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Preface

The National Aeronautics and Space Administration's continuing goal is to explore the far

reaches of the galaxy and universe. With the success of the Space Transportation System and

advanced astrological observations, mankind's desire to explore is limitless. However, at the

very core of this journey the question is raised, "Can man survive in space?" This certainly not
new and has been asked since the onset of the manned space-flight program. Numerous

biomedical investigations from the United States and Russian space programs make up the
foundation for our knowledge of space-flight physiology. These studies support the hypothesis

that the human body can adapt to any environment, even microgravity.

Even though the process of space adaptation is a natural phenomenon, it presents special

problems tO human performance and long-term survival. If humans were to adapt to a particular

microgravity environment and remain in space, the problems in physiological performance

would be predictable. Unfortunately, this is not the case. Astronauts and cosmonauts will be

required to adapt to many different environments on their travels into space. One example of this

would be a trip to Mars. Crewmembers will begin on Earth in a one-g environment, launch into

space and stay for a time in a microgravity environment, and then land on Mars that has one third

of the gravitational force of the Earth. During the entire mission, crewmembers will be required

to maintain an adequate level of proficiency for contingency and/or emergency procedures.
The challenge to life sciences is clear--maintain crew health, performance, and safety in all

environments. The tasks are many: (1) understanding how various gravitational fields effect the

human body; (:2) identifying those changes that will significantly affect crew health and retard

crew performance; (3) developing measures to those adverse alterations; and (4) ensuring the

appropriate response of the countermeasures, i.e., efficacy.
For many years now, both the United States and Russian programs have extensively used a

number of countermeasures to maintain the crew's health and fitness, the premise that

maintaining crew fitness results significantly in reducing the adverse effects of prolonged

exposure to a microgravity environment. These effects vary from the onset of orthostatic

intolerance following short-term space flight to the development of bone demineralization

following long-term space flight. One thing is clear and that is the variable gravitational fields
and the numerous translations found during space travel underscore the need to be prepared for

all contingencies. Only the most trained and fit crewmembers will be prepared for these types of
environments.

The countermeasure used most effectively in flight is exercise. Data from numerous

ground-based and in-flight studies have shown the benefits of using exercise to mitigate the
effects of a microgravity environment on the adaptation of the major human physiological

systems.
These studies have led to the development of exercise countermeasures for space flight.

However, much more knowledge needs to be gained before exercise can be used effectively and

efficiently. For example, recent studies on aerobic conditioning of astronauts in flight have
shown a dramatic decrease in heart rate while running on a treadmill in flight when compared to

the same activity performed in one g. The study suggests that the basic characteristics of

exercise to near maximum effort, particularly in-flight running, may be quite different.

Extrapolating from this, other exercise modalities may be different when carried out in a

rnicrogravity environment and, perhaps, other variant gravitational fields.
In the fall of 1989, the NASA Johnson Space Center's Exercise Countermeasures Project

hosted a workshop to examine the use of exercise as a countermeasure for specific responses.
Some of the leading scientists participated in free communication and open debates regarding the

use of exercise as a tool to influence physiological systems. This workshop entitled, "Countering



SpaceAdaptationwith Exercise: CurrentIssues,"includedtopicson: bonedemineralization,
aerobic fitness and orthostatic tolerance,cardiovasculardeconditioning, concentric versus
eccentricexercisetraining, electricalstimulation,biomechanicsof movementin a microgravity
environment, detraining, the effects of exercise response and rehabilitation, and
psychophysiologyof exerciseandtraining.

The goal of this workshop was to explore those issued related to the application of
countermeasuresto increaseoverall understandingand gain insight into the use of these
countermeasuresin our nation'sspaceprogram.

BernardA. Harris, Jr.,M.D.

P
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MUSCULAR ACTIVITY AND ITS RELATIONSHIP

TO BIOMECHANICS AND HUMAN PERFORMANCE

0 Investigator, do not flatter yourself that you know the things nature performs for herself, but
rejoice in Knowing the purpose of those things designed by your own mind.

Leonardo Da Vinci (118)

INTRODUCTION

The purpose of this manuscript is to address the issue of muscular activity, human motion,

fitness, and exercise. Human activity is reviewed fxom the historical perspective as well as fi'om
the basics of muscular contraction, nervous system conu'ols, mechanics, and biomechanical

considerations. In addition atlention has been given to some of the principles involved in
developing muscular adaptations thxough strength development.

Brief descriptions and findings from a few studies are included. These experiments were
conducted in order to investigate muscular adaptation to various exercise regimens. Different

theories of strength development were studied and correlated to daily human movements. All

measurement tools used represent state of the an exercise equipment and movement analysis.

The information presented here is only a small attempt to understand the effects of

exercise and conditioning on Earth with the objective of leading to greater knowledge concern-
ing human responses during spaceflight.

What makes fife from non riving objects is movement which is generated and controlled
by biochemical substances. In mammals, the controlled activators are skeletal muscles and this

muscular action is an integral process composed of mechanical, chemical and neurological

processes resulting in voluntary and involuntary motions. The scope of this discussion is limited
to voluntary motion.

HISTORICAL CONSIDERATIONS

The phenomenon of muscular contraction as a prime mover of animal motion has fasci-

nated men for many centuries. In the fifth century B.C.. the Hippocratic collection of writings on

medicine and its philosophy, consisted of various treatises of the corpus. It is interesting to note
that in these early Greek works the tendons were confused with nerves (320). Today, confusion

between tendons and nerves no longer exists. However, there is no precise understanding of the

activation of the elastic component of the connective tissue nor their contributions to the total
muscular contraction.

Skeletal muscles usually originate on a skeletal segment, span one or more joints, and

insert onto another bone. Human motion is composed of the coordinated contraction of these

voluntary skeletal muscles. This coordinated movement can be conceptualized as consisting of

several components. One of the most basic structural components is the cell. Within the human

muscular system these cells include bone, muscle, nerve, and brain. Although these four types of

cell make up different appearing structures, they have many common features which all cells

posses, eg. protoplasm, mitochoudria, membranes, etc. The cells are the components of each

organ and the organs constitute the system's production of motion. The coordination of these

individual blocks is necessary to create coordinated movement. The movement process, inten-

sity, displacement, speed, and acceleration can be executed by various controlled interactions
between the organs.
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Aristotle(384to 322 B.C.), considered animal motion to be caused both by the power of

the nerves and with the spirit. He wrote:

The movements of animals may. be compared with those of automatic puppets which are set going

on the occasion of a tiny movement; the levers are released, and strike the twisted strings against

one another... Animals have parts of a similar kind. their organs, the sinewy tendons to wit and the

bones; the bones are like the wooden levers in the automation, and the iron; the tendons are Hke the

strings.for when these are tightened or released movement begins... Now experience shows us that

animals do both possess conatural spirit and derive power from it... And this spirit appears to stand

to the soul-center or ori ginal in a relation analogous to that between the point in a joint which moves,
and that which is unmoved. Now since this center in a joint which moves, and that which is unmoved.

(160).

Circa 1650, Giovanni Alfonso Borelli (75) showed that the muscles act on the limbs with

short lever arms, whereas the part of the body carrying a load utilized a longer lever arm.

Consequently, Borelfi concluded that the joints transmitted forces which are several times the

weight of the supported part of the body.

