |:'.|""|| rne*.rl:'lhmn-('.
to Lons tn the fluld bathing the junction. Movement of
these ions into the muscle call depolarizes the muscle
fiber {postjunctionall membrane and tiggers a muscle
action potential that moves along the muscle fiber by an

hogan = WY pi e JOHEDD ey Bk, the DY B sveeeils Bl < WOICLIONY o B2
gt 100000 jim disided by 25 pon per somosoe = U] 5 ogme e unim
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clecrrochemical mechanism similar w that of a nerve
irnpulse (Fig, 3.4).

Aler e THEH el [rl.::'||1|.5|i:-i;i[} al the El:mtj-l:lm:-
tional membeane, acetylchaline is rapidly imctivared by
an eveyine, cholinesterase. Cholinesterase is present in
the fluid bathing the synaptic space and immediately
1.-|1:'ir:a. weetylcholioe when iF comws i contaet with L
The very short time that acervlcholine remalns in con-
tact with the muscle fiber membrane, aboee 3 msec, is
usually sufficient to excite the muscle fiber, and yer the
rapicd tnactivation of acetvicholine by cholinesterass
peevents re-excitation after the muscle Aber repolarizes.

t.-‘tiliilitl.'l*ll'ﬂ 1Irﬁ=.|"i-iIE Il'l!i'll.l‘f‘ i rl'".' !II‘IE'IH'II'

of the Muscle Fiber: I".lrl.luplil.'-l.ui.l.' Retcnluim
Change in electrical potential in the immediare vicinity
of gctin and myosin Alaments trigrers 2 process that
leads to shortening of ench sarcomene, The interior of a
misecte fiber comtaing two interlaced systems of tibes
that play an important role in excitation of and coatrac-
tion of muscle fibers (Fig. 3.7), One grstem, the trans-
verse tubular system (T-system), rons perpendicular
the mpofibrils and speeds the transmission of a muoscle
acrion poteatial woall portions of the musele fiber, The
ather svatem, the sarcoplasmic reticulum (SR, i= foand
deep to the sarcolemima, minning paralle] and FI':F".'I'FII"EP]
to the myodibril. The sarcoplasmic mticulum stores and
releascs caleinm jons during the conoractile process, The
twie systenns, the transverse tubulac systemn and the sar-
coplasmic reticulom, tngether comprise the endoplasmic
reticulum (Fig. 5.7).

Excitation-Contraction Conpling

Energy must be supplied o myofilaments wo cane:
meovement of the actin filuncats toward the center of
the A-bands. Energy for this purpose 16 available from
adenosine triphosphare (ATP) molecules, which ar=
coupled to mynsin crosshridges, The ccrgy s provided
when myosin acts ag a catalyst to split moeleoles of
ATP inta adeneaine diphosphate (ADP) and inorganic
phosphate (P} Calelum stimulazes the myosin to split
ATT This process is called myosin ATPase acrivity.
The following section describes how this process works,

ﬂiitﬂing Filwmeni Model af Bloscle Controction

A sequential series of events expluins how sliding fila-
menm develop rension and sharten (Fig. 3.8). Projeerions
of crossbridges are bocatcd on the wyosin evofilament.
At regt, the crneshridges between mopesin and actin
myofilaments lie perpendicular to the myposin flamens
and are prevented by regulatory mechanismg from male-
ing contact with the actin fluments (Fig. 3.8A) Also, at
rest, calcium s stored in the SE, and the ATT" molacoles

are voupled near the end of each crossbridge [(Fig, 3.8A)
Potential reactive sives on actin noyofilaments are covered
1:& l:'l::l|:||._|-1;|i;11 anel, theeefore, are not avadlabde o the LR
coosshridges.

When a pulse of depolanzasion descends the
T-tubnles, quantities of calcium are relessed from stor-
agre sibes in il SR, Seare of the caleiom fons ingeract
with mroponin, causing 1 deformation in the shape of

ﬁ'-liﬁ:]--—!lr
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) cousling
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() Recharging

Hgura 3.8 Ths ypolheslzed secueniial sanes of mecbong
It acinss Sims o6 achn dn o Slarreres fhar ool fe
actin Mlamrent Sarg the rrpcsin Blament to produes sholesing
of ths sarcnmers., The recoeary moess: = e lustated, bany
mpektors of te stk a3 lanse pansesiace of the aclive siles
e needed 1o proeduce & sirong coniiacion, A) Reat,
Cioeshridges projeat from & meosin myodlament bl are rod
Cupiesd vilhean adin ryohEmens, Adkenising Ishos sl
I&TP) is stlached mear Lra head of e orosabioge) Iopsnn
covers lhe eciive Biles an e aclin melilbbment: caloum oos
are giored in tha saroopissmic rélioum, B Laugding. Arival of
the muacke scton poterial dapoerzas the serclemme ard 1-
b des; Gl ons ang ralaased o reach with rapening
changs in ha shegsa of e FRopee neGalien Gompse INcoy s
aclivs siies on &sling 8 cmesbrckss couple wilh &n ad@csn
ducrlies: sals, Ihanatny ioking rrnedesin and aatis amallfarments G
Cormasiion. Unkage of a coeebricge end an active sie giggers
Acaroeire Hphosphataze (87 Pass) actv by of mycan; ATP spins
i pdlennsne diesshosphate A0+ POy + erergys The resstion
produces & ensienl fexoe o Ine crossdidge; he dcln
myoléEman| i mdisd a shorl delarce plong the meosn
mryllerrenl; Z-Fwes are moved closer togedlern O Reclerging.
Ihe coEebidgs UNooiokes Toim the 3cthe =te and retrects;
ATP Is repilacad an thg erossnndoa. The rsecupling, fzdon
LWL g, TetracTon, and reeharging proesssss se repaabadd
rundrecs of trss per sscond
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the tropenin moelecule (Fig, 38B) The chunges in
shape cansed by the interaerion of caleinm wirh teo-
ponin dncoves an active site on the thin actin filament
thar clectrostarically attracts the myosin crosshridgr.
50, in the presence of caloim, myposin and sctin are
artracted 1o each other and o globular head of 0 mynsn
filarrent and an active sitwe o an sctin flament forms
an actomyosin crossbridge. The actomyosin crogs=
bridge, in tum, tiggers the ATPase activity of mywsin
to couse ATP o gplie into ADP plu: phosphare and
produee energys This chemical energy is converted inta
mechanical energy by the mnscle cell to produce
Mo, ?'-'lu‘hanu‘aihq this ATF hydrolysis (split into
ADP and ) produces transient “flexion” of the cross-
Tart tl.i_'ﬂE & igr. 3. L0 which ‘FII.I.“:G the actin Mlamsent o
shovt distance. Once this motion ocoures, the ADP and
P are released to allow reformation of ATP which
bimeds onoe apin 1o myosin. o the pressnce of ATE,
the myosiny affinity for actin diminishes and linkage i«
broken (Fig. 3.810. A cvele of coupling, flexion, wcou-
pling, refraction, recharging, and mecoupling reprats
hundreds of times each second as Iong as caleium and
ATP are peesent, If either calcium is removed from the

myoplasm or the ATP supply is exhausted, the cvele of

acrvmynsin consehridge formation and release ceases,

Musele Heluazarion

As depolarization of the muscle fiber ends {5-10 wsec),
intracelalar calcinm concentration dmps very quickly,
and rebaation ooours. The repid drop in intracellulax
caleium results from an active “pumping” of caleinm
inns from the region of the myofiluments back Inte the
SR storage sites. Active transport of calcium against a
concentration pradient continues until the concentra-
mon of calclum remaining o the intracellulay fAuid
hathing the mynfilaments reaches a very low resting
condition level. Removal of calcium ions from the
vicinity of the actin flaments resuls in the troponin

PRACTICE POINT

Llbe musch Fag 2 corhinual svaiability of ATP kar rsscie acaaly.,
Aiger mars i5 & conditian cased by & Eek af ATF wah an armas
of e acioyosin crossonoge cycle wilh attzchment of i two
mualilamerits 0 1he peesence o calciem. Sinos thare s no ATP,

returming to It original shape, covering the active sites
om the actn filamenty thus, the acfin and myesin fila-
ments seturn to their “resting,” relaxed state. In eftect, an
insufficiznt concenirarion of intraoctlular calciom ceases
actin and mryesio myvofilament interaction,

Muscle Fiber Types

To must efficiently warens funcbong, different
types of sheletal muscle Bber exist, Eurly nesenrch of
rmzcle fibers classified an entire musele as ebrther fase or
slow, based on speeds of shortening. '™ M With more
recent imvestigations, an expansion in idenfification nf
main fiber gypes has cvolved to mclude two types; pe
and tvpe 11, with a further subdivicion of rype 1T inmn
tvpe Ila. and type bJI™ U Some Investigators have
dezeribed a more detailed hreakdowm of fiber n'p-rr- 1114
Dt toor the purpose of this text, only the o main types
of muscle fbers are discussed, Each type of fber bas
different propertics. Most skeletal muscles conrain a
mixture of bath types, with the proportion of cne type
maore predominant than the other type m o muscle
Meore importantly, the tunctional unit of muscle con-
tracrion, the motor unit, which inchides the alpha
motor nerve and all of the moscle fibers thar it inner-
vates, can be classified based on conteactile speed, as
detailed below, 115 14

The oype T oscle fiber appears dark (like the dark
meat of a domestic chiclen’) because It containg large
numbers of mitochondna and a high concentration of
myoglobin. Myoglobin is musck hemeglobin thae
EPOTES OUYVEEN. T1.'|:ne [ alsn i& referred 1o a2 slow-rwirch,
tonie. o7 slow ouidative (SO), because biochemically,
these fibers depend on aerobic or oxidative energy
rmetabolism, - 1214

The rype I muecle fiber appears paler (ke the white
meat of 3 domestic chicken) becauss it contains fewer
mitochondria and only small amounts of mvoglobin,
Twpe I, further subdivided inte [l and Ilb, are fiber

e actn and msesin Flameats remain atSched. anbil muscs bis-
wile: beging decomposkg. Rlgor mortis & & condilan B3k occies
armunid ¥ hours after death and remalms To some cegres for Lk
T2 hours,

U A i et st i rebs i s e e sl I1:|.
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types that are fast-twitch in their contractile speed bue
which rely on glyeohytie (anaerabic) processes and
ctelative (aerobic) metabolic ProsEssLs. 'Ii'r]Ju L srmescle
fibers, also termeed fast=-twinch, phasic, or fast glycobytic
(FG)Y or Fast oxidacive glvoolytic (FOG), amne larger in
dinmeser than type I muscle Gbers, Type Ia are the fasr
ot cladive !_;]j.u.ﬂ:lhﬁd aned Ly I are the fasi 5J1.-|.1::-1'|.Ii-,.
Type Ma fibers may seem like a “rrancition” flber type
berween the slow nxidative type I and the fast glyolynic
type b since it possesses characteristics of each. Tﬂﬂ:
I fibers develop a preater contmaction force and com-
plete a single twitch in a significantly shorter time than
type 1 muscle fibers. Type 11 fibers. however, farigue
mare quickly than tvpe I fibers, Type I fibers are inner-
wvatedd by srall diameter axons of the moror nerve and
are recruived st in o mwscle contraction, On the other
hand, tvpe [1b fibers are innervared by larger diameter
motor moons and are recruited affter trpe I and type Ila
fibers1” Table 3-2 summarizes the charcreristics of
each fiber type.