Borelli's contemporary, Descartes, the mathematician and philosopher, related the muscu-
lax action to the nerve which inserted into them. Descartes believed that "spirts" entered the

brain, passed into the pores of the substance, and fi'om these pores into the nerves. The "spirits"

of Descartes then had the power to change the shape of the muscles in which these nerves were

inserted and by this means to make all the limbs move.

Today, there are thousands of research articles dealing with understanding of muscular

contraction and many of the mysteries con6nue to allude investigators. There are more then 600

muscles in the human body. In each movement, even the simplest one, groups of muscles work

together to achieve the voluntary task. The intensity of the muscular action can be controlled by

neural, chemical and biomechamcal coordination.

The goal of efficient movement is to accomplish that action with the minimal amount of

energy. For example, an Olympic shotputter triies to throw the longest distance by coordinating
all internal and external forces in order to generate maximum velocity on the shot at the proper

angle with minimal effort. If the movement is not efficient, energy will be wasted in the wrong
direction.

Efficiency of motion obviously incorporates activities within the nervous system. In 1883,

Yale College received eighty thousand dollars to investigate and lecture on the subject of

"Electricity and Matter". Paris of these lectures were devoted to Charles S. Sherrington (410),
who studiedthe roleofelectricityinthe human body. InIrisbook, "The IntegrativeActionof the

Nervous System", Sherringlonwrotethat:

in the muiticellular animal, especially for the higher reactions which constitute it's behavior as a

social unit in the natural economy, it is the nervous system and its reaction which 'par excellence"

integrates it, welds it together from its components, and constitutes it from a mere collection of

organs.

According to Shemngton, the integrationofthe animal organism was obviously not the

result solely of any single agency at work within it, but of several. Thus, Shemngton believed
that the mechanical combination of the unit cells of the individual were not independent but

functioned as a single unit.
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In muscles, this mechanical integration of the organ may produce a single "cord tendon"

by which the tensile stress of myriad contractile cells can be additively concentrated upon a
single place of application. Sherrington measured forces at tl_ muscle rather than externally as
some subsequent investigators have done.

In addition, Sberrington believed that the integrative action of the nervous system is
different from other bodily systems. He believed that connective tissue was merely intercellular
material and that the circulation system transferred material in mass. On the other hand. the

nervous system worked through living lines of stationary cells along which it "despatches waves
of physico-cbemical disturbance, and these act as releasing forces in distant organs where they

finally impinge." Sherrington described the foundation of reflex activity in the human body and
established the knowledge of the integrative mechanisms of muscular activity.

Figure 1
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MUSCLE STRUCTURE

Learning about muscular function requires the knowledge of the structure of muscles

themselves. Muscular structure can be divided into Macroscopics, which relates the muscle

connection to the bones which serve as levers in the different skeletal structure, and Micmscop-
ics, which relates the cenular structure and the micro structure of the muscular cell within the

fibril st_aure.

Macroscopic Structure:

In the 1600's, Borelll (75) described the macroscopic structure of the muscular system in

his book, "On the Movement of Animals", and presents an exceptionally detailed description.

Until some of the recent discoveries in the twentieth Century, there were no other works which

provided such detail on muscular function based on mathematical and geometrical relationships.

Borelli observed that muscle fibers do not always run parallel to the force which they transmit.

This has significant implication for the muscle's internal biomechanics since the resultant force

depends on the geometrical relationship of the muscle fibers.

Muscular structure is designed to allow movement and the cell itself is a mechanical

smactm'¢ which causes movement. BoreUi (75) stated in his Proposition IV: "Muscle acts by

contracting". His illustrated Table (Figure 1) which present the various structures of muscles is

amazingly accurate particularly when one realizes that the information dates from the 17th

century not the 20th century. His Proposition stated that:

in muscle we see that only the fleshy threads AB. CD, El= and C in the figures 1,2j and4 in Table

[ contract when the muscle acts. The tendons at the extremities BH to which thefleshyfibers are

attached do not contract but retain their initial length. Consequently. only the fleshy fibers AB, CD.

EF, GH and C exert a force by contracting when they carry considerable weights. The tendons BH

are subjected to a force when moved by the contraction of the fleshy fibers. They undergo this force

like a handle to which the fibers are attached.(75)

Hundreds of years after Borelli's pioneering work, the Nobel laureate, Albert Szent

Gyorgyi (440) from Hungary, stated that these fleshy pans described in the 17th Century are

made of two types of proteins. Skeletal muscle fibers are elongated cylinders containing several

nuclei, originally belonging to smaller cells known as myoblasts that merge before birth. Since

they a_ larger than other muscle fibers, many skeletal muscle fibers are visible to the naked eye.

Some, like those in the thigh's sanorius muscle, are more than a foot in length and some

individual fibers can extend the entire length of the muscle. Usually, however, one end of the

fiber attaches to tendon which is the tough tissue that binds muscle to bone while the other end
attaches to connective tissue in the muscle.

Borelli (75) believed that when a muscle contracted moving a bone, it created a spherical

or circular movement as described inhisTable II (Figure 2). It isa humbling experience to

realize that, in 1630, Borelli stated what remains as the modern foundation of the relationship of

bones, as levers, and the muscles to which they axe attached:

But, although the movements of the limbs are circular, the position of the center o/rotation of the
limbs and bones is not obvious and must be found. If the bones of the limbs were solid Hnes their

contact would be a point which should be considered as the center of fulcrum. However, since the

bones have some thickness their extremities cannot easily contact and articulate at one point to

rotate about this point of contact. This would be possible if the extremity of one of the bones was

pointed, like the apex of a cone or of a pyramid, and if this tip was attached to the cavity of the

opposite bone which would be immobile. Then the point of contact wouid be the fulcrum and the
center o/rotation. But this would be very inconvenient and fragile. I/indeed the ulna ended in a
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conical apex and if this conical extremity of the humerus, such a pointed protuberance could easily

be crushed and broken and the joint could not be linked strongly enough to avoid unsteady contact

at the apex and deviation. Actually, foreseeing and wise nature, to avoid these inconveniences,

created a joint which is easy. safe, stable, resistant, and minimally liable to dislocation. She shaped

the ends of the bones round, one convex, the other concave so that contactdoes not occur at one point

but over a wide area. This avoids crushing and fracture. This does not give a center of rotation but

rather a cylindrical jCulcrum over which the bone moves. Any point in which the moving bone rests

over the immobile bone is not a fixed or stable point and. therefore, there can be no center of rotation.

Figure 2
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Unfortunately, this explanation from the 17th century has been overlooked by many in our
time. The fact that the external force is measured at different angles and at different moment

arm lengths is significant in interpreting the muscular force. This concept will be discussed

subsequently. Even earlier than Borelli, in the 15th Century, Leonardo Da Vinci (118) wrote:
"You may not be versed in geometrical exposition or in the method of calculating the forces and

energy of tic muscles". Leonardo warned thatsimple conclusions based on simple assumptions
could result in erroneous conclusions.

Another foundation for muscular activity proposed by Borelli, (Proposition VIII) stated:

It is commonly thought that Nature raises considerable weights by using the machines of the muscles

with a weak moving force.

The magnitude of the vital force of the muscles must be measured. This force sustains,
raises and moves not only an arm or a leg, but the whole animal machine, enabling it even to

dance. Besides the mass ofthe animal, heavy enough by itsel£ this, this force carries, pulls and

pushes considerable weights. Aristotle above all dealt with this matter. He did not recognize the
muscles but imagined spirits which pull and push the limbs. This perspicacious author sensibly

remarked how difficult it would be for the huge mass of an elephant to be moved and pushed by

tenuous spirit or wind. He met the difficuhy by saying that Nature moves the joints and limbs of
the animal by using very small force. He said that this results from the work of the machine by

which motions initially small soon lead to large and multiple displacements. Similarly, small

and easy motion of a pole or of the rudder provokes large displacements of the bows and of the

boat. Then he considered the nature of a pole from a mechanical point of view and said that the

operation is camed out by way of a lever. Therefore, it is not surprising that huge weights can be
moved and displaced by a small force. Lucertius used the same example: 'Using pulled and

winding-drums it moves many heavy things and the machine raises them with little effort'.(75)

Despite the antiquity of the statement, the facts are correct. Forces measured at the limbs

are related to the muscular force but the relationship is not linear. There is an integration of

neuromuscular activity at the muscular site but it does not have a linear relationship to the

application of force. It is for this reason that repeating an experiment at different limb positions
does not produce the same results in spite of exposure of the segments articulations to the same

forces. This calls attention to Borelli Proposition XV which stated:

If two opposite forces are applied at two points of the same lever and have equal moments, their

magnitudes are inversely proportional to the distances of their lines of action from the fulcrum

(Table II, Fig.8).

The fulcrum of the lever AB is B. Two opposite forces H and E a_ applied at points A and

C in such a way that the lever remains immobile. In other words, the moments of the forces are

equal. Their lines of action are AH and CF. Two perpendiculars BI and BF ate drawn from the
fulcrum to these lines of action. I claim that the magnitudes E and H are inversely proportional

to the lever arms BI and BF. Two opposite forces D and N are applied at points C and A. Their

lines of action AN and CG are at right angles to the lever BCA. The moment of force D is equal
to the moment of force N, to the moment of force H and that of force E. The ratio of the magni-

tudes D/N is equal to AB]BC. At the end C of the lever BC the fulcrum of which is B, two forces

of equal moments are applied, one D at right angles, the other E obliquely. Therefore the ratio of
the magnitudes of the forces E/D is equal to BC/BF. Hence, exchanging the terms of the

equations, the ratio of the magnitudes E/N is equal to BA/BF. Similarly, the ratio of the magni-

tude of force N pulling at right angles to the magnitude of force H pulling obliquely is equal to
IB/AB. Consequently, exchanging the terms of the equations, the ratio of the magnitudes of the

forces E/N is equal to the ratio of the lever arms IBfBF.

6 MUSOJIJ_ A_ AND ITS RELATIONSHIP TO BiOMEOiAHICS AND HUMAN PERFORMANCE



BoreLli was one of the first mathematicians to reduce the laws of motion into objective,
quantifiable relationships. In other words, Borelli was an early pioneering biomechanist His

explanation of fulcrums and levers demonstrated that muscular forces measured at the point of
application will not produce the same force quantity at the site of insertion.

Human movement, however, is normally more complicated than a single lever. Most

actions involve multiple lever systems with one bone attached to another bone creating a

common angular focal point which moves about another angular attachment. These levers are

moved by the_interaction among different muscle groups. It would be naive to describe muscular

activity by considering an isolated joint. Such reality was perceived in the 17th Century as

Borelli expressed in his Proposition XVI, which stated (75):

if two opposite forces are applied at the extremities of an angulated balance the fulcrum of which

is at the apex of the angulation and if these two forces have equal moments, their magnitudes are

inversely proportional to the lengths of their lever arms. Reciprocally, if two forces are inversely

proportional to the lengths of their lever arms. their moments are equal (Table H Figs. 9 and l O) (75).

Because of the lever structure of the human skeleton, Borelli evaluated the relationship of

muscular force to the external force. He found that different positions of the forearm relative to

the upper ann produced different forces applied by the elbow flexors. The various Tables by

Borelli Ill, IV, V and VI (Figures 3, 4, 5, and 6) illustrates the relationships of muscular forces at

different body parts. One can observe the complexity of mechanical arrangement and should

never forget that these elementary Propositions were proposed in the 17th Century.

In our more modern age, with the advent of sciences and sophisticated instrumentation, it

became possible to examine the anatomical structure of the joints and the muscle.

MUS_ A_ AND ITSRELATIONSHIP TO BIOMECHANICS AND HUMAN PERYORMANC£ 7
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Microscopic Structure:

At approximately the same time that Borelli postulated biomechanical descriptions of
motion, a Danish anatomist, Nicholas Stensen, described the motor fibers of the muscles with
such detail that one imagines that he had microscopic abilities. Stensen determined that the
fibers rather than the tendons were responsible for the muscular contraction.

It is now known that skeletal muscle fibers are elongated cylinders containing several
nuclei which developed fi'om ceUs, known as myoblasts, that merged before birth. In most
skeletal muscles, one end of the fiber is attached to a tendon and this tendon is connected to the

bone. The other end of the muscle is attached to connective tissue in the muscle itself. This
connective tissue, originating in the tendon, spreads into the core of the muscle. However, the
materials of which the muscle and the material consist are different from each other. The muscle
belly is surrounded by a tissue called endomysium, which is a thin sheath of connective tissue.

Another connective tissue is the internal penmysium which bundles the specific muscle into

groups which called fasciculi. These bundles are themselves bound together by another layer of
connective tissue called the external perimysium or epimysium.

These various connective tissue types and the muscle itself constitute the macroscopic
structure of the muscle. However, the dynamics of muscle action is locked within the basic

component, the cell Each individual fiber is surrounded by a thin plasma membrane called the
sarcolemma. Figure 7 illustrates these su'ucmres. The muscle fiber is ill.led with tiny fibrils,
known as myofibrils, and a jelly-like material called sarcoplasm. Most current scientists agree
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that the fibers contain bundles of fibrils. Each fibril has a diameter of about .5 microns and

comprises the hexagonal array of the protein filaments which axedirecOy responsible for
contractile process. Figure 8 illustrates the relative dimensions of the sarcomere. When
fibrils are investigated under the electron microscope, a peculiar structure is evident. In fact,
these myofibr_Lsproduce the skeletal muscle's striations and cause it to appear smped. It wu a
seventeenth-century Dutciz_an, Anton van Leeuwenhoek, who was the first to observe a muscle
fiber's striations utilizing a microscope. He predicted that the mechanism of muscular contrac-
tion would be in these structures. Leeuwenlioek even entertained the possibility that the striped
elements themselves might be enclosed in another membrane and continue into incredibly
smaller and smaller filaments.

Figure 9

................... L

Figure 10

MUSCULAR ACTIVITYAND ITS RELATIONSHIPTO BIOMECHANICSAND HUMAN PERFORMANCE 13



Leeuwenhoek's speculations were not, however, accurate. The striations caused by the

myofibrils are subdivided to a unique microscopic structure. The striations ate optically made by

a dividing band called the Z-line or Z membrane from the German word "Zwischenscheidung".
When photographed, the Z-lines appear as dark lines (Figure 9). Two Z lines form a unit of the

contractile element and this unit is called a Sarcomere. The Sarcomeres are the basic units of the

muscle's contraction. Beside the Zlmem-[_[_ are light regions which are called the I bands. A

darker band forms the middle section of the sarcomere and is called the A band. The A band is

composed of lighter bands in the middle and darker bands on either side. The lighter center is

called the H zone. In the middle of the H zone there is a dark line called the M line (Figure 10).
This pattern is repeated throughout the entire length of the fibril.