All human mmscles conrain varions proportions af
these different types of muscle fibers, Postural muscles
such as the golens and erector spanae, which are vieal for
stubilizing the body in positions such a5 standing for
bong perieds of fime, are largely composed of type 1
fibers, whereas nmnscles involved in large or guick burss
of activity, mach as the biceps brachii, are compuosed
bargely of type IIb fibers. Some investigators suggest
tlhar the ;:rrl:r|1|:|-11'|-::lr'|:s of Tast-tearch andd  slow-twiech
muscle fihers ina pardeular muscle can vary from sub-
ject o subject.® 3 Diespite subject-to-subject variation,

the proportion of slow-twitch (gype 1D Fhers is high n
postural control moseles such 25 the human sleus mus-
cle o e |£g i prreak e 550 of thie fibers) and low n
quick=-moving, refined movement muscles such as in the
oroiculans vonli of the eyeball (10%),7% Generally, the
more type 1 muscle Gbers contaimesd wathin a muoscle,
the mome i '|'||'l|,:|l.-'i|:!||-::-: p-cmh.lj".l,] h[aﬂﬁ[ir_'p, it the moene
rype 1b fibers coneained within a snsele, the more e
ides Tapid movemnent over short perinds,

Muscle fiber development and adaptaticn are gnnd
cramples of how the movement system can change in
reaponae 1o the demands placed upon it Muscle fibers
can adape to changing demands bw changing rating of
finer types within muscles® 1% For example, tpe 11
fibess are predorminant st birth, as evidenced by che
characrensiically gquick jerky movements typical of o
newhonn haba As the infant develops posmural control,
an increass in type I fibers occurs. By the time the child
is phout 2 vears ofd and his upright postumal control,
balince, and antizravity control, the ratio of trpe T and
1 fiber types is simikar to the satio seen in adults -2
Muscle fiber development and adaptation is also illus-
mrated in children warh deselopmental disabilities such
ae cerebral pulsy, whe demonstrute differences in the
morphological properties of sheleral mnsele 1 Tiber
types change again wirh aging, resulting in decreases in
the total number of both fibier type 1 and type 11 fibers
and sclective attaphy of the npe 1T fibers, and conver-
sion ol BEher 'r_'..'|1w:.1"-?1 T e ilgre: askointed changes
are corvelared with some of dthe declines i motor
performance seen in older persons, such as decreased

Muscle Fiber Type
Property Tyne |
Slaw-Twitch 50
Muzcle ther diameter Small
Colar Red (dark)
Myoglabin cortant Hiigfh
Mitorhrmiia M ImErmiS
Cocdallive Engymeas High
Ghycobtic anzymes Linw
Ghyngen conbant Lo
Myasin STHase ackwily Ly
Major sourca of ATP Duirtatwe phosphonylstion
Spand of cantraclicn ks
Farte of fatigue Slow

Type [
Type A Invtermedizte FOG Fast-Twitch FG
htermediale Large
Read Whits (pale
High Low
Hurmesaus Few
Intermediale Low
intermadiaie High
Ertermediate High
High High
DOxidative phasphargatm Gilyonhysis
Intermadiate Fasl
ntermediaie Fast

50 = gy modeleBvie PG - (el pheoivle: FOG = Rl aakdative-g reolylic,

Sowrcy Berke, AE s Eogerion, VR, Moke: usil mopoer ey ood seleciye sra osei oo ent, See Speon S Bor 3.5, 1875 50 L pled wih prmissges,
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postugal control, cocrdination and dexterity challenges,
alomg with functional prablems asch as hypolinesia
(decreased activity) and froquent falls. There Is evidenes
to indicate thar muscle fiber types can change from
fast- to slow-twitch fbers wath exercise or clectrical
stimularion 2t % Conversely, muscles thar experience
dizuse demonstare o transfofmation in the opposite
direction, from slow o fast =¥

This fluctuation of filer type has implications for
rehabilitation, serving as the physiological basis For
numnerous therapeutic and exercise science interventon
programs. Although a fibar-type specification within
individuals i= thought to be genetically determined,
training and rehabilitadion can alter conractile and
meaholic properties ol meescle  fibers, :L]Ilm"mg fur
improved responses 1o functonal demands. For exnum-
ple, placing a high metabnlic demand on mnscle, such az
in endurance waining,. results i an imeased oxidatve
vapacity for all rscle fiber types and leads o a comeer-
sion from fast yhycolytic to fast oxidative glycolytic
meeche fibers, In other words, percentages of pure fyps
11k £bers decresse and the percentages of typr 1la fibers
tncreqse wirth endurance training.® M % Researchers
have found that the type I fibers become taster and
tvpe 1T fibers convert oo slower, more coddarive oypes
with endurance exercise. The converse 15 also true with
tvpe I fibers becoming more plentiful and skower with
deconditoning, ¥ 41

The Motor Unit

Motor newrons that activate efferent motar reponses
are bocated either in the brainstem or in the spinal cond.
Those in the brainstem are for the muscles of the face
and head, and those in the spinal cord send impadscs 1o
the muscles of the neclk, trunk, and extremities,
Specifically, the motor neurens in the spinal cond ars
located in the gray matter of the ventral (anterior) horns

PRACTICE POINT

Cranges I fiber hoo composiion may akso be al kest pardalty
sspunsitks bor some of tha impeinnents @mi dsabifli=s s=2em
older persons, As the ddety romal sclivg and caierianss Inuses,
tha climieta’ musl reabze et nuecle liber comnposillons in e age
Foup Wil reqaie changes n rehatd o expectations In e
guch ag mawmal alrengih o belenca ahililies. Dodence ncicil=s

(Fig. 3.2). Varioos types of motor neurons exist, The
rrapaciry, if not all, of the neneons that innervare dkeele-
tal muoscles are within the A, alpha (@), sizc classifica-
fion, and known 3= alpha (o) motor nenrons, Maoror
comimands travel from the neuronal cell bodies owver
peripheral nerve fibers and then acroas the neuromoscn-
Lt junction, The number of muscle fibers nneovated by
a single motor nerve fiber varies from as fewr ae five, as
in some of the eye muscles, o as many as 1,000 or more,
o in large muzcles such as the mstrocneming. The more
contrel required of a muescle, the fewer muscle fiber
ta nerve fiber ratios 2 muscle bas. On the other hand,
muscles that produce large forces without the need for
fwe control have much lasger ratics of muscle fbers to
perse fhers, The ssnber of rmodor winids amd e aver-
age number of muscle Gbers per motar unic are larer
sunninarized in Table 3-3,

As the term “rootor unit” implies, all muscle fbers
20T A8 One L, contracting or relaxing neardy similmane-
ously. Muscle fibers of onc motor unit are pot adjacent
tn ome another; they are distributed theonghoor the
musche’s length, In addition, if tie metor units nerve
agtivarss its muscle fibers 1o contract, those fibers will
contract maximally. This principle is the all- or-none law.

Gradation of Strangth of Muscle Contraction
Increased strenprh of a muscle contraction, as a whole,
oocurs in three ways and is based on different principles:

* Size principle: The smallest motor units are acti=-
vared Arst

® Recruitment peinciple: Increasing the numtber of
moror units activated simultneously increpses the
overall muscle tension.

* Excitatory input/rate coding principle: Increasing
the freywency of stimulation of individual mutor
units increases the pereentage of fime thar each
active muscle fiber develops masimum tension

trat slvenaih exercises ars hemedizial for oider persong =l fhass
indivicmls o8| expariemce the s=me tpes of geirs as younger ndi-
sichials, ik e rreodimial el will b Sowes T youngier patients i
Mlitinrady, s INlEventons, eapeciilly Endurince s,
can affect muscle fiber typas inading o mproemers 0 concEin
iy belance, and perlormanca =2
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The size principle of recruitment describes the fact
that the smallesr matar neurcns are the fer o be
vecruited and the larest motor neurons are recruited
lase*® Small mortor neurons participate In most sus-
tained activities becsse they tend to innervate the
alow-rwitch, tvpe T muscle fibers that fatipue slowly,
Wihen musele Tuncions 1'+'|:|u.'|rq.-: ey :IIT't'I'IHrll.l it
Luegest fase-twitch and moee quickly fatigning motor
umnits become active. In terms of recnuitment order, the
smaller motor units ars recruited first. Since thess
sl ler sotor wite Tave Tesveer ronesele Gibers T TRETVE,
more must be recraited to produce force of a specific
level, For example, if a small motor unit is able m pro-
duce 005 kg, it would take 100 small motor wnitz tn
produce 5 ke of force, On the other hand, the large
motor units produce greater force since there are a
greater number of muscle fibers ineach motor unit. For
example, if 2 large motne unit is able to produce 10,20 kg,
106 Targre motor urits would 'I'I!"I:rdlji_‘r.‘_! 20 kg of torce, O
course, these numbers are exaggerated, but they serve 1o
explain the concepr. 1n summary; a musche succeasively
fires its small mobor units st Once those units are a1
recruitedd, thie bargrer motor unies are recruited in arder of
their size from smallest lange unit to the larpest largs
mator unif. In other words, motor unifs are normally
recruited in an orderly pattern with those which
nratdice low furce reeruited first, followed by higher
tDI\:E"pTDdLIElIIE units a5 torce requircments increasc. ¥

1'r'.|:':‘g af a smghe modor wnt temilis 10 a tearch con-
rractionn of the stimulated muscle fibesss With an
increase I fring rate, these twitches sumrnate 0
increase and susmin @ foroc outpet. An individws]
'i1 16 TEAs 1A r:r1L'.«an:_'||.r ﬁ!‘l’l.'!! |:|_l|r i||rm:|ui||g1:-|1ﬂ'| e 1] |I|r|1n:"r 11II
active motor unitz and the firing rates of those active
FIATor U Rk,

Joint, Tendon, and Muscle
Receptors

Specialized receprors wre present in jeint stuctures,
tendons, and skelemal muzscles, Because these afferent
receptors gather information ghout oues own joints

PRACTICE POINT

The kargest targe medar unity are nof recn ke for nonmal sally acii-
fhits. Thers |5 some | rdiceron that these mote unlls are rof ecnifien
vobidicly, Evdencs suggests thel tese mobor dnls are recrfen

and joint movements, they are called propricceptos
(L. proprie, ones own, plus cepsive oo receive), These
receprors detect changes in tension and position of the
structures in which the receprors are situzted. A pattern
of nerve impulses is generated in the recepror and mans-
mitted ro otier parts of the nervous system. As a resule,
PRSI - - fr el L'.!‘:l:ll'l;;l.:s: 1] jlﬁql.l u:l:l!;'l-ll. I:]umi[il:_n:l afl
the joint), speed of joint motion, amoant of joint com-
pression or distraction, as well as changes in muscle
length, rate of changs in muscle length, and force af
rrniscde contracrion are Tl.'IJ_'pe:l.l P wembers in Che sprnal
cord and brain. 1n the central nervous system, this infor-
marien is integrated with that coming in from ocher
remrory argans, Additional sensory argans inclode the
eye’s reting and the inner ear’s vestibular apparatus, both
of which provide input oo position, balance, sad
motion. Inoegrated sendory signale then are used by
mator control centers in the bmin to aumomatically
achjust the Incation, fype, number, and frequency af
molir wit Activiition 50 that approprinle muscle ten-
gion i3 developed o perform desired movements.

Joint Recaplors

Several different types of sensory receptors age in joint
capsules and fligaments. The major anatomic features of
various sensory receptors are illusorated in Figure 3.9
Muast of these receptors emit several action potentials
per second as o "resting” outpat, s0 the body always has
i sense of position in 2pace. The recepror is stimulaned
when it is deformed. Depending on the location and
mapnitade of deforming forces acting on the joint
and receptor location, certnin receptors are shimulated
and dischasge a high-froqueney borer of neree imjulas
when the joint moves. Beceptors typically adapt, which
means that the frequency of impulses decreases after
mevernert ceases aud then transmit @ steady wain of
perse impulecs thereafer. Further mevement of the
joint rmay cause one set of reoeptons to stop discharging
impulees and another set to become active. This conein-
ual flow of information allows the nervous system o
centinually appraise joant position and of the rate of
JOLET mevement.

during times of extieme siress, Dong thesa nes e aulongmic
sysiem privckes mersamirany fancions such as when 2 nonatiatic
i L s en B-Teok Tedcs 16 ave e in & s Tina,
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Cepsaile

Ligarmar wiils
|aimd

Flgure 3.9 Schomatic illearration of types of socopiorse
thst are usualy distinpuished in gints. & diagram of the

R i, showing Ehe daiamian of Yanous mesoptor ypas
i fhe capsde and Igaments of the jonk The menisc ae
free romm nerve: bers cxcepl el her aiachment o the
fibrous capdgule.

Golg tendon ovgans (GTOs) lie within moosele ten-
dons near the point of their attachment to the muscle
(Fige. 3.10) An average of 10 to 15 muscle fibers is usu-
ally compected in direct line with each 1O, Becose
they are oriented in line (or in series) with the collagen
fibers of the rendon and the sniscle fibery, the GTO is
icleadly swited v dieteet foroe or tenston in cither msscle
or tendinous colligen fibers but not changes in muscle

Muscle spirdie

length ™ The GTO i stimulared by rension produced
within the muscle fibers or the collagenous rendon
which it is attached. Physiologic date indizace thar cthe
GTO responds through torce-related neural discharge
because it 15 selectively sensitive o the forees produced
by in-serics musche fihers. Nerve impulses discharged by
the Guolgi tendon organ are transmitted over large, rap-
idly conducting afferent aons (group Ih fikers) to the
spiznd cord and cerebellom. In turn, severn] efferent
messages are disparched. These efferent messages po
tu the agonist (vontractimg} muscle o inhibit it aod o
that muscle’s antagonist to facilitate it Inhibiting the
agonist limits that muscle’s foree production w a lowd
that can be tolerared by the rissues being steezeed by the
onntraction. The GTOs theretw mediate nonreciprocal
inhibition, or autogenic inhibition, rcforring to this
inhihitory inpat to an agenist muscle (prime mover)
and an exeitatory messge o the antagzonise (opposing)
s le,

Muscle Spindles

Skeletal muscles are composed of eatrafusal (L. e,
outside of or in addifon, plis flses, spindle) fibers,
which wre “regular” or skeletl muscle fibers, Lying
within muscles, parallel eo the evtradial fibers, are
unigue propricceptons called muscle spindles, so named
for their shape, These small but complex organs have
multiple functions, both scosory and moetor in nature.
Very specialized muscle fibers, called intrafusal
musche fibers (IFMF), lie within muscle spindles, Each
muscle spindle containg 3 o 10 of these specialized
muscle fibers, The intrafusal fibers of the muscle spin-
dle are encapsulated within a conrective rissue sheath

Figure 3.10 A achema 1o usirate 1he anghomic
mekburs ameng exirebusa musck iDes, o moks
wilt, & mmudsche gondle ard & Golg tendon cagan with
U k= ved sflanen ol prasclicn, Ths Turce o lesedie
prdee by coniraciing e e muscks e
cEusae the atrucheral e retwerk [oolsgan and
dlasiin] o colapea amond 1he Golgl enooa organ
ancl e ek agelrells i be activited The rcscls
eoindlz acikanes the anonket whie nhixting the
antegonisl whemes the Golg fendon ongan does the
opasle nifvbis the pgonist &rd aciates the

antagonisl,
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AuEenic inhibiico e be efpctivedy apobed o fhampetic smmir
Ing @ehnlpues, especially In stuations in which e patient &
exframely arminis abiut mimvamend tug b pan, Sireteh the nusds
b e and of tha rangs and 1heh a2k e clent ko achely (sameld-
eally covirsel Ine muscle anzingl your resiiance, The musce wil
fien relx femporadly due o the GTO e stetching o an

iFg. 3.11). There are two fypes of morphological
arrangements of the intrafusal fiber nnclei: nuclear bag
and ruclear chain fibers, These inrrafusal fiber nnmes
describe their specific anavomical configuration té +3
The mclear bag intrafusal muscle fiber has s nocke
groped in the middle {lonks like a bag) of the fber,
'.I|I‘|||.'Tr=_'|£ ‘rlw |"|I|||7'|l:'::-|:' -'.'llain ]"l:l.-t ] hm‘]ﬁi xE:rrr'.;.n:t J'l_r-ngilh
lemgehy, in a chain-like areangement, Bogh the nucleas
bag and the noclear chain are summounded in a spiral
fashion by branches of an Ia {also called primary sensory
ending) atferent neuron. A secondary neuron ending is
formed by sroup I afferent Gbers and fownd primarily
of teclear chain fbers.

Two types of gamma |y} avons supply the nuclear
Ehers with motor innervation. The satc pamma motor
nerve mxons supply the nuclear chain fibers, and the
dymimie gamma meotor nerve axons supply the nucle
by fibers. These gumma nerve sons e mierower than
the alpha motor axons supplying the extrafusal musele
fbers, so intrafosal musce fbers respond dower
stimeh than do the extrafus] mescle fbers, However,
this unique anatomy illwstrates thar mwscle spindles
have borh sensory and mirtor functions,

Focus on the Sensary Funciion of the Muscle
Spindie
Az part of the afferent or sensory system, muscls spin-
dles function a5 a steetch recepeor, Muscle spingdles
send sensory impulses over the o and 11 atferent axons
that “inferm” other neanone in the spinal cord and brain
of their lenpth and, cheretore, of the lenpth of the era-
fuzal muscle and of the rate at which a muscle stretch
oceurs, This muscle spindles soceptor function tran-
spires because of its parallel alignment with the exra-
fuszal miuscle Abers. Therefore, & change in the intrafusal
fiber lengrth is assocated with a chanee 1n the extrafusal
fiber's kempeth.

There are varving numbers of nmscle spindles locared
within different rinscles, Muscle spindles are present in
sheeletal muscle and are most numeros in the muscles of

Incresss rigs Deommes Raclilabad, in Bis b, caled hokl-
ke e b B bold by the cinlclan =t e ond of the mimskes
range of motian {for exargda, the hamslrings!, and tte ebett &
askod 1o perform an Isamese o *rokEng” confracton at el paiet
It the o, After e engimng r2 o of 12 isamenc bk, he
limi b then mors cesily mosmd imo e nety achleved mnga:t M

L~ Connestive
ligsue shaath

e I {iTRELIZ R
mrscle fibers

=" affarend (sanEory )
fesrs qraup L

—— Muclasr chain
5 gamnsr aflene

flmt&}nmam
1 o mimfusal bers

o arffierreand
{rmsabor f nerye
v e trafunsd
fibers

Extrafusal
TRiECE iber

Figaera 311 The muscls spindke, This dagram shoes the
aiEomis relaticnships among e M or camporens of @
imesche spld o, Alhoaegh most nwscle spindles contain 3 1o

18 mrmfusy fhers, for smoacly, only 3 sets e showm, baucker
iy liars &l Awcless Ghan bers Ao are picumsdd, s wal 25
tre alferent and alfeent nerve suoRlies. Extalu=al musde [bers
aongpside (e mischs sonde ard g o cioe neunan o the
extratusal e dan A =10,
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thue armns and legs (Table 3-3). Muscle spindles are sspe-
cially shundant 0 the snwall museles of the eve, hand,
and toot; all of these muscles bave a very high muscle
spindle density beranse of the need for these muscles o
be copstandy alerted to even small changes.

As a muscle lengthens or shorrens, the degree of
streecliing or relewation of it intrafusal fibees alters the
activity in the Ta and 11 sensory fibers that innervane
them. The la atferent fber detects both the mmount of
strerch and the velociry of the strerch, thereby exhibir-
ing qualities of hoth phasic (Gr, Plasis, an appearance,
a distiner stage or phase) and tonic (G fauider, contine
uonis rension ) activity. On the other hand, the secondary
(11} receprar i purely tonic, responding primarnly bo the
ammnent ol stretel, ﬂu:rl:l‘.u(t, the !flr'i'|'|°|il.T_'.' agpl sevond-
ary revepruns behave differently. As the muoscle contraces
or stretches to change the length of its extratusal mus-
cle fibere, its muscle spindies detece this lenrth change
and depolarize the la affenent sensory merve weapped
around cach musele spindle. This Ia nerwe also has a
eritical velociry threshold, se it alsn detects a length
change hut only if this change cxceeds a cortain rate or
'.-':;:E-l_:ﬂ!l"lgt When this SUTLSSEY (e Netes 3 e e 2eretel
of 2 sufficicnt velocity and depolarizesir sends impuls-
es into the dorsal hom (where all sensory informarion
enters the spinal cord), where it conmects with other
neuroms, Via a monosypnapeic ceflex, it makes a direcr
connection 1 an ¢ferent nerve, an alpha motor mewcon
(in the anterior horn cell), which then transmits a signal
back to the extrafusal muscle fibers in the same musche
a2 the muocle spindle, This process cepses when the
stretch ends. Another pathway the incoming sensory
atferent nerve takes is an additional connactian thraugh
an intemewron (disynaptic) o a different efferene alpha

mater neupnn that transmass a s.'gl:w.] trv the antagraist
msele, signaling that muacke o relae.

The monosynaptic component of this example s
alsn known as the deep tendon roflex or stretch {or
mywtatic) reflex, o simple reflex are mediated at the
spanal cord level. Afferenr netves {groap In) from the
primary receptor orke an immediare synapric connec-
ricn with the motor neurons {A, o motar newrons! thar
ontm] extratuzal muscle fibers in the same mscle,
Therefore, an abrupe strerch of o muscle inimares o burse
of impulses Ffrom the primary strerch receptor in the
muscle spindle, which travels o the spinal cord and
excites activity in motor units of the same muscle
(Fig. 3.12), We have all experienced this reflex conned-
ten when o doctor wsts i [:-_:,- lu]liﬁﬂg a reflex hasrme
vn i musle tendon. When o mascle shortens, the
stretch om the muscle and its muscle spindles is relioved,
thereby removing the stretch receptor stimmulus,

T meceral and rscolar strecoares that |'!l.'.ll‘ril.'-I;'l‘FI|1!
in the streech neflex ane: Mhserared nslng a patellar ten-
dem tap in Figure 3. 12. The presence of 4 reflex conrac-
tcn in the stretched muscle 100 00 200 msec after
hﬁ:lill;; the fendon dermonsteates an ket eiremt, In
addirion, the brislmess and relarive amplimde of the
reflex contraction retlect the general level of excitabiliny
of w motor nearens innervating the stretched muscle,

Fogis on the Wolor Function of the Muscle
Spincile

As mentioned caricr, the cell bodies of the gamma ()
efferent rerves are located in the ventral or anterior horn
of the spinal cond. These gamma cells receive symaptic
connectians and influences from regions throoghout the
nervous system including the cortex, cerebellum, and

NUMBER OF MUSCLE FIBERS NUMBER OF MUSCLE SFINDLES
Flumber ol Buerage Per Fer Matos
Muscle fotor Axans Per Muscle = 10F Motar Unit Per Muscle Unit
Biceps rachii Pl S0 Fl=11 ax 0.4
Brachioradiais J30 130 30 G5 0.2
First dorsad Inkerosseus 119 41 40 34 1.3
First lumbrical o 10 110 53 .5
fpponens pollics 133 79 545 44 1.3
Massater 1020 1000 a0 160 0.2
Temporalis LR 1500 1304 27 0.2
Gasirocremils medius R0 1000 1720 20 0.1
Tibialis anbarior 445 270 610 2p4 0.6

Sngree: Arepled fom Buchthal, F Scmaltruch, M. Motor weed ol ssammalian mascls, Bhea! fey B00E 080 18
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Cluadriceps
muscle contracts ﬂ

Hamsiing muecla

PRACTICE POINT

At and pass e sehing TRchinguss nilis S nedaamic)
connectiong described above, These conneclions provide the Lask:
far the ratioraks bkird active siregching, whersby A petant & askor
0 acthedy conlrct o muscle o oshut off B2 oppsing musce se e
it ot muscis sretch (5 more SMectie. For exangde, o2
petient srthvely cortracks the quaddeaps musdes, & Induczd relas-
aian of Ihe hemsinings oocus, elown 8 moE elfective sirich of
the hamehings. b aadiion toihs bersfis of improved steaiching of

braimstem, The ameunt of shortening of the oontractile
portions of the muscle spindle repulates the streteh
recepior portion of the musele spindle, With extrafusal
shortening, the length of the spindle 12 correspondinghy
adjusted to maintain its sensitivity to additions] changes
in length o stretch, This relationship 15 g highly

redmxes ihnough nother
dizynagtic connection

Figpurg 3,12 Trg shexich el gligizdogen @
fendon leo, Fow lundamerntal paris of tha
e stmtch refles arc orec &) & receptor m ihe
MLISCE GEEries NRMve Tu Bes ) peoporinn
o tra degres of oeformeton: B An alferart

e e coont it e bursd o ey impd s
fom ke racentor oo e epinel oot G An
afferert naurom concects motor impiees froam
e Sinal Cond 0 codtriucal mugcks Thars; and
O} An effecs; the muscls, eepands to the
ks mpuiEss.

i BT imbsch: resulng from this newral reckmocation & 1he gt
this agonistic musce contractan will concoemiant anlagonisic
rlasation prvidas impordant functianal mnif celions. This is knowin
a5 reciprocal inhibilon el alioes Im same al e ody =50 n
Irecrcr ik, For csmple, shen the ousdricens (s scfvales b deiy
e 5 frcehul ki, the hemslrings moshe Sgnas toorslx during
midrange and gra acivaien 2gein at the end of range & siow fhe
b ane e oy g 2.2 anc 34,

impnrtant property of muscle spindies. In essence, as o
motar neorons stimulate the contraction of extrafsal
fibers, ¥ motor nearons dischurge, Gusing contraction of
the intralusal [muscle spindle] Hbers, The contraction
af the intratusal fibers adjusts the sensitivity range for
changing lengths of the muscle.
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Figure 3,13 Schésrebic neoressolalion Ol e elreich refiex
iamialion of muasks lenglh, & mesce B ader tha inluanoe ol
tvm sslrabet ol it wen Lrm iriLmcles i @ 1A Sk
conlracton ol 4 volurtary nalure, a5 when 3 perecn s ehaw &
fleseacd staadby A sudden yreepschad increasa it the e
SIFCACIGE 1N WTRASEHG | Calsang) MG S0Ivsry andling o R Imiiscin
cranche b2 send neres imoulses B tha spral cord, whers the
madksas confact 5 metos nerve Call &1 1he aynapse enc exls 1L
AR el oG Mo lses e A Eack i massis, whiore
the rrpebsers calse the muscks o doniect, Moe compleated
rene palbeays than e oro shown mey 250 be rmmechecd in e
AlrRRCH rafhel Ay aciual muscie s, of coungs, sunpiad wih
many matss nere (s B spirdiss. 0 addition, he smeplic
Conrmachion s o ween @ snge rokor neusin are o fiphs,

Gwmmet mwtor neurons also are relerred o ows
fusimotor (L, fiser, o spindle plus wmewere, 0o move)
néurons because the neurons supply motor impulses
ro the intrafeal muscle spindle fibers, Thus, the mid-
dlc, moncontractile: part of the muscle spindle can be
strotched by ren different mechanisms, Firsr, when
the cotire skeletal muscle is strotched, the muscle
spindle alio is sreetched. Second, when the coneractile
portions at each end of the muscle spindle arc activat
ed by impulses orriving over ¥ moror nerves, the
contractile portions shorten, cherehy stretching the
cenrrnl "bag” portion of the muscle spindle, In eicher
situation, streich of the nuclear bag pormion of the
muscle spindle activares one or both tvpes of sensory
receptors residing within the muscle spindle—that is,
the prirmary (la) and secondary (I1) stretch recepons
(Fig. 3.11).