These stri_ons, then, are due to the composition of the Sarcomeres which are made of

thick filaments composed of the protein myosin and thin filaments formed from the protein

actm. It is the location of the actin and the myosin which results in the appearance of striations,
since the thick filaments originate from the dark regions of the sarcomere and the thin filaments

originate in the light areas. The A band, which is darker, consists mostly of the myosin fila-
ments. These filaments are anchored in the middle of the sarcomere in a line called the M line.

The actin, the thin filaments, are anchored on the other side, which is the Z membranes. On both

sides of the Z membrane, the actin is extended to produce the ! band. The thick filaments, the

myosin, do not stretch all the way to the center of the sarcomere and, for this reason, the H zone
appears lighter in color.

In spite of Leeuwenhoek's discovery of these striations, it was nearly three centuries

before the modern knowledge of muscular contraction was postulated. Until the middle of the

twentieth century, scientists had assumed that when a muscle shortened, its components also
shortened. The theory was that the filaments folded or coiled during contraction. With the

invention of electron microscopes and biochemical measuring devices, it became possible to

examine muscle as they had never been seen. These 20th Century investigators found that when
a fiber contracted, the length of its dark A bands remained constant. This means that the thick

filaments, the myosin, do not change their length nor do they contract. However, the two light
regions, the I band and the H zone did shorten when the fiber contracted. More evidence

suggested that the thin filaments, the actin, did not contract per Se. This was evident from the
fact that the Z membrane, where the light actin filaments axe anchored, to the H zone where the

actin met in the middle of the sarcomere, did not change during contraction. Figure 11 illustrates
these relationships.

investigators from both sides of the Atlantic Ocean independently arrived at the same

conclusion, namely that the filaments were actually sliding into each other. M.I.T. scientists,

Hugh Huxley and Jean Hanson (275), and Cambridge University researche=, Sir Andrew

Huxley and Roll Niedergerke (272), announced their findings in 1954. Each group postulated the

Sliding Filament theory which has served the basic framework for other researchers. Still today,

there are many unanswered questions with more mechanisms yet to he discovered. All recently
advanced theories of muscular contraction confirm the likelihood that the actual contractile

process takes place at the junctions between myosin and actin.

The sliding mechanism is triggered by chain of events which must start with the nervous

system. The nerves which terminated near the muscle cell's membrane, secrete specific chemi-
cals. These neurotransmitters start a wave of electrical activity that spreads through the whole
fiber. This electrical activity, called the "action potential" causes the fiber's membrane to

release calcium ions which initiates the process of contraction. The calcium ions spread through-

out the fiber via a specific structure of tubules, diffuse into the myofibrils, and come into contact

with the fiber's contractile proteins, the actin and myosin. Two additional types of proteins,
Troponin and Tropomysin, work as a team to circle the thin actin filaments. The calcium
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chemically binds with the troponin and, in a way not yet understood, causes an interaction with
the tropomyosin. The tropomyosin threads shift their hold on the actm filament and, with this
process, reveal locations along the shaft of the actin filament that are receptive to binding with
the myosin filaments. Pairs of rounded extensions, resembling buds arc found on these myosin
filaments. Each pair forms the head of a single myosin molecule. These buds form bridges to the

actin filaments and, hence, these molecules are called "cross bridges" (Figure 12).
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Cross bridges are crowned with a remarkable substance, adenosine triphosphate, or ATP.
The ATP molecule is the bases for generating energy for life. In fact, ATP can be referred to as

the "Molecule of Life". Reducing the ATP molecule by one phosphate element results in
adenosine diphosphate, or ADP. This molecule is able to release energy responsible for muscular
contractions as well as many more processes in the human body. Looking at this mechanism
from another perspective is that the energy lost in the splitting of the ATP molecule into two
lower energy products, the energy lost in the split is then available for use in the body's metabo-
lism.

The ATP molecule has a great affinity to the myosin molecules. Therefore, many of the
ATP molecules in the vicinity of the contractile mechanism "choose" to sit on the myosin

filament. The higher the number of ATP molecules, the greater the potential for energy require-
ment during contractions.
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The discovery of the enzyme ATPase by Engelhardt (151) gave new light to the research

on muscle contraction. Engelhardt proposed a possible mechanism of contraction such that ATP,

which is bound in resting muscle to some protein complex, combines with myosin on stimula-

tion. An as yet unknown process within the myosin is initiated and contraction ensues. During

this process, the ATP molecule becomes dephospborylated and yields energy for muscular

contraction and ADP, which has a lower affinity for myosin than ATP.

Current theory holds that this "sitting" site of the ATP is comprised of two buds and each

bud has a different function. One bud is made of ATPase which is an enzyme responsible for the

splltlmg of the ATP molecule. The other bud is attached to the ac6- with the ATP molecule.

This means that the actin and myosin filaments ate "bridged" together with a structure consisting

of the enzyme ATPase and the AT]' molecule connected with an electrical bond. The bond, by

itself, has a unique strength to maintained its position. Figure 13 illustrates schematically these
bindings.

ii iimmml i

Resting Contracted
Sarcomere Sarcomere

A

Figure 13

Huxley's model (275), although exceedingly successful at the time of its creation, has lost

its attractiveness in the fight of more recent experimental evidence. Barany (56) studied the

ATPase aclivity of myosin and found that the rate limiting factor was the ATP splitting. This

conu-adicted Huxley's assumption that one of his rate constant, the constant f, was responsible
for the limitation of the reaction rate. Lowey et at. (325) have clearly demonstrated that the side-

pieces emerging from the myosin backbone consist of two identical rods of fight-metromyosin

(LMM) which axe connected to two pieces of heavy-meromyosin subfragment.

H.E. Huxley (274) provided electron microscopic proof for the existence of structures
linking the myosin and actin molecules. These structures were termed cross-bridges and Huxley

suggested in his paper influenced by works of A.G. Szent-Gyorgyi (4a,0), that these bridges

consisted of the heavy meromyosin parts of the total myosin molecule. This would mean that the

location of the ATPase activity and the site of the contact with actin had been found. This was a

tremendous step forward and all subsequent theories had to take this finding into account.
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Muscular contraction begins when the tropomyosin shifts away from the binding sites on
the aclin fdaments and the two arms of the myosin fdament immediately link with the actin. The

ATPase enzyme splits the ATP, hberating energy which provokes cross bridge actions resulting

inmuscular contraction.Inmuscularcontractions,thisactivityiscontinuouslyrepeatedwith the

crossbridgesforming and splittingfxom theactin,causingtheactinfilamenttoslideover tothe

myosin filament,thus,making thesarcomere smaller.The breakingand reattachingof theactin-

myosin filamentsis,currently,themost acceptedhypothesisofmuscular contraction.Each

sarcomere actsasa distinctunitand thecombinationof many sarcomeresproducescontraction

ofthe whole muscle which pulison thetendon and itsassociatedbone. Hugh Huxley calculated

thatthecrossbridgeswould have toexecute50 toI00 cyclespersecond toaccomplishefficient

contraction.Other investigatorshave found that,indeed,themuscle ATP utilizationsupportthis
rate.

Ingeneral,muscular contractionfollowthe followingsequence:

I.The depolarizationofthesarcolemma by nervousimpulse.

2.The impulse isconducteddown thelengthofthesarcolemma and throughtheT-
tubules.

3.The calcium ionsaxereleasedfrom theSarcoplasmicReticulum.

4.The calciumionsbindwith Ixoponm which stimulatesa releaseoftropomyosin

causinginhibition.

5.Actin and myosin interact.

6.ActivationofATPase.

7.ATP isbroken down and energy isreleased.

8.Conformationalchangesoccur atthe head ofthemyosin molecule.

9.Cross bridgesareformed.

10.Conformationalchanges occuratthe actin-myosinlinkage.
II.The muscle shortens.

The amount of linkage between the cross bridges and the actin relates to the amount of

muscular force. The steps listed above allow each sarcomere along the full length of the myofi-

bril to contract. For example, if a muscle is stretched beyond its normal length, there is less

overlap between the actin and the myosin resulting in reduced muscular force. On the other

hand, when the muscle is compressed or over-contracted, the myosin overlaps itself which

reduces muscular force. There appears to be an optimal actm-myosin relationship at which the
amount of cross bridges achieves the highest muscular force per sarcomere. However, force in a

muscle depends on many factors in addition to the internal sarcomere filament arrangement.

The status at the cross bridges were described by Davies in 1963 (121) such that the cross-

bridges were imagined to exist in two different states. In the inactive state, the bridges consist of

extended polypeptide chains with fixed negative charges at their bases. One ATP molecule is

bound to the top of each bridge in a way which results in a negative unit net charge. The

repulsion between the two negative charges, the base and top, keeps the bridge extended. If the

muscle is stimulated, calcium moves fi'om the sarcoplasmic reticulum and one calcium ion then

provides a link between the ATP ion on top of the cross-bridge and the ADP ion situated on the

actin filament. The negative charge on top of the bridge is neutralized, active repulsion no

longer exists, and the extended polypeptide chain transforms into a helix-coil. It is befieved that

contraction is produced by this process. Davies's theory has been challenged by newer studies.

Ebashi and Endo (136) have shown that calcium acts indirecdy by combining with the troponin-

tropomyosin complex.

Based on the preceding information concerning the biochemical and cellular understand-

ings and speculations, the author postulates the following:
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Postulate I

Chemical reaction of phosphate molecules result from the splitting of ATP and energy
regeneration of these phosphate molecules occurs in the sarcomere. There is, however, no

relationship between the chemical processes and the direction of any subsequent limb motion.
That is to say, sarcomere activities and the di_ction of limb movement a_ independent.

Activation levels depend on many external effects such as motor recruiting, motor programming,
and the interaction of different muscles. However, the elementary unit of muscular function is

the sarcomere and the activity which causes the filament to slide is independent of the external
movement.

The sarcomere is the basic functional unit of muscular conuaction. However, other factors

are associated with the activity of contraction. For example, after the motor unit fires in its
motor preprogramming fashion, many sarcomeres contract causing the total fiber to shorten and

pulling various connective tissues both internally and externally to the muscle.

This process can be equated with an engineering model. In its simplest form, the model
would consists of three-components. A simple model would assume iinearity for each compo-
nent. However, in real life these components are not linear. There ate two models which are
commonly used to describe these relationships: the Voigt model and the Maxwell model Figures
14 and 15. These models incorporate three distinct elements: elastic, serial and parallel, and

damping. Williams and Edwin (473) employed such models in the electronic simulation of frog
muscle responses to pulse trains at various selected frequencies of stimulation.
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Crowe (116) incorporated the Voigt model to study the responses of intrafusal muscle
fibers of mammalian muscle spindles to mechanical stretch and to fusin_otor stimulation. In
1969, Green (208) aLso employed the Voigt version of the three-component model. He recog-

nized the nontinearity of all the elements involved, thus, accepting the concept that other factors
which were not incorporated must ultimately be included.
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Many more studies were conducted in order to fred a model appropriate for muscular

contraction. However, in all cases, the non linearity of the system and the complexity in behav-
ior of muscular contraction precluded an ideal model which functioned properly under all
conditions.

Bawa et al. (59) presented a model of muscle consisting of linear springs and a dashpot in

parallel with a force generator. This force generator produced a contractile force of constant
magnitude each time a stimulus was received. Immediately afterwards, the force was assumed to

decay exponentially. According to the authors, the predictions of this model were in good

agreement with experimental observations.

If the muscle was not stimulated, its internal tension due to filament binding was small.

Therefore, if a muscle was stretched without neural stimulation, any tension must come from the

elastic su'uctures of connective tissue which are in parallel with the sarcomeres. At the time of

stimulation, the contractile machinery produced tension which was transferred to the endpoints

of the muscle. This transference of forces was through the connective tissue lying in series with
the sarcomeres.

One can appreciate the mechanical complication associated with this structure and transfer
of forces. For example, the system must be described with one type of connective tissue provid-

ing non linear resistance in parallel while another type of connective tissue gives non linear

resistance at the end points of the muscle in series with the force generator mechanism. In

addition to these non linear relationships, the fibrils themselves have specific geometrical

relationshipstothe Lineofforcewhich causesthecontraction.The tendons,as well,have their

own nonlinearelasticcharacteristics.

The concept associated with the "give in the system" provided by the various connective,

muscular, and other sofx tissues is known as compfiance. Various locations for compliances were

suggested by various investigators. Jewell & Wilkie (282) suggested various sites. Jewell &

Wilkie and Szent-Gyorgyi (283) suggest that the Z-discs in the satcomere allow a great deal of

compliance in the muscular structure. Huxley & Simmons (270) propose that there arc two

elastic elements with one used as a damper and the other provides compliance for the sarcomere.

They suggests that these elements are within the myosin molecule. Flitney and Hirst (170), and

Morgan (361) provided conclusive evidence that part of the series elastic structure is indeed

located within the cross-bridges. These researchers believe that this part depends on the active

state of the muscle and the degree of filamentary overlap.

These research findings indicate that there are elastic elements within the sarcomere and at

the end point of the fibers where connective tissues connect the muscle to the bone. The impor-

tant factor is that when the sarcomere shortens, there is a short latency during which some

energy is stored within the elastic components of the muscle. After this short latency, the force is

applied at the end points of the muscle and the lever begins moving.

Based on the facts described previously, the author postulates the follows:

2O

Postulate II

All mechanical movement originates at the sarcomere level. Regardless of the movement

of any external lever, that is, the bone to which the muscle is attached, the specific chemical

reactions within the sarcomere begin the shortening or contracting process. The ATP activity,

the ATPase reaction, and the calcium ion flow are independent of the external lever movement.

The sarcomeres shorten as the actin filaments are pulled by the myosin cross bridges. Sarcomere

activity can only produce contraction. However, bone movement can be either in the direction of
the contraction or, if there is a sufficiently large load to overwhelm the contractile strength of

the sarcomeres, in the direction opposite to the contraction.
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Functional Characteristics and Mechanical Properties of the Muscle:

Skeletal muscle is composed of three distinguishing components: contractile, serial elastic,

and parallel elastic. In addition, the muscle also has a blood supply and functions within a semi

fluid environment. Attention will not be given here to the vascular factor.It is comparatively
easy to determine the constants for the parallel elements of the muscular structure. This can be

done by studying the relaxed muscle.