This constant volley of regulatory input onto the
muscle spindles intrafusal fibers sets up o constamt
stute of readiness o thut ulthough the muscle §s not
weTivited, it is 1'|t|:r.1||;- O A xE-.':-lII_'.- stare of wlert, |:'-L':||:f_'|-
10 act when needed. This consrant state of readiness
is called mmscle tone, charscterized by an innate
amount of muscle stiffness and resting rension. Tone
:u: :lL't-:'r|:r|i|1l:'|:| lr_l.- thee lovel |'|-|'1.'a-:i'i.t:|i'-:|1:|'r_l.' 1'||' e |.'||I‘"|1'|.'
poal of motor acurons controlling o musele, the
inrrinzic stiffmess of the muscle itself, and the level of
sensifivity of many different reflexes. The contribu-
tion of the muscle spindle 13 only onc picee of the
puzzle coneriburing to rhe phenomenon called
muscle tone.

Normal musclee exhibic a firmness o palpation,
considered to be tfypical or “"normal” muscle tone.
The firmness present in muscles i3 observed ar rest,
even in muscles of well-relaed subjects. The firmness,
however, is impaired if the motor nerve supplying the
muscle is not intact or the muscle s atrophied.
Relaxed muscles exhibiz at least a palpable amount of
muscle tone, but investigators have fatled o detect any
muscle setivn potentialy to wecount for this tone 45397
Thus, the tone of reluxed muscles in persons with un
ntuet newromusculosloelernl system appears vo be the
resutht of hasic physical properties of musele, such as
elastivicy, vievosity, plasticity, and the innate stiffncss of
thi tissuc,

Postural tone is a teom wsed to describe the develop-
et of mosseular tension ﬂl|:u.'...'i1:|:' mnscles thar main-
tain body segments in their proper relationships o
maintain posoure, Postural tone @5 accompanicd by
recardable electrical activity from active mobor units,
Mueeles pged minst aften to o modntain an erect |n:-~:i1"|;1r|.
of the body e antgravity muscles, Musces of the
trunk, flexor muscles of the opper extremities, and
extensor muscles of the lower extremitics are considered
antipravity muscles. Motor centers supply newve
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impulses that influence the excitability of lower motor
neuromnes in the spinal cord segments supplving antigrayv-
'i1':|.' scles, These motor contes inchude #he corebiral
cortex, basal ganglia, facilitating and inhibiting centers
in the midbrain, brainstem reticular formartion, and the
cerebellum (Fig. 3.15). Postural tone is an autcmatic
rretlexive) phenomenan that 13 wlluenced by Both after-
ent impulses from sensory receptors and effecent mech-
anisma From y manor nelns.

In functional terms, postural muscle tone in indi-
viduals without a patholegical condition has heen
described s “high gnough to hold the head, body and
extremities against graviry yet low enough o allow for
movement."*# The approprinote amount of muscle
tone ensures that the muosele s ready to resist any
chunige in position to maintain posture, In persons
with an intacr nenromusealoskeleral system, dedcend-
ing moter tracts from the brainstem, particalarly
from the reticubospinal and vestibnlospinal traces,
deliver Iow (requency tmins of impulses to spinal
matar nenrens, cither indirectly through inrernenrons
a1 divectly {Fig. 3.16). Although local postsynaptic
depolarizations may not be great enough o provoke
complete depolarization and ficing of the cell, they
tnaineain the neuron in a shghtly nscillating sraze of
high excitability, ready o respond to more concen-
trated presynaptic input. Muscle tone also ensures
that the muscle iz ready to contract or relax promptly
when approprate conteol gig—.-.:ﬂ.—; reach the motor
neurons, Muscle tone may be influenced by disease or
injury affecting various levels of the nervous system
resulting in symptome of insufficient muscle wone
ilow tong, hypotonm) or excessive musele tone (high
tone, hyperwonial, both to be elaborated upon in later
secrions of this chapter.

Exiensdy
Imuscie
{Mrizepe)

Fgure 3,14 Sehematic mehrssntalion &f
the recipioeal inhilition of Mmoo peURRE 10
the opposrg musck. mpuises fom e
strebched sk psile ok nits o ibe
sarma madsce [lactialsy synaplc infusnze 3
chsipnnted vath & phis [+ sign] and rhbl
frwos i an Fkesnsenn, meke unds in ihe
ocppoadng musde (rhicitony syesptk: Infuence
& chesd et vdth o rminnes [=] sk

Surmmary of Muscle Soindfe Functions

In essence, muscle spindles function as “thermostats,”
cemparing the lengrh of the muecle spindle with the
length of skeletal muscle Bbers that surround the
muscle spindle (Fig. 3.11 and 3.13). If the length of
the surrounding extrafusal muscle fbers b5 bess than that
of the muscle spindle, the frequency of muscle spindle’s
discharged nerve impulses is reduced since they are not
being facilitared. However, when the central partion of
the muscle spindle i soetched becanse of y-efferent
activity, it sensory receprors dischicge more dene
impilses foexeile oo mofor neurong anc activabe the
extrafusal muscle fibers o contvact. The mechanism is
particularly important in the nepulaton and maing-
nance of postural muscle tone.

Kinesthesia and Propricception

Under mose conditions, a person can be conscloshy
aware of the position of the various parts of his o her
bty relative to all other parts and whether a particular
part iz moving or still. This awareness 1= kinesthesia
(G Eimen, to move, phas gintkeris, perception) and posi-
tion sense. Dhede o fedsnes ave oflen toeated as
synomms and are used frequentdy to cover all azpects of
thir awareness, whether stade or dymamic. Smctly
spenking, however, the term Aineseberia regards aware-
ness of dymamic joint metion, and the erm padtion s
eefers to the awareness of static positen. Kinesthetic
sigmiales are pencrated in varions scnsory reoeptors resid-

ing n muscles, tendons, and jaints and :n:'@n:n-:l to body
rrevernents amd tepsion witlhan tendone, The 1m11l. ]!ﬂ:‘h
produced in the receptons are rransmitted predominanthy
over group |1 afferene fibers to the spinal cord, the core

bellnm, and sensorv nuclei, Thus, nther sensory and

rraalbar  cenfers 'i1| thee -:'Lfllfr:|1 TErsiils {n-wl'l."m are
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“informied” of the exact locations of different purts of
the body at esch instant to assist in conwrolling posture
and movement.

Proprioception (L. propris, one's own, plus s, to
recere] 15 o more inchosive term than kinesthesa and
refers o the use of sensury input From mogplors in
muscle spindles, rendons, and joinms o discriminate
joint position and joint movement, including direction,
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amplitude, and speed, as well a5 relative tension within
tendons. Froprioceptive impulses are transmitted
predorminantly over group | afterent fibers and are inte-
grated In varioos sensorlmotor contees o autnmatically
regnlate poatural muscle adjustments and maintain
postural equilibrivm,

Several types of somatosensory (Gr. some. body, plus
L. semsoripn, pertaining w0 sensatlon) inputs also are
important in maintdining posmra equilibrium, For
example, pressure sensations from the soles of the feet
provide information abou: the distribution of koad
between the two et and whether the weight 13 nore
forward or backward on the feer.

Postural equilibrium #= crucial {or both static posi-
tion and dynamic moton, Withour it, the body is
ummble to function. Its onportance is underscored by the
nimber ef sysrems the hody nes o achieve equilibrim
duaring static and dynamic sctivities. In addition to pro-
priocepturs and somatosensory receptons, the body nues
twrr acdditional input mechanizms to aide in equilibrium:
the vestibular syzrem and ehe visual eysrem. The
vestihular receptons in the inner ears provide awareness
of head orientation and movements. Anyone who has
haud a midde ear infection can testify to the importance
of the vestibular svsrem in balance. Vidon of where the
body and its sepinents ane relafive to the surrounding
emvironment also assist in maintaining equilibrium. In
fact, visual input sometimes serves &5 the primary means
of maingaining equilibrium when the propricception
system b5 impaired. The importance ol equilibrivm i
obeerved not only during daiby acrivities bur also when
performing various sports or when assessing impair-
ments of equilibrium and suppesting solutions to bal-
ance problems, Even static equilibrium is affected by
visiow, Try standing on one leg with your eyes open and
then with worr oyes closcd, and you will gquickly realize
how much you uss vision for equilibrivm.

Movaement or “Motor” Control

When fmmid-:'r"n:ll.; the control of movement, we must
tealize that movement and posture are exceedingly
Jtrieate and comykes, and nray he atbected I any aibaar-

dunce of factors. For example, several systems muse be
irract tor appropriate regulation of postune and move-
ment. The newromuscular systems must be intact,
mclwling the muscles that expenience excitation of
inhibition, muscles spindles. GTOs, newromuscular
junctinns, peripheral nevves thar innervane the muscles,
gpinal cord ascending and descending pathways, cortical
motor centers, and e intercomnections of these syr-
teme, Uhe sheletul system, inclwling the bomes, lign-
ments, joints, joint capsules, and joint receprors
alo must be unimpaired. In addition, the respiratory,

cardiovascular, and digestive syvecems must supply
enetgy sources for muscular contractions and for the
maimtenance of the neuromuesculoskeletal systems,
Fuoethermone, accurate sensory tnput of the Internal and
external envimnments most be provided.

In order to perform skilled matar activities, a highly
integrated set of motor commands is reguired to acti-
vate o lohibit several muscles in the paopes way wnd in
the proper sequence. We sasnes view movement simply
a5 the action of the various systems which camry out the
mevement tusk; rather, thene is 5 highly complex organ-
fzation and regulation in play that orchesteates our
ability to move. Motor control refers to thiz dynamic
regulation of posture and movement. Muscle synergy
(Gr. sprenpsa, together) 15 2 term wsed o deseribe fume-
tiomal coordinated muscle sctivition, such ws seen dur-
ing functional mowement when muscles sypically work
together @ a group,.+?

Muotor contral reguires the mdwidual to maintain
aml change posture, and his er her movement respons:
& bazed on an toteraction Berween the tndividual, msk,
and enviroument. This interaction utilizes the contmbu
tions of nany systems to orchestrare coordinated mosre=
ment, These systems are not mr.gcd in a hierarchy
Gr. .ﬁ-.n:-.-mw‘.-m, mle or power of the high priest), in
which one is more important than the other. Rather,
they are 2 functioning heveranchy {Gr. feseros, other and
arches, Tulel, in which the conmibuting systems work
parallel to each other!

Hereracchy recognives tha different levels of maowe
control exise and that portions of the nerrous system
interact with each other. In the heterarchy of motor
control, coctical cenvers intersct nor onby with each
ather bur also with brainsteny and spinal repdonz of the
central nervous systen, with the peripheral nervous sys-
tem, and with ascending and descending padhways. 5031
In this heternrchy, information regarding the environ-
mental milien Both insde and outsde e |:||h:|:_'.' ™ Jare-
vided 1o the central nervous syetem, specifically no the
cerchral corfex, basal ganghia, and cerchellum, which
plan, initiate, execute, conzdinate, and regulate move-
;r:l:'l_l‘l‘ anwd TwEmTE These centers sl coerdinate the
tirning of specific movements, whether simple or com-
plex. the sequencing and synchronization of move-
ments, as well as the amount of force generated. Which
reprion % considered the “controller” varies, depending
on the motor sk desired and on the informagion pro-
vided o the cenrral mervous system ar a given fime:
Therefose, no one area is responsible for the control of
all ruvement and posture.** The brainstem and spanal
cund penerate patterns of muovernent that wie referred w
a8 pattern penerators, sometimee further elarified as
central or stepping pattern generators.® ** 37 Oither
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systems imvolvied in motor cont] inclode aseending
and descending parhwavs that peovide fredback and
teed- torwacd Inbormation.