When considering the elastic elements in parallel, Yamada (479), demonstrated its

characteristics by utilizing stress-strain curves for muscles and fascia. Figure 16 illustrates this

relationship with different muscles having different curves. However, all muscles and fascia

demonstrate non linear relationships. Examination of the curves readily confirms that muscles

are much more compliant than fascia. This observation seems quite reasonable since fascia

consists of connective tissue to transmit forces and for protection whereas muscles are the force

generators. Other investigators, including Jewell & Wilkie (282) and Hefner & Bowen (236),
have found similar results.

This stress-strain relationship demonstrates that beyond a certain stress level, the fascia

will be damaged before the muscle is injured. However, the state of the muscle is the important

factor. When the muscle is in a full contractile state, the stress-strain relationship can be shifted.

Also, a state of muscular fatigue can bias the relationship resulting in an altered reaction to
stress.

Whether a stress-su:ain relationship can be altered by the forces generated from a com-
bined effort of the sarcomeres alone without external influence is dou_ful. That is, it seems

unlikely that muscle strength alone can injure the fascia or the muscle tissue themselves.

However, high levels of force generated by external means due to gravity or to impact as well as

a summation forces originated through movement produced by a combination of levers could

exceed the compliance of the fascia or the muscle resulting in internal damage.

Postulate Ill

Injury to the skeletal system occurs due to external force which exceeds the maximal

internal force. Under this condition of excessive external force, the stress-strain relationship may

exceed the compliance capability of the connective tissue and, therefore, cause tissue damage.

Examination of the series elastic element in the muscular structure is a more complicated
task. The reason is that the state of the muscle alters the relationships. The biological material of

which the serial elastic component is composed is not different from the parallel elastic material

which consists of elastin and collagen fibers in complex arrangements. Again, investigators such
as Yamada (479), Wilkie (471), Hill (247), Bahler (52), Joyce & Rack (290) and others have
defined the compliance characteristics of the serial elastic elements of the skeletal muscle. For

example, Yamada (479) found that calcaneal tendon tissue ruptures at extensions exceeding a

value of. 1 relative to the tendon's resting length.

Again, the force generated by the combined sarcomere pool is insufficient to over stress

the serial elastic component of the muscular system. Only an external force generated at the
contact point of the connective tissue by a lever, such as bone on bone or bone and external

object, could transmit a force which would exceed that produced internally. These facts lead to
the Author's fourth postulate:
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Postulate IV
Themuscular system is exposed of two types of forces. The first type is the sum of the

forces generated by the individual sarcomeres. The second type of force is generated from the
lever through serial and parallel elastic connective tissue. The sarcomeres realize this force but

do not contribute to it. The state of the sarcomeres is the determining factor as to the response to
this force. If the force is greater then the binding force of the cross bridges, then either the actm

filament will be stretched away from the myosin filaments or internal damage will occur in a

tissue which is weaker then the binding chemical force occumng at the cross bridges level. The

only force generator in the contractile system is the contractile element. The connective tissues,

such as the fascia or the tendon, cannot generate force but can only absorb energy and return it
to the system in a form of elasticity.

The behavioral characteristics of the contractile element is extremely complicated. Some

of the nonlinear factors affecting its force generation capabilities depend on its length, fatigue,

the rate of length change, the degree of stimulation, and its temperature. Each of these factors

affect the level of force that the contractile element can produce. In physiological terms, these

factors can reduce to the active-state function, the filamentary-overlap, and the velocity-
dependence functions.

As was discussed previously, the contractile element produces the force due to the actin-

myosin cross-bridges.Detailedexaminationrevealsthatthe cross-bridgesarepartof themyosin

filament,beingtheheavy-meromyosin subunitsprojectingoutofthe light-meromyosinassem-

blage which constitutesthe backbone ofthemyosin filament.The heavy-meromyosin subonits

consistoftwo rod-likesubunits,each ofwhich carriesa globularhead subunit(325).Itisto

theseglobularbeads thattheenergy-providingATP moleculesarepresumed tobind inthe

presenceofcalciumionsand arethoughttoprovidethedirectlinkwith the actinfilaments.

The internal source of force by the muscle, therefore, is equal to the sum of the forces

produced by all the cross-bridges in one half-sarcomere of the fiber, at any instant of tg'ne. Since

it was found that the propagation velocity of the calcium ions moving from the terminal cister-
nae into the sarcoplasm is finite (28,*), the onset of the contractive cycle of different sets of

cross-bridges along the myosin fdament upon stimulation will be successive. This fact was

verified by Huxley and Taylor (271).

It should be remembered that the appearance of force, measured by an external transducer

or calculated from the movement, is not equal to nor does it correlate highly with the internal

force. One reason is that in living human subjects, it is impossible to know the number of
sarcomeres, fibers, or activation levels within the studied muscle. Another factor is that the

leverage system changes during movement as does the interaction between different segments in
the body. Inertial forces act on each body segment due to the acceleration of the different

segments. Co-activation of antagonistic muscles also plays a major role in producing the net
moment around a particular joint.

The force in the skeletal muscle is generated within the sarcomere and is equal to the sum

of the forces generated by the cross bridges. The force is equal to the sum of the forces produced
by all the cross-bridges in one half-sarcomere of the fiber.

Any attempt to relate the sarcomere force to the force generated by a limb movement will

yield a low correlation since the force measured at the force application point depends on the
lever ann, the amount of antagonistic muscular co-activation, and the inertial forces due to the

movement. The appearance of force on the load ann, such as the hand, wrist, ankle, or at the

joints, such as the elbow, knee, etc, does not correlate highly with the forces generated at the
sarcomere level.
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As early as 1940, Ramsey and Street (396) demonstrated the existence of an internal force

tending to extend the fiber and, therefore, presumably removing whatever tension was developed
by the filaments during contraction (202). These authors also suggested that this internal force

may be attributed to the deformation of the sarcolemma accompanying the increase of the fiber

diameter during shortening. Therefore, the amount of force needed for shortening will be smaller

on the external measuring device than the amount actually generated at the sarcomere level. The

sum of forces generated by the cross bridges is at least 10 times the amount shown on the force

application. The efficiency of the force at the point of external application depends upon the

position of the lever, the position of the body, the technique in executing the movement, and the

utilization of energy derived from other body segments toward the de.sited movement.

Therefore, the ability to carry a greater load at a particular movement in a specific direc-

tion has no bearing on the ability of a single cross bridge at the sarcomere level to produce more
force. The sarcomere can only contract and is not effected by the direction of limb movement

regardless of the number of cross-bridges which are active at one lime.

Training methods were and can be devised to increase the number of active cross bridges
needed for a particular movement which would, therefore, increase the force generated for a

specific action. However, the net force at the application point might not correlate with the
number of cross bridges active at the prime mover muscle.

The number of cross-links formed is a function of the active state of the fiber as well as the

degree of filamentary overlap (202) and, presumably, the velocity of shortening or lengthening

of the contractile element (273). In addition, the average force output of the cross-bridges is
postulated to depend both on the velocity of the interfilamentary movementand on certain

intermolecular forces. These intermolecular forces were shown by Huxley (272) to exhibit a

cyclic behavior the attachment-detachment-reattachment cycle of the cross bridges. Because this

cyclic behavior is asynchronous, individual force fluctuations do not appear externally. Thus, the

average force output of an activated cross-bridge becomes a function of the velocity of the
interfilamentary movement only.

Therefore, the force output of the contractile proteins of a typical muscle fiber is equal to

the average force output of a typical cross-bridge, multiplied by the number of cross-links active

in a half-sarcomere, at any instant of time. As a formula this fact can be illustrated by the
following equation:

F = N(E) * A(L) * L/t

F is equal to the force output of the contractile proteins of a typical muscle fiber.

N is equal to the total number of cross-bridges present in a half sarcomere, in a

particular state of activation E.

E is equal to the state of activation.

A is equal to the average force output of a typical cross-bridge, at a particular

length L.

L is equal to the instantaneous length of the sarcomere.

L/t equal to the Length of the sarcomere per unit of time t, which represents the

change in length per unit of time or the velocity of sarcemere contraction.
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It is important to realize that it is very unlikely that external conditions of the force

application on a particular body segment would effect these relationships in most conditions. Of
course, the speed of segment movement and the joint angular changes are directly related to the
speed of sarcomere shortening and. therefore, the factor L/t in the sarcomere. If, for example, the
elbowjointwereresmcted,suchasm aisome_ccontractiou,thenthesarcomereswould remain
inastateofunchanginglengthand.inthatstate,wouldfunctionaccordingtotheformula.Ifthe

elbowjointwerefreetomove, flexingorextending,thesarcomerewould produceforceregard-

lessofthedirectionofmovement accordingtotheequation.Infact,sarcomereperformanceis

unrelated to dLrection since there ate no sensors of any kind within it to record or detect conse-
quences.

Therefore, the relative number of active cmss-llnk_ is a function of the active state, the

degreeoffilamentaryoverlap,and thevelocityofshorteningorlengtheningofthecontractile

element.Thismeans thatthereisa conditioninwhichthesarcomerelengthisoptimalandthe

active state is at maximum stimulation. The sarcomere is in isometric state when this optimal
length does not change. At that point the force output will be maximally. However, this optimal
state is rarely achieved since the number of cross links varies as well as the distortions caused by
the collision between Z-lines and myosin filaments at very short sarcomere lengths and the
overlap of actin filaments at intermediate sarcomere lengths (202). In any case, the force output
of the contractile element is not identical with the force output as observed externally. Clearly,
the force output of the contractile machinery will be reduced by internal resistance, and the
externally observable contractile force will be lowered as well. The parallel elastic connective
tissue is a main factor in this reduction.

Neuromuscular Dynamics:

The active state of the filaments is one of the factors in the force production formula. Hill
(250) reported and defined the active state of the muscle. Hill pictured the active state as some
operational ability of the muscle which abrupdy appeared when the muscle was stimulated and
then slowly disappeared when the stimulus ceased. Gonzalez-Serratos (201) described the events

leading to the onset of the contraction with the sequence beginning with the arrival of a nerve
signal at the motor end plate of the fiber and the subsequent propagation of the fiber action
potential along the fiber surface and down the transverse tubular system. The transverse tubular
system which is called the T-system, located at the Z-discs, converts the action potential into a
depolarization signal which acts across the walls of the tubular network (10,159). Immediately
upon the arrival of the action potential, depolarization of the T-membranes causes the release of
calcium ions from the sarcoplasmic reticulum. This phenomenon is described in detailed by
Inesi (277). At the instance the calcium ions penetrate the membrane, ATP hydrolysis is initiated
and, simultaneously, calcium ions bind to the calcium-binding subunit of the troponin molecule.
This cause the myosin head to bind to an acfin monomer which caused the shortening (138,222,
386). Simply, the active state relates to the amount of calcium ions bound to troponin. If the
maximum number of potential interactive sites on the actin filamem are made available by the
action of calcium, then the maximal force will he produced by the contractile elements.

It appeared that the number of free calcium ions and the amount of binding is independent
of both the external force requirements and the direction of movement. However, neural pro-
gramming is involve in the recruitment phenomenon to be discussed later.

The amount of calcium ions bound to troponm relates to the amount of contracting
elements which are in an active state. If, for some reason, the stimulus is such that the calcium

ions do not combine with _oponin, there will be a less than active state in the contracUle
element. In the presence of calcium ions, this binding depends on many factors and one of the

most important is the amount of neural stimulation. The amount of calcium concentration vanes
under different conditions and is the "bottle neck" for the contraction mechanism. Without the
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processof thebindingofthecalciumionstothe troponin-tropomyosincomplex, therewould be

a specificcontractileforcefora givensaxcomere length.This does not occur sincetherateof

supplyofcalciumionsvariesdepending on theamount releasedfrom thesarcoplasmicreticu-

lum. Depolarizationofthemembrane ofthesarcoplasmicreticulumresultsh'om thedepolariz-

ingpotentialoftheT-tubularsystem.

There is no research to show that the direction of the lever movement or the amount of

external load in either direction affects a given sarcomere length or the level of calcium ions.
Rather it is the level of electrical stimulation which causes the mobility of calcium ions. With

regards to the electrical signal in the interior of the T-system, it was found by Huxley and

Peachey (269) that this is due either to direct conduction of the action potential of the surface

membrane or to an electronic spread of the surface potential down the T-system. This electro-

chemical transmission of the nerve impulse arrives at the motor endplate of the fiber to a

neuromuscular junction and the T-system. These comprise a very complex electrical networks.

At the motor endplate. Eccles (141) reported that in mammaLian muscle the nerve stimula-
tion results in fiberation of an acetyicholme transmitter substance. Each stimulation liberates a

certain amount of this chemical. The frequency of stimulation varied depending upon the fiber

type and ranged from approximately 100 c/s to about 25 c/s.

Needless to say, these activities do not occur simultaneously and various latencies exists.

For example, the active state of the contractile element reaches its peak in 10 to 12 milliseconds.

The decay of the active state also requires a few milliseconds. Therefore, the dynamics of the

contractile element of a muscle fiber is dependent on velocity and the filamentary overlap..

Force Output:

The number of active cross-links in the interfilamentary space and the degree of filamen-

tary overlap are the basic factors which generate force at the fiber. The other factors which

effect the force output is the velocity of movement between the actin and the myosin filaments.

There is virtually no relationship between the velocity of movement and the force production,

however, it should be remembered that only the effect of velocity at the sarcomere level is

important. Velocities of levers involve mechanical relationships and inertial forces are external
factors which can affect the internal contractile element fo_es but cannot alter its physiological
elements.

All these mechanisms contribute to aLl body motions. When training for improved move-

ment or for enhanced athletic achievement, muscular activity is the predominant factor for

increasing efficiency and optimizing s_ll.

Muscular Activity in Exercise:

Exercise can be define as physical activity utilized to generate body responses to demands.

Exercise enables the body to adapt to certain demands and, therefore, increase or alter the

performance capabilities.

There are various factors that affect the type of exercise. These are:

1. Speed of exercise
2. Duration of exercise

3. Resistance

The relationships between these factors determine the various adaptation characteristics of

the body's physiological system.
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Speed/Duration Factor:

The faster the speed, the shorter the time that exercise can be maintained. The slower the

speed of movement, the longer the time the exercise can be performed. Figure 17 illustrates this
effect. For example, sprinting can be performed for a short time, approximately 50 seconds,
while jogging can continue for hours.

>
O
E
O

C
Running • fast200 meters

Training Effect

Jogging for I0 rain.

Duration •

Figure 17

Speed/Resistance Factor:

The higher the resistance, the lower the speed of movement and with less resistance, the
movement speed increases. In resistance training, the heavier the load, the slower the movement.
Figure 18 illusU'ates this relationship.
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Resistance/DurationFactor:
Thegreaterthe resistance to movement, the less time the movement can be endured.