Interactinns within and berween the varions neural
regions provide the most effective and efficient regula-
tic of postoce and movement. Thit model of heternr-
chy, therefore, considers both the impootance of internc-
tions of multiple areas within the CNE and the effect of
an individuals ability to anticipate movements and
acdope to changes in the emaronment. Hererarchy sup-
gests that the flow of information i in more thin one
direction: The Inreraction ccours within and betwsen
levels of the nervous system, the interaction is recipro-
el and the information moy be modified a2 a resuly of
Feedback and leed-Torvward sy wle1Tes,

Movement, therefore, 55 made possible by the coneri-
butions of many systems, Additionally, no systerm acts i
isafation from the others in order to produce move-
ment. In orher words, movement emenges throngh the
interaction and sclf-organkeation of many subsvstens,
and & movement behaving is grearer than the sum of ite
individual parts. ™ Absent or diseedered meovement may
resule from 3 problem an the nervous systern (either
oot of sensoey) of skeletal systom or due to g difficulty
enconntered by the moving individnal wirhin the emi-
ronment, In the rehabilitation setting, the paticnts
moverment that o clinician observes is the end result of
all ob the possbilites wd constraints (Hmitations oo
restrictions) offered by all of the contributing evarems.
In a simple example, if the pastrocnemius muscle is
tight, the patent may soond with hvperextended knees,

Mormal movements, therelore, are conrdinased not
berause of muscle activation patterns prescribed anly by
seneory and motor pathways, but becawse the stratepies
of mution emerge from the interection of the systoms
working together in thiz functinmal heteraschy, Te is
important 1o note that ncluded in this complex of
interactive sysrems are subeystemns related o the ema-
rorumient and to the cesk itself All of these elements are
erucially irnportant o movement cxceution. Our mave-
ments are ideally selected. execured, and mndified as the
hest movement chaice for 2 specific rask within the
environment in which we are moving, Multiple subsvs-
tertig interact 1o produce 4 given morer behavior witkin
2 context approprigte for the environment and the
task.* The inreractions hetween these subsyetems within
the individual, the requirements of the task, and the
unique aspects of the emanonment all affect the move-
M2l chblcoame,

Motor behaviors are conceived of as finctional
synergics {groups of muscles working together) rather
than gpecitic muscles or individoal muscle proups, The

human mevement system is viewed as tremendously
flewible, exeremely dvmamee, and capable of adapting ro
changes within the individual, the task, and/or the eovi
ronment in an cffort to produce the mose cffective
mavernent possible.

Dynamic Systems Approach to
Undarstanding Motor Control

Lt is important to realize that these contributing systems
change over time since they ase dynamic in nature, A
dynamic action system i3 any system that demoensiranes
change over time® Thi=s dynamical action system
mode] views movement not 4= the unfolding of prede-
tarmined or prescribed parterns i the UNS, but oz
|.:||'||;1‘;-;'|1:g froam the |:|_'|-'|'|:|||'ﬁ|.' r.|.:-u|.‘.'|::r.|.1il:s|,: af LTIy sh-
systems in a rask=specific contexe.™ The many systems
then self-omganize o produce movement.** Waotor
behaviur emerges Trom the dyinmic cosperntion of all
subsysrems within the connext of a epecific rask inchd-
ing the central nervous syarcm as well a8 blomechanical,
pevwchnlngical, and social-emational components,

Movement can then be expresed from among a
wide variery of movement combinations, represented by
a A of all the poasible degrecs of frocdom ot the goral
prints imvodved in a movement, Az oo remember from
Chapter 1, degrees of freedom repressnt the potential
moverments possible at specific joints, It i theaugh a
wide variery of movement combinations that human
maovement can be so varied. For example, the shoulder
can move within three planes and thercfore hus
three degrees of freadorn. the elbow and the forearm
each have one, and the wrist has owo depress of free-
dom. These comprise seven degrees of freedom for the
wpper extremity, excluding the fingess and thumb. I one
vs bo add all the degrees of freedvm available wod all
of the different directions of nuscle pull across those
joiuts, the total munber of possible movement combina-
fioms is extremnely momierous S Every ot conemibartes
its mumber of degrees of freedom o o movement, so
that any finetional tnoveiment cmerges 48 the som of all
of the presible combinations that can ocour. As men
ticned, these functional movement mmergies ane self-
wssermbled according to the interaction between the
endivicual, the task, and the enviranment,

Motor Control at the Spinal Region

Meural connections within the spinal cord contribute
much to the automatic control of movement,
Specifically, the spinal region is the site lor seflex
maotions, muscle synergy activations, and central partern
peneraturs, Reflex motion control includes the sirecch
reflex, reciprocal inhibition, and aurerenic inhibition, all
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deseribed parlier in rhie chaprer. Tranamission in laeal
spinal circuits livolves very little delay and ensures rapid
rospanses; Intornenrons wirthin the spinal cord - allsn
link motnr neurons inte functional groups, or muscle
SUnETEiee

Reflexas

Bpinad retlexes provide movement thay is largely gener-
ated a¢ a response o information ardsing from outa-
neous, muscle, and joint receptors. These movements
are stercorypical and predictable in nature bat can be
molified bv the central nervous syseem. For example,
aromsal or alerness will change a person’s response 1o
the stretch reflex

Pattern Genaralors

Complex muscle activation parterns that prodoce pur--
poseful movement throngh neural connections at a
11'||i:r.|'| e Tewvel are called paliern generslons. These
fiexible nerworks of Interneurons produce stepping
and walking patterns that can be modified by cortical
CrTmands, ;""'-.d:lcl.'l'l'l:l.bli.' networks of internenrons in the
w|1-inu] cord actvare the lower meter neurons to elicit
an alternating activation of Hexor and extensor ms-
clee at the hips, knecs, and ankles % This mocha-
nism allows tor efficiency nf movement. Thess pat-
FEMIR 4T SOMEIYE 40 |'“'|1:hn_g~|'_s- in the sk and the
enwivonment snd will adape body responses b these
changea. For example, weight pain concomitant with
growth in human infants will change the individuals
stepping pattern, 4404

Motor Control within the Brainstem

As you recall from anatomy, the braimstemn consists of
the midbrain, pons, and medulla oblongata (Fig. 3.17).

The broingrem conting mumerous ascending wod
deseending tracts a# well a8 auclei. Theae hrainstem

Flyure: 397 Sagittel vew llusmeting ths posfione of the main
Gubdnigiang of Ihg Brangtom.

elements function as an extremely complex prespnal
mtegrating syster. These brainstem efferent tracts ame
largrly responsible for surnmanic postural contiol, Mose
supraspinal postural control and preximal movemont
are regulated from brainstern centers. ¥ Since these
neurons are within the central nervous system, they e
upper motor newrons. Bundles of axons that orginare
from newmops within the weticular frmation of te
brainstem and terminare within the spinal cord form
the redfoadepine fruct, Likewise, bundles of mxons ogig-
inaring within the wvestibular nuclei and terminating
within the spinal cord comprise the weridafspinag rrag
(Fig. 3.16). The reticulospinal tract provades excimtory
input o extensor muscles of the arma and flexor
tescles of the legs and rank. Tn contrast, the vestibu=
lospinal tract carries excitatory input destined for Oexor
muscles of the arms and extensor muscles of the legs
ancd tramblt Wiweemens T\'EI:II.IETE:G sualfi et FH:I;:rlrrJ,] sLp-
ponit froan the limby and body s a whele, Movement is
the end product of a nussber of control systems that
interact extensively together. The postural muscles are
clietly :|‘-|,‘:1£|:Ie1r|¢|l11r for this control as they respond

efferent tnput from the seticulospinal ract,

Cerebral Motor Canters

When |"|:|1'_|ﬁ'|4_{:‘.|_'|n]_{ e maotor functons of the nervoLz
system, keep in mind that the motor centers can fung-
tion appropriately only if an uninterrupted stream of
aflerent or sensorv information about the status of the
environment is received from all parts of the bady, Ta
emphnsize the role of the sense organs in the control of
pasTure and maovemnent, the term semsrisose gprtan is
sommetinmes used o denote the combined affzcent and
efferent processes reguired o produce coordinated
[mesvensL,

Merve fibers that descend from the motor cortex enl-
bectively form the aorticospinal teact (Figs. 3.2 and 3.15).
As the name implies, most of the axons arisz from cell
bosdies i the motor area of the cerebral cortex and route
denwnrward in the spinal eord, wheee synaptie contact 12
wmide with iotor neurons in the anterior horm gray
matter of the spinal cord. The cotticnspinal tract alsn is
referred to as the pyramidal tract because many of the
cell bodies bocared in the motor cortex have o wiangular
shape and appear a3 small pyramid: when a section of
cortex is staimed and viewed under a light microscope,
Most of the corticospinal axons cross 0 the opposite
side in the bronstem and descend in che Literal carti-
coapinal tract of the spinal cord (Figs. 3.2, 3.15, 3.18).
The crossing fibers from the right and left moror cortex
s form & pyramid in the brainstem. At the spinal
sepmental bevel, nxone of the corticospinal tract rerminate
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aredominantly on interneurons. The interneurans ter-
minale on o motor pearcns, The organkeation of the
corticospinal tract sugmests that its desizn provides
presise con il ol lividusl nusele EIOHEF. Oither eor-
tival newrons originating in the same areas of the motor
coriex have shorter axons that synapse with second
urder moter newrons Iing in the basal ganglia or
ligaivistein u:"lg. :‘:I-.]'ﬂ]',

Mator Cormea

The frontal lobe is responsible for voluntary control of
eomplex maotor activitics and eognitive funetions, such
a5 jodgment, atrention, miond, abateacr thinking, and
aggeesaion. The frontal lobe, frequently referred oo as
the maotor corex, Is further subdivided into the pri-
mary motor cortex, the premotor cortex, and the sup-
plementary motor sred. All theee of these areas have
their own somatotopic maps of the hady, so thar if dif-
ferent coriex areas afe stimulated, differsnt muscles

and body parts move. However, all three subdivisions
offer their own unique yet eollaborative coniribution
to the cepebral control of movement, highlighting onee
T the Desuery af the heterarehieal TP
of mogor control.

The primary motor cortex is tesponsible fur
contralateral (opposite side of the bocy) velumrary con-
r:|'|1! ::F I'h.-:_' |J.ll'|1|.'|' t'xm-l:n'rtl.' ::Hl ﬂu."tu'l mEriermei s, lllttl'
premntoe cortex conteols the muscles of the trunk and
muecles used in anficipatory pestural adjusoments, such
as required in establishing the correet *postural sct” in
'|':-'rl|.-.|'|‘.'|1'.gr'|n|| foor staniing up fFrovm a chaie? The -'.:Jllqﬂu:_‘:-
rrienrdl matod coafex enateols the minatian of move-
ment, arientatinn of the head and eves. and hilareral
{invalving both body sides) movements.®*" The
supplemental area also controls the sequencing of
mgvement and plays a role in the pre-programming of
movement sefuences that are familiar and part of an
individual’s memory repertoire.#

Carabral Cartex
Monarodor ] ABsaciathan Premobar L
cortical areas amas corfacal amans
1 1 - 2
¥ —
Basal
g lie
E
Cerebhelbrm Trakamus e Brainglens f
Deasnending
paihrevays
HAzcanding
palivaays 1=
Alpha
l Pt S
Ir-:-;:_g:?:m | Afiarmnl -//.J. Segrents PiLiEr e
gt Inpit iEpinal] networks 7
e d Propriospinal Alpha and gemma | Task
JalEys MOAOF EEUTHE
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Figere: 318 Sobermatio dagam ol Thé oourse of [he Bieral and madis oo icosoingl Tracts rom e mmeolor oores [0 he
spiral sord, For 8 TRy, coflatarals 1o the hesal li_EI'H]:IH. e sarehalloan, and the motor ceimsrs of tha Draingrem have bean
drmitheed, ok (hal e shuctures amd traety eddef an bots the BEand gt shose; honsnmr, anly ane side e Buskrabed, For

hather dascriphion, ses led,
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PRACTICE POINT

Lazicres ol the primary modor cortes (23 seen follpeing @ stroke) se-
Aty prm vise (o contralaleral weakngss a1 parests, typically sean as
aperiod of inital Reeeldity, nwhich muscle fne i ahsanl Clizicaly
this tye of damege vl pincice recced pasliral reacinne i
diminlsrad syetck. rofiesas In dhe acute phese, CHentimes. this
enertl i5 [nllowed try 3 show rscovery anid aveniunlly eamcive new-
ral responses, producing hwpersctive sinetch relkons, Rocowory |6
v cally rechsl bl incomplaie,

Lesions of e sugplemers| mobor corme esul v compisy
ritar dhsfunction. inchiding Seere akinesia {lack of mmeman
andl dificutty with ©sks remarng the caoperativg e of bith
Fantes Paents A5 bave #lculy perurming sei-intiated taske

Cakefs Bsans ceus distincive malor spmplames. Ceratsllar
syrptamalogy usually inclides betance ard coandinatlon caficits,
These wdelicfs ey produse ateei (Wil aser mouements,
[rttion tramar (tremor accompanying puposeful movwmendg,
and dysmabria (inahilfy o geuga distancs oo proparky scala fha

The cercbolbun and thi basal ganglia serve different bue
related finctions in programming corfically iniriancd
mevernent patterns, and both act g5 impoctant motor
eomtrnl centers, contributing viral regularary funetions
in movement control.

Cerabeliim

The cerebellinn s inrercennected wirh all levels of the
central nervous system and functens as an overall
“coordinator” of motor activities. The corebellum is
responsible primarily for programming rapid move-
ments, correcting the courke of rapid movements, and
corvelating posture and movement. The cerebellum
regulates balance and coordination. Tt is resporsible for
repulating and adjusting the acouracy, ntensity, and
timing of movement as required by the specific mare-
ment task. It soquences the oeder of muscle fring when
a growp of muscles work wgether to perform a complex
rask such as stepping or reaching® The cerchellar
pathenies control balance, coardination, and movement

out ane ablg i henalit fram therapaucic saproaches inat baash
themn o s addiliongl ssecry cues o =hak & mowemanl,

Leskong of the premotor cortes resul in nonspeciic meter dis-
iurbances of aprada, B which The palient's movements e sow
and clumgy with mig prosimal weakness and loss of coorriralion
arturd We praeme s, Alylhene mivermans such & byng ar
fEpping a0 disrupbed, 2 perseseration isfammarig o reosating)
ey cecir. Unilke prlmngs with l=bona of 1e mpptementl mota
cortex, thean patiants ane abie o perorm saf-inttialed tasks, il
Fewe diTeulty with samsary-licgenad R, Praviousy dcoquied
serentinl B deteranate, e thauph moiaceal comparents o
the secuenced TEsk sar De perfommd. b 57

recjulned farce 0 reaching ar Stapping),® Carsbiellar damage ¢an
cRLsE &My mimber of ermoes 0 the kiesmalic parameters of mesment
cortrol meluding diffioubes wth firg, seouracy, Coordnation,
arl refuilation af imtensiy,!

acenracy on the ipsilateral (samc) body side, as opposed
to the contralateral conrrol festure associated with the
cerebral cortex, The cerehellim is nften called the “grear
mlupnmtm." breanse it constuntly monitors and com-
pares the movemene requested o the acroal eutpur,
making adjustments as necessary.! The cerchellum has
the ahility to receive sensory feedback from receptnrs
ghout 3 movement s the movement is ocourring, o

property called reafference.

Basal Ganghe

At the base of the cercbrum (hence the name “basal”)
ate several nvelei, incloding the candate, putamen,
globus pallidos, substantis oigra, and subthalamic
nuclei, Although all nf their functions are unknown, rhe
basal ganglia play a vital melc in the regulation of posture
and muscle tone. The basal ganglia have o inpar from
the spinal cord. but they do have direct Input from the
cortex. They have an important robe in the control of
both wutomatic and voluntary movement, exerting
effiects on the motor planting areas of the motor cortex,
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The basal ganglia can eicher inhibit oo facilicare cortex
autput o alter conacions mation. Nuclel of the hagal
ganglin are particularty significant with respect to the
'iT'ﬁrir:hum :-|1'||;]- axecuticn |_|-+':=||:r|.-.r TOETITHE T ':F.'H 3-.1'9].

Integration of Motor Control to Produce
Functional Movement
The entire chaprer thus fir has presented physiological
anid amtomical informmion on the integraton of the
nervoud sysrem with the musenloskeleral system 1o peo-
vide motivn. Hopefully, yvou now realize that muvement
is the meult of complex interactions of many svstems
and subsystems, For example, sensory impulses from
miscles are not resrticted 1o influencing only their own
motor peunons. Afferent input also spreads dhrongh col
latrral branches of primary sensory nourons and
through intermearon crowits to reach the motor newrons
af clnsely related muscles and, ro some extene, thoge af
more “distant” muscles, Thesefore, stoetch or conorac-
ticn of one muscle affects its cwn motor neurons most
strongly and, to a leser extent, also affects motor new-
rons of muscles performing an opposite action, The
effect on the muscles that perform the opposite setion
is vo inhibit activity of those muscles (Fig. 3.14). Motor
newrons of other muscles that assist in the mobion ans
also afected but 1o an even lesser extent. The effect on
mommsehes that as<an in the mweament is 1w Deilitae
awtion. This, every primany loop or patkway is pat of a
larger feedback network serving 2 group of muscles,
While an immediate response is ocourring, the same
sy sirnals are l‘n:i.rl;_r. prarismn el 1o h'rl_r}u:r cugnliors
by way of collatcrals, projection traces, and sceondary
relays tn widely separaced parts of the nervous system
for mrae claborate analyses of the information. The
H::L'-:'lu‘hl:rg tracts alloww anformation i rarion n:gxrcl
ing the starus of the bady and the stams of the coviron-
ment. Many rypes of recepton in tendens, points, and
skin, as well a5 from visual, suditory, and vestibular
receptors, sinultaneously also provide sensory informa-
tlon tegarding the body and the environment,

PRACTICE POINT

The izt commemn clnica conditon IRzl sl fram pathalogy in
tha basal ganjia & Parkinson’s disessd in whith patorss calibit 8
festing tremo, citficully IiFstes) moveient Gakimesid), S osness al
mavement | bradyienestal, muscUar rokity, and 8 stooped pasture,

Subsequently, motor signals are relaved back o numer-
ome segmental levels tooadjust posture and perform
other actions.

It ix important o recogmize thit not only 15 the pre-
cuse bunctioning of the musculoskeletal and nervous -
tems easenrial for motor conorol, but cogaition also
plays an important role. Cognitive fctors are necessary
to assimilate sensory information, process and integmate
the informmtion, and determine appropriate movements
and posnines ar any given instant. Furthermore, memory
of movenent and the ability tw revall movement infor
mation arc integral componcnts to the rogulation of
posture and mevement. The execution and efficiency of
movement are furthes influenced by factors such as the
ability to concentrate; the presence or absence of visual,
auditory, meneal or cmotional distractions; onc’s kevel of
proficiency; and ones motivation. Likewse, cognitive
rrrategies influgnce motor comtrond ™7

The more often a motor partern Is fewned, the Less
input from the cortical level is required until the motor
pattern becomes subcortical, not requiring conscios
thoughe 50 produce accurncy, We see thiz resule when we
wallke As tsddlers, we used our cortex a preat deal o pro-
vide us with feedback to balance our body weight over our
fect, put ome foot i fvont of the other, change the
pasitean of gur center of mass, and move Frwanl. As we
J:mrj:u:l'.l.'li LAUT AT, WE W able o walls withowd cogrscivas
correction, felying on our subcortical nerveas inpervation
anid cormections 1o move safely and securely in our ema-
rommert. Motor learning is concerned with hiw motor
skills wre i]l.'l:rli‘l'll,."l:l. anid T ﬂu:j.' are track: |:r|'-||fr-|."||:r|l1.
eraneferred, and resained to allowr consictent, accuran:, and
autnmaric mietion, The reader is neferred o nther soumees
a crmpleee discussion of motor leaming, 5 7

Health aare E:-_rrli'e'shh:ln;af:-: work to enbamee motor
contiol and motor performance in paticnts as well as
healthy individuals engaged n comperitive or leisure
rports activities and wellness programs, Intervention
programs are designed o stretch and serengthen mus-
cles, oo locrease endumance, to lmprove balance and

This progressva lispae=, wih 5 mean ansal age of 58, & cams] Ty
I grachn) ess o Renans el produecs dopeming (@ noaselransmil-
[£r n e Ll gangia B
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PRACTICE POINT

IT e ke AR mple oF & mdtor 20l all ol thesa aiior nay e
mere casily appreckated; Kloking a bail teasres 8 18ret b5 & com-
piax maltor skl Many cogritiee companents ang st ass milated.
The vagight af the bell, the distance of the barget, the wind spaed
arid direclicn ara all faclon 10wl e ind ividus congeicosty congid-
&3 bedore Kicking a ball, In the earty days of this skill acquisiton,
the: indraciual glsa had ko rely on hig or her cocrdiation sro bal-
grine incert b9 be abe b sland sacuraly on ane faac while Tovsg
B coifiekales o beg tam hip axiEosion o Hip Tadon Acdilicnally,
hip-gbchiction o adouction e meckal 1 Blecal obation motng
wers Bl inclupad 0 e parfprmanece, Ubher joinl medlang the
marvans sysm had to comtral included tha kresa and b ank.

mauscle tone, and to improve the ability o regulane pos-
wre and movement. These professionals also realize the
importance of practice to enhance skill and recognize
that more than just die newromusculosheleral system
must be enhanced o augment performance. It is impor-
tant o aclmowledge that cognitive sirategies such as
mentil practice and imagery, as well as positive self-talk,
are important for the client’s success.™ "7 Principles of
cornirion used fo enhance maotor performance may be
applicd clinically s that an individeals mindset for
relabilzation 1= productive to facilitere recovery.

Functional Applications and Clinical
Considerations

Menromuscular impairments cncompass o diverse groap
of problems that constifute & major constraink on func-
nonal meverment. Impamments of maotor onto] may
result from many diseases, injuries, o developmental
dishilitics and can resdt from pathology to any part of
the movement system. Pathological conditions that
atfisct any art o 1'1|r niEnrarnise il EVRRetT, |r|1'|ur]|1|g
mator, sensory; perceproal. and cognitive elements, will
result in associared signs, symproms, and impair-
ments,” Other factors may be involved in motor con-
trol dystinction, inclwding the skeleral. cogrnitive, visual
of vestibular spstems, Since this chapter deals with
mevemnent contol and primarily the nenromuecular
aspects involved in the control of movement, we will
comtinue fo toous on impaimments that affect these
structures andd coentribute o alterations o movensent,
Impairments are the oypical consequences of the dis-
ease or pathological process, further defined as the loss

Gocttraction ab Nmk mises wWas ecessary T st it
funrg the bk, Sensary Inpat regarding muscle lengin, tenslon,
ari charges n length as the indeackisl aparasched he ball wera
ceinutlly being fac, roeivan, and resoended b3 by Bhe neun-
mscia Sesim. Onca Ihe ball was Kicked e neurs] Ssheam
chtained the fzechack regardng the perfrmance: Was the ball
kicked I encuah? ‘Where did the gall lznd in relaficn 1 the
baroat? Whnak pasi of tha foot came 6 canact wilh iha ball? Whara
in relatice o |re Body wEd 160 fopd &0 e when coniEe] with
the hall wez made? The nerous system collects all this daiz, e
suizzyglame gell-orosnls eng gl the nesd altargt based on
this inpo.

or abmormality of function, ar the tssue, ongEn, or sys-
term bevel, resulting in constrained movement. Examples
ol primary metor anpainmcens inelude  weakness,
abnormalivies in musele mne, an0d mator consdination
problems.* * In addifion o primary impairmens, sec
ondary impairmeants also contribute to movernent prob-
tems, These secondary impairments do not result from
the pathology directly, but rrher develop as  sesult of
the consequences of the primary impairment and may
be preventable. Fuamples of secondary impairments
mchadie loss of ranpe of motion or contractom, 7

The ability w produce and coordinate an approp:i-
11E Movement response roquires production of musealar
foree, activation and sustenance of muscle activity, and
the coondination and timing of muscle activation pat-
tecns. The primary motor system impsirments tha
mrerfere with funcrional movement are miscle weals-
etss, abnormalicics of muscle oo, and covndimtion

problemes &%

Muscle Weakness

Muscle wealeness i defined as an inability to generate
normal bevels of musoular foree and i & major impair

ment of motor function in patients with nervouws and/ar
masscular gystem :‘I:‘l:u:m?r."‘r‘ Lesioms within the CNS,
PINS, or muscular system can produee weakness. It is
important o ditferentiate the weakness from where in
the moverment svstem the damage is locared. By defini-
F|-::-'n 4|u..rr'|..|.:::- ti3 Hhe -I.‘IE'!H |.-|1|:||5ng mriaakar 11:|n'|'h'|4 H}-‘:ﬂ mx
i the CNS ks assoclated with lesions allecing upper
motor neurons, anywhere from the spinal cord superi-
orly.*® This damagz will produce signs of upper motor
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neuren (UMM damage, Upper motor newron lesinns ure
asseciated writh hperoniciry; ar hypotonicity, depending
oo the site of the lesion and the tfime of oasct {acute vs.
chronic), Depending on the extene of the lesion, wrealiness
in the patient with an upper moter neuron lesion can vary
i severity from torl Ings of mosele actvine (paralysis o
plegeia) o mibd or partial loss of muscle activity (pare-
sis).® Paresie results from damage oo the descending
rotor pathways, which interferes with the brains excita-
rory drive eo the motor unains, thereby resulting In a loss of
descending eontral of the kwer motor neurans.™ The
end result is an inability to recruic and modulane the
modor nenrons, leading to a loss of movement.