Figure 19 illus_ates this relationship.
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When combining these factors, one can consider the entity as a three-dimensional figure as
in Figure 20. Exercises closer to the origin are the least strenuous while the further from the
origin, the more difficult the exercise.

If one were to classify exercises for various physiological adaptations, they could be
summarized in Figure 21 which shows that strength exercises, as in resistive training, and
endurance exercises, such as in distance running.

Exercise is the act of performing a physical activity. In order to elicit specific training

characteristics, one must exercise in repeated bouts. Repeated bouts of training will result in
biological adaptations over a period of time. This time can vary from days to years.

Periodically repetitive performances of a sequence of exercises at increasing levels of

intensity can cause physical adaptations. Adaptation takes place due to some unknown "set up"
which occurs within the DNA-RNA protein mechanisms. Protein synthesis takes place during
the tzaining period and results in greater muscular strength and endurance. SubceUular compo-
nents are altered during the training period and it is specific to the type of training regimen. In
resistive training, the adaptations primarily occur in the contractile mechanisms on the myofi-
brillar protein. This results in increased size and number of myofibrils per fiber. On the other
hand, endurance adaptations are observed in the enzymatic capabilities of the metabolic path-
ways. It is important to remember that specific exercises selectively alter specific subceLhlar
compartments causing varying degrees of exercise capability and selectively altering the training
adaptations. The training adaptations, therefore, ate specifically related to the exercising
conditions.
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RESISTIVE EXERCISE

The relationship between resistance exercises and muscle stxength has been known for
centuries. In ancient Greece, Milo, the wrestler, used progressive resistance exercises to improve
his strength. His original method consisted of lifting a calf each day until it reached its full

growth, and this technique provides probably the first example of progressive resistance exer-
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cises. Today, it is well documented in the literature that the size of skeletal muscle is effected by
the amount of muscular activity performed. Increased work by a muscle can cause ,hat muscle to
undergo compensatory growth (hypertrophy) while disuse leads to wasting of the muscle
(atrophy).

This information has stimulated the medical and sports professions, especially coaches and

athletes, to try many combinations and techniques of muscle overload. These attempts to
produce a better means of rehabilitation or a physiological edge in sporting activities have only

scratched the surface of the cellular mechanisms and physiological consequences of muscular
overload.

Muscular strength may be defined as the force a muscle group can exert against a resis-
tance in a maximal effort. In 1948, Delorme (125A) adopted the name "progressive resistance
exercise" for his method of developing muscular strength through the utilization of counter
balances and weight of the extremity with a cable and pulley arrangement and, thus. gave load-
assisting exercises to muscle groups which did not perform antigravity motions. McQueen
(3_A) distinguished between exercise regimens for producing muscle hypertrophy and those for
producing muscle power. He concluded that the number of repetitions for each set of exercise
determines the different characteristics of the various training procedures.

Based on evidence presented in these early studies, hundreds of investigations have been
published relative to "techniques for muscular development including isotonic exercises,

isometric exercises eccentric contractions, the Oxford technique, the double and triple progres-
sive super set system, and many others. Each system's effectiveness has been supported and
refuted by numerous investigations.

Berger (61A) concluded that 6-7 repetitions three times a week was best for developing
dynamic strength. Research conducted by Steinhause (432A) emphasized the need to increase
the intensity, not the amount of work, in order to develop maximum strength.

In more recent studies pertaining to exercise, Pipes and Wilmore (388A) compared
isokinetic training to isotonic strength training in adult men. According to their findings with

isokinetic contractions at both low and high speeds, the isokinetic training procedure demon-
strated marked superiority over the isotonic methods. In 1972, Ariel (29,30,31,32,33,34)
introduced the Dynamic Variable Resistance exercise principles which resulted the variable
resistance exercise equipment. For the first time biomechanical principles were employed in the
design of exercise equipment.

Definitions of Terms:

Due to ambiguity in the literature of certain physiological terms and laboratory procedural
differences, the following terms are defined:

1. Muscular strength: The contractile power of muscles as a result of a single maxi-
mum effort.

2. Muscular endurance: Ability of the muscles to perform work by holding a maxi-
mum contraction for a given length of time or by continuing to move a submaximal
load to certain level of fatigue.

3. Isometric training: A muscular contraction of total effort but with no visible limb
movement (sometimes called static training).

4. Isotonic training: Raising and lowering a submaximal load, such as a weight, a
given number of t_mes (sometimes called dynamic training).

5. lsokinetic training (Accommodating Resistance): Muscular contraction at a constant
velocity. As the muscle length changes, the resistance alters in a manner which is
directly proportional to the force exerted by the muscle.
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6. Concentric Contraction: An isotonic contraction in which the muscle length
decreases (i.e., the muscle primarily responsible for movement becomes shorter).

7. Eccentric Contraction: An isotonic contraction in which the muscle length increases
(i.e., the muscle primarily responsible for movement becomes longer).

8. Muscle Overload: The workload for a muscle or muscle group which is greater than
that to which the muscle is accustomed.

9. Repetitions: The number of consecutive times a particular movement or exercise is
performed.

10. Repetition Maximum (IRM): The maximum resistance a muscle or muscle group
can overcome in a maximal effort.

11. Sets: The number of groups of repetitions of a particular movement or exercise.
12. Variable Resistance Exercise: As the muscle contracts, the resistance changes in a

predetermined manner (linear, exponentially, or in a user defined manner).
13. Variable Velocity Exercise: As the muscle contracts with maximal or submaximal

tension, the speed of movement changes in a predetermined manner (linear, or
exponentially, etc.)

In most existing exercise equipment today and in the previously cited research, resistive
training was performed with "tools" which lack intelligence. That means the equipment was
"unaware" that a subject was performing an exercise on it. For example, the equipment em-
ployed in the study conducted by Pipes and Wilmore assumed certain velocities on the isokinetic

modality used. However, verification of the speed was impossible since a closed loop feedback
and sensors were not used as they do not exist on the equipment employed. However, with the
advent of miniaturized electronics in computers, it is possible today to join exercise equipment
with the computer's artificial intelligence. For the first time it is possible for the equipment to
adapt to the user rather than for the user to adapt to the equipment.

Another important consideration in both the design of equipment for resistive exercise and
the performance of an athlete or a busy executive is that the human body reties on prepro-
grammed activity by the central nervous system. This control necessitates exact precision in the
timing and coordination of both the system of muscle contraction and the segmental sequence of
muscular activity. Research has shown that a characteristic pattern of motion is present during
any intentional movement of body segments against resistance. This pattern consists of recipro-
cally organized activity between the agonist and antagonist. These reciprocal activities occur in
consistent temporal relationships with the motion parameters, such as velocity, acceleration, and
forces.

HeLlebrandtand Houtz (236A) shed some fight on the mechanism of muscle traiaing in an
experimental demonstration of the overload principle. They found that repetition of contractions
which pi_ little stress on the neuromuscular system had little effect on the functional capacity
of the skeletal muscles: however, they found that the amount of work done per unit of time is the
critical variable upon which extension of the limits of performance depends. The speed with
which functional capacity increases suggests that the central nervous system, as well as the

contractile tissue, is an important contributing component of training.

In addition to the control by the nervous system, the human body is composed of linked
segments and rotation of these segments about their anatomical axes is caused by force. Both

muscle