LUlpper motor feurdn lesions are accompanied by
!H.'I.'.\::lllliiiLT}' abnorml mesele wome and aleered  maotor
control 8 ¥ The range of muscle tone abnommualities
fonmd within patents who have UMN covers a broad
spectrum, mmging from complete Taccdity (loss of
rome |, to spastiviny (hyperaonicing ). % Chamges in nusele
tone will vary depending on the specific lesion.
Frllowing an upper motor nenmon [esion, weakness
nccurs due to loss of moter unit recruitment, chaoges in
recruitment patterns, and changes in fifing rates,
Additionally, changes ocour in the propertics of the
motnr units and in the morpholngical and mechanical
ponpectics of the muscle itselt, These secondary changes
happen s sdaptations po loss of Innervation, immaobili-
tv. and disuse. In upper motor neuron lesions, neduced
numbers of motor wnits and reduced firing rates of
motar units have been reporved,’3 Within two
months of the meult, patient: with hemipiress reslt-
ing from a stroke show up to a 505 reduction in motor
units on the affected side. Indwviduals who have had a
stroke display atrophy in motor units on the hemiparet-
i side. The remaining mutor wnits reguire more tne o
contrace, and they fatigue more rapidly. Aleered recruit-
mettt and decrensed motor unit firing accounts for this
apparent weakness ™ The degree of weakness may

PRACTICE POINT

Clinicians formenty baiewad fhak prescrbing: strergih fraining was
e amarapret ko petiamls wilh LN pathology. Rassach les
dernorstratad 1t improsements i songth not coly contribusa 1o
an imprsssimant n furnietions perfomenca, bt Eal there |2 &0 0o
Indicaiion of any asancisted Incresse In spesacly ™8 STongin
training i= thought i ol only irgnove sehadary motar coninal, b i

differ fer different muscle goups. Given that the
preamidal trace 32 the primary pathway far voluntary
goal-dirceted  movement, it has been suggested thar
interruption of this pathway prodmees a greater impair-
ment in prime mowver muscles® Prolonged paresis, a
primary neuromuscular impairment, al:o produces
secondary musculoskeletal impainments. Changes in
muscle tissue resulring from damage to upper motor
neurons suppest thut muscle may not be as “suoong” due
to changes in the properties of the muscle and the preg-
ence of denervated moscle fibers ® Specific changes at
the motor newron secondary to the upper motor fenron
dankage cun decrease a patient’s ability to produce force.
Musele weakness most often results from direct
ENJLLTY B4 the wsele. A wide conthwam of ingerics,
from conmusions m ruptuces, produce weakness, initally
Fronm the imjury itself; and secondarily from mactivey
and disuse followimge the njury during the recovery
phase. Pain, whether in an injured muscle or in g joinc
on which the muscle acts, redwces the ndividwal's will-
ingness to move *he muscle, When @ muscle i= pot nsed
gt its wormal furctional level, weakiess ensues,
Regardless of the underhing erology or pathobogy,
when 2 muscle s oot wsed or coercised, musele wiakoes
and arrophy neour When a mnscle deer not function for
bmg peneds of time, the quantity of actin and myosin
evofilaments in the muscle’s fibers acrually decrease. This
change is reflecied in redwoed diameters of individual
fibers, and diminished overall muscle cross=sectional
arei, ! Muscle wasting is duwe, at beast in part, to 3 decrease
if protetn synthess coupled with mereased protein degra-
dation; these changes cause aherations in contrctle
properties and a resultant loss in the muscles abiliny
develop and held tension ! In responze 1o decreased
usty sheletal nwsde alse undergoes an adaptive reamedel
ing this process includes & mananon “rom slow m
fast myosin fiber types, a fuel shift wward ghycolysis,
decreased capacity for fat oxidation, and energy suhstrate

gtz sppears b0 pravent or slow down =ome of tha mecharical
chenges end dermaraion changes seen inmusck lizsoe olimim
UMM damiage, 5 0 The 2kl In emphass B the mctonal signifi-
CAMCE O Wemmess i i eens with OIS esinng bes e e meraass
gitzmion on sTenoEhening oograms for bod adutts and chikdren
walih T3S disomiems:
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accurnnlation in the anophicd muscke® A loss of peak
muscle foree and functional muscle strength resals from
these changss™ Diswse atvophy is 2 rerm wsed to specifi-
cally describe this atrophy that occurs when a person or
ik is drnnobile, such as during bed rest, or when a limb
is restricred in a sling, brace, or cast.™ % Current research
demonstrates that this disuse awophy begins within
4 howrs of the start of bed nestl?

Abnormal Muscle Tone

As described briefly eardier, tvpically muscle tone is
vharacterized by a state of readiness of muscle to per-
form the task demands o be plyeed on it The level of
excieability of the pool of mater neurons controlling a
muscle, the ntcusic muscle stiffness, dhe absence of
nenrupathilogy, and the level of reflex sensitivity deter-
mine this state of readiness. A hallmark of central
nervons syarem pathology 15 the presence of abnormal
muscle tone. Abnormally high (hypertonia) or abmor
mally low (hypotonia) mwscle tone are vniversally
recogrized clinical signs of nervous system pathology.,
Flaccidity and hyporonia are states of muscle hypo-
tombeaty, while spasticity and rigidity are states of hyper-
tonicity. Typically, upper motor neuron lesions often-
times results in hypertonia and lower motor neuron
lesions an hypotonia, Terms related to abaoemal musele
tone are found in Table 34,

Coordination Problems

Coordinated moverrent involves raoltpls points and rs-
cles that are activated ar the appropriate 1ime and with the
vorreer anwint of foree so that smooth, cfficient. and
aceurate moverment orours® The cssence of axordinased
movement, therefore, i the synergistic organizaton of
.'|1l||‘|'i;g|:|1|:’ rLsles for plrl-]x;.e-.l.-ﬁ]] 1'|||1I'i1,:|1|,r|1:|1'j~1|H'l ﬂ1l.'l'H|l:.Il"—
ity to fire an isolaeed muscle contraction. Inceordination
can result fromn pathology in & wide varicry of neurl
structures, inchuding the motor cortex, basal ganglia, and

PRACTICE POINT

It is Impartart it fecoprize how ulckly akalail muscl asraniy
DECLEs i raspecee ) disese, Diswse alraphy can e delayed and
decreasad. i1 severity Dy intermittently coniracting the muscle
iznmedrically during any period of iImmobéalion oo relative inazta-
ty.#* Exercize and proper rutniion rave bath rezulted in grokain syo-
ihesis shrubalan inomiecs o Bodon wih obvious implicetions

cenebellum. Uncoordinated movement may be displaned
through the manifestation of abnormal symergics, inap
propriste coactivition patterns, and tming problems,

As mentioned exlier, synergy B a group of muscles
thar often act together as if in a bound unic. Micolai
Bernstein™ used the term synergy to apdy descnibe the
fanctiomal muscle proups that produce motor behivdor,
Lesions to cowtioospinal centers can aleo Jead o the
ability to recouit only a limited number of musches con-
trolling & movensent, The resale iz the emeroence of mass
patterns of movernent, referred o as abnormal synergies.
Abnorroal symergie: refloct an mabiliey to move a singe
jount withoar siuleaneowsly grocrating movernent in
other joints, Abnormal synengics are stereotypical parrerns
of moverment thar don't change or adape to eovironmenial
or Gk despands. |4

Conedination problems can alsn be mandfesred as
abnormalities with muscle activation patrerns and ditfi-
culties with muscle sequencing, Inappropriate coactiva-
tiom of muscles is an example of a sequencing problem,
Cogcrivation, which means that the agoaist and antag-
onist hoth fire, iz normally present in che early stages of
learning a skilled movement. Coactivation is common-
place 0 ywoungr childven uat learning to balance and
during exly walking patterrs. Adulis also Frequently
dememstrare coperivation when atfempting w kearn a
new taske In the peurclogically intact adult, coactivation
is atypicul wnles during the early stages of kaming a
new shill. Conctivation reguires unnecessacy enengy
expenditere and results in inefficient movement.
Inappropriate cosctivation veours in central nervous
system disorders in borh children and adules, This inap-
propriste and ungraded coactivation of agonist and
aneagrnist contributes to fanetinnal Emieseions in forer
generation. Coactivation bas been demenserated in
adults following a stroke and in children with corchral
pabsy during walking and the performance of common
flinctinnal ekifle 191 B2

for rehabditation managament,* On the athar band, cliniclans &2
calioned that i atrophy fese alreack otournsl, SAeniouy edercisa
Al atraphesd mossie A el 16 roscle damafps, irduficg
sarcolamma disruption ard distodion of the myatibells’ contractils
camponens, T Pravanidon with sary intepventian is ruly the best
preEcice.
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Uncoordinated movement can also be manifested as
an inahility to appropriately time the action of muscles,
to activare muscles in the appropriate sequence, or o
scale e grade the force needed. There cun be many
facers to timing errors including problems initiating
the movement, slowed movement execution, and prob-
leme terminating @ movement. All of these tming
emrors have been observed In indbviduals with newro-
bapical damage. Coondinarion problems, characterized
by problems in muscle activation, sequencing, timing,
and scaling, can creare & tremwendous obstacle o
efficient functionul mevement.

Sinee eoordination requires adequate stvengrh and
BOM, uncoordinated movetnent is often churacterized
by some degrie of weakmess, fatigue, or instability.
Likewise, body sepments weakened by injury or diswse
may suffer inadequare eooedination and sequencing.
Even as a patient fatlgues during rehabilitation exercis-
es, coordination becomes more difficelt. As previoushy
mentioned, muscle recraitment ocours in notmal mus-
cles from single fotnr muscle to muleiple joing muscles,
Proper muscle sequencing is also important in daily
activities, but if comect sequencing is not present, the
individual is at risk of injury at the most and inedlicient
movernant at the lease, Such consequences place addi-
tional stresses on other body sepments. For example,
studies have demonstrared thar muscle recruitment and
sequencing viry berween back patients und  normal

gronps. 0h 14 Tt ge unclenr, however, if the changes in

recruitment were the cause of pain o the resule of pain.
Im either sitwation, an individual is not ahle to fanction
optimally if proper muscle activation amd reeruitment
sequencing g dyafuncticnal,

Involuntary Movements

Imveluntany mwowements are a commen motor gsign of
neurological damage and can take many forms,
Dheronia iz a syndrome dominated by sustained muscle
contractions, frequently causing abmormal postures,
rwigting or writhing movernents, and repetitive abror-
mial postures. [Dyvstonic movements waually result from
bazal ganglia disturbances.’

Tremeor is defined as a rhythmic, involuntary, oscille-
rory mavernent of o body part, '™ A tremor retults from
damage (o the CN5. A resting tremor 15 3 tremar
vocurring in a body part chat 35 not voluntarily activare
e and s supported against pravivy. Resting tremors is o
symptum of Parkinsons disense pnd 3¢ secondary to
bawal panglia dysfunction. An intention tremor accors
when the Individual atrempes parposctul movement of
an extremity. Inrention tromers offen accompany cene

bellsr lesions

Common Pathological Conditions
Affecting Movement System
Function

The mevement system can be impacted by numerous
pathological conditions that affeet any conteibuting

Eypotmnis G, My, urder and fios,

tension

Hypartonia Gr. e ovar, abawe and

Fovues, tension

reduction in muescle stiffness

exbessive muscla bore

Chical Exaemiples

Flacoid iy &= often seen in the acufe
stage of injury, immadiately following &
CHS injury, bt it can siso ba
Sacondary [0 a lowes molor newson
leshai In patienls with flaccidty, deap
temdon raflexss ([DTRs) are absemt.
Characterized by low muscle ome,
WEak neck ard frunk contral, poor
MRIBCIEAT Co-Comraciion and nked
siabilitye. Patienls with hypoionia
priégenl with waakness, & cecreased
Akl kY b sustasn musce sclivation a
decreased abilfy o coactivale musca
groips, abmarmal joint mobility
paiterns, and a delyed of inefetive
exhibition ol normal posdiss
responses,

Sap spasticily
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TABLE 3-4 | ABNORMAL MUSCLE TONE TERMINOLOGY—contd.

Term Origén of Term Definition Clindcal Examples
Spasticity Gr. spashikog, 1o tig o draw mnkar disarder characterzed Torically seen as parl of e upger
by a valaciy-deperdert mor newran ofincal presangation., ds
Incresse i the stretch refex R resuft, S ol be merersed alphs
willl exacgeraled wendon |erks, Mo Relion excitability with &
resLEmg from hyperesciabelsy resitant ingrease @ muscls tone and
exagyerated stratch raflexss, sscondary
fa this damege in the descendeng moator
systems, Clinically, the term spasticly
I3 u=20 t describe a wide rangs af
gbnormal mobor behaviars inchiding:
1] Hyperactive slretch rallgoes,
21 Abrcaritl aostuing of The Embs
3 Excessiva coactivatian of the
entagorist muscles, 41 Assaciated
mowements, ) Clonus, and
6| Stereoty sl movement synangks
Rigidity L. Higidus, inflexible, rigid I e resistance to Rigidity is associated with lesions of
ke rmiEment, Bt the bessal ganols, and appesans to b
incepandant of the welocty of the resill of excessiva aupraspnal
thak slratch of movement drive aciing upon & nonmel spanat

refigx mecharism. Rigidity tends to be
predorminant I e fexor myscies of
ENe trunk and Bmbs ann rasults (v
savere funciional imitaleons. There ame
bty ypers of rigadily, lead pipe and
cogwheel, A constand resistanca
mgvemmant throwphout the range
chiaractarizes load pips rigidity,
whereas cogwhesl rgisity 15
chiaractarized hy slemate epispes of
resistance and relaxatian. Rigidity &
requenty aesociated wilh leslons of
fne basal ganolin, coamimanly saen in
Parkinzon's de=ase

PRACTICE POINT

Bacauss the smarh rafkx & weloedy dependerd. and due
mcrazied muscalar Slilfress. soe®cily Bl a calans ekl K
mave quickl, Regandiess of its comilies nzorsl Gasis, i 15 imaortand
Ip remamiosr 1nat spagicily & simgly ane of ssvers| symptens of

compaonent ot the nervous, muscolan or skefetal
gystems, arsing ot any phase of the life spun, A few
enmmaonly encountered pathological condirions with
their associated impairments and functional limitations

rraumkgical damege ard should be iawd a5 1t inbenencs wilt
et o, Furcins] reairmen | Spomaches should 1500 armarty oo
Fmoring achve muscke ot 0 additen W0 spastciy s¥Tmoim
reckizlian whem || limits movement,

are bricfly described in the following scction. This see-
tion identifies only o fow selected conditions to lostrate
the functional implications sanciated with impoired
ITOVEELEELE.
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Perpheral nerves (Figs. 3.2 and 3.3) may be damaged
by discase or trauma. Acure injury includes laccrarions
or other causes of partial or complete severance of the
nerve. Othor acute or ropetitive injurics may ccowr from
arearee me compressdon of e peripheral nerve. IF the
damage is complere, flaccld paralysis of moscle fibers
supplied by the damaged lower motor axons will resuke
when the muscles no longer receive efferent signals,

A common peripheral nerve lesion in the upper
extremnity affects the median nerve, The median nerve is
susceptible to damage at the wrist, where it may be
compressed within the carpal minnel. Remember from
your study of anararmy that the iendons of the long fin-
prer Mexors and the median nerve pass under the Aexor
retinaculum (L. rafinaciaduns, a rope or cable). In
instanes of essenfial narrowing of the carpal tonnel
through snatonical constrints, enlanrement of soft ts-
sue srrncTises, or swelling of somctures within the n-
nel, compresston of the median nerve within the carpal
tunncl often resules in carpal mnnel  symdrome,
Symptomes wssechated with the compression of the
median neeve include decreased sensation i the arca
innervated by the nerve, pain and, if the condition pro
grerecs, atenphy with weakiness of muscles innereated by
the medisan nerve, Peripheral nerves in the maore proxi
rul upper extrenvity alw suffer mjury secondary to fre-
tures. For example, o fracture of the humerus may cause
a lesion of the radial nerve, resulting in weaknese or
total loss of function of the elbow and wrist cotensors,
In the lower extremities, the sclarlc nerve is o Fréquent
site ol pathology.

Peripheral nerve injurics may result in muscular
imbalance, huscle tmbalance ocowrs when one group
of muscles 1s opposed by an impaired muscle grewp,
This comdition can then lead to soeondary deformitie:.
For example, follewing a lesion of the ulnar nerve, the
individual is predisposed o developing a “claw hand”

PRACTICE POINT

[:pss of sansston can ba  more sarbous problem Tran kes of mue-
i srEnglh o s pemon wilh 8 perinhersl nerde lsskn, Fdvces
with impaied secmery function may cehibit a bes of ewamness of
bocation or pesito r of cortain bedy sagmants, isducad pressune oe-
sathon, delclent fempersiine. delactian, ancl'or oes of paln senss

licn, I such asnaory defcencies sl 1he parson may nol dasdl

deformity. In this cuse, the long lexors and extensors
of the fingers are nor affecred by the ulnar nerve
deficiency. Their pull, however, s opposed by non
functioning infrinsic muscles in the hand so the bal-
ance between the long finger flexers and long finger
extensnts % lacking. Withnor necasional raovement,
adhesions can foom between tendons and the sheaths
that surround them, as well as between adjacent bun-
dles of muscle fibers, When tissues crossing a joint
remain in the same position for prolonged pertods, a
vontracture forms, whereby the tasues adapt 1o the
shorrened position and exhibit 1 decrease from normal
juint range of motion, These complications may be
prevented by uging passhve physical activity po main-
cain full ranE Gl rerverment and fnerease Mow of blood
and Iymph through the area. Splints also may assise in
preventing contractuncs,

Coerebral Palsy
Cerebral palsy (L. ceredran, braing pudy, paralysis) is a

general term used 1o describe a group of moror disor-
ders that generally result from damage to the develop-
ing brain. As one of the most commaon developmental
disahilities, cerebral palsy reaulis from a lesion 1o the
beain during prematal (L. prae, before, plus L. s,
birth), perinatal, or curdy posmatal stages of life, The
bruin lesion cuwses 4 nonprogressive bt permanent
rl:amngn: o one or more ares of the brain. Although
cutcbral palsy s defined as a nearolegically sratle condi-
tion, it can be considered orthopedically progressive in
nature. Depending on the sites of the neurolagic kesion,
art individual with cerchral pakby muy show a variety of
uotor or other impairments. Becanse of the ¢loac rela-
tinnahip of mator finctinge with other neoral functions
and bevause of the potential diffuse mature of the lesion,
the individual with cerebral palsy also may demonstrate
semsory, comrmunicative, perceptuel, andfor cognitve
impairments,

wihan oo flow 5 cochiged by enamsl pressurs or wihen the aar
k2 I corgact wihih eacesshaly hotb o okl cbacls. Ve sereony
k=ses place tha afiacted body segment ot nsk for raumatbc injurias,
iehmia (G SCREF W JUpress . plus Naims. BIabm, BUme, [res-
furesnes, 2nel subsprusent nfictions
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The centril nervous svstem is very vulnerable o reduc-
tign ol its blood supply. Cerebrovascular secidents
MCYASY, or seeokes (from the Greek term strdich, mean=
ing “to strike™}, ooour when the blood supply to an anca
in the CN5 Is disrupred. Residual problems tollowing a
stroke vary greatly depending on numerous faciors such
a8 the cause of the CVA, the affecred CNS area, the
extent of the damage, and the imetions of the damaged
areals). The clinical deficits may include weakmess nr
praralyas of the muscles of the face, munk, andfor
cXCremnidies; impainment of sensation and propriocep-
tion; visual deficitss cognitive difficultios; Janguage
impairments; and perceptual problems, Impairment of
rmestor angd RETIROTY i1'r':r:l|:'|l-:-:' corduetirad s Iﬂ:-EI_'..' few i
duce pacalysls of muscles on the side contralarers
{opposite] to the lesion, causing the clinical presenta-
tion referred to a3 hemiplegia.

Basal Ganglia Disorders

The bazal gunglia are generally responsible for the reg-
nlation of posture and mwscle tone. They convert plans
for mowement into programs for movernent by affecting
the motor planodng areas of the moor cortex, partice-
larly with respect o the initiation and execotion of
movements. The most commaon complex of symptoms
resulting from disturbance of busal panglia connections
ie Markingpan’s dizesse. Individuals with Padkinson's dis-
ease demonstrate movement characterized by slovwness
of movement; rigidity of facial expressions; decreased or
absent cormmunicative gestures; & hesitant, shuffling
gait with small steps; and resting wemer of the hands,
Atherosds 8 another movement diserder involving
the basal ganglia, Athetosis, however, resules in slow,
writhing movemenis that are exhibited especinlly in the

upper extremitics. Hasal panghia disorders alro include
chores, a complex disorder in which the individual has

1w r!mll.'.:;’_-.-, 3=|||.|.:I-|:1|, :mu]mflmxul:ul VLT T,

Cerebellar Disorders

The cerebellum regulates balance and coordination, Ir is
responsible for regulating and adjusting the accuracy,
intensity, and timing of movement a8 required by the
gpecific movement task, It sequences the order of muscle
Aring when 4 group of musces waork mogether o perfonm
i complex sk such ps ambubation or reaching™ The
cerebellar pathways control balance, coordination, and
meovernent gecuracy on the ipeilateral body side, as
oppozed to the contralatersl-control feature wssocinted
wath the cerebral eorrex. Cerchellar lesions cause distine-
mve motor symproms. Cerebellar damage can cause
any number of ermors in the kinematic paramoters of
mevement contol, incleding difficultics with Hming,
accuracy, coordinanen, and reaulation of ivtengity,

Summary

This chapter gave an overview of the haman movement
system and its main structural components, The anato-
oy el plasenogy ool trbseke Hasue was reviewed amd
an organizational framework for smdving the human
pervous system was described. Motor contiol, as a
dywamic and heterarchical system contmlling function-
al human movement, was discussed, Movement irpuir-
rrentrs and their functinmal comrequences were defined
and described. Common primary impairments that
affect human movement were described. For the pur-
poses of illustration, a few commonly encountened
pathologieal eonditions that ecavse disorderad - meve-
ment were introduced with 3 focus on the funclional
CONSEQUENCES 10 MOVEMment.

CLINICAL SCENARIO SOLUTION
Joseph has cerghral paksy, and so the weakness that he demonstrates in his Dwer axiremdes iz
caused by a lack of movement control sscondary to the developmental nature of thal disability.

Spasticiy 15 a symiptom of upper motor newon brain damage, secondary to the pathoiagical conditéan
which caused his cerebral palsy. The ulnar nanee injury sustaingd in Joseph's left upper sadrammity will

resull i mator amd sensary |oss af function 1o the miscles suppliad by the ulnar nerve befow the injury,
funclionally resulting in lost innervation to many of the musclas required for a full grasp. Because tw ulnar nerve Injury Is
@ lower mctor newrca fzsion, twil reganerate and functon will return over 2 period of a few months, The transient nature
of the uinar nerve Injury s In confrast to the more permenent weakness and overfying soasticty seen in his lower exirem-

ities tus to the cerelral palsy.
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Discussion Questions L

1.

Think abeatk muscle fier types n dizcissing the folloawing: Whey &= the breast meat of a domestc
Chickan whils as oppoged 1o ks breast meal of & pheasan! or duck¥ Along 1he same lines, wiy &
i lea et of domestic fowl iohizssn s turkeysl clak?

What oo you Ininkwould e the magr fiber compesition ineach of the following mascles, based on
thar pomany unclicn o8 ormaily 1o0ec of phasic) 1) back extensors; 2] Dicepe brachii; 3 aokeus; ang
4) finger lesora?

What Is-the oerall arganization of ihe nervous syetem, both anstamically and phveicloglcess?

4, How cloes The nenaors syatam serdd signss, utlizng ihe iollosang physielogeal peosassas i onder o

rarsdice ad communicate a signal acton potentlal, reoceptor potentlal, thieshold, axdtateny and
hdaitory postsyagtks potential, sunimatkn?

Wiat Is motor control? What & the dynamic natune of the systams Invohed i motor control?

Lab Activities © [ —

1.

Streich Reflex Materials needed—reflex hammer):

Working in pars. one parnar is ssatsd al the edes of a pinth 50 that 1he 1oot B o the grownd, hip
ard knee fexsd comioriably, Thiz sulbect shauld De sttng and relmoed, with his oF her ayes closed
The cther partier uaes the refle hamemer 1o dicll s stratah rafiexd In the qussiresps mscle. Explaln
Fippre 312, The masl impadant part of tis lesson is for ane pertner 1o be 2hle to sxgplan o the
attar the mectanéam meckad. nclding the monosynaptic sweich refisx, reciprazal inmeration, =nd
& hegnning wndarstanding of the basis or nommad muscle fone. Nots i langth of teme Datwean the
tap Arg e responss. Ohescve The "onspness” of he response, Obseree varnehons amang different
aubjscis.

Fropricception:

Cra partner sinstucted o closa his or her eves, Tha ather partner cepsively imoves e paroerds
arm o anew poestion and asks 1he parson 0 hold 1 there momeniarik Once tha pariner has
meved e axlamity back toa position of regs the partner whose ayes were closed B instructsd to
cuplicabs e s posilion hal he arm had bean paced i by tha ofber pariner. Dissoesion can then
ol slboit fhe value of moorniocegtion and intect kresthasa,
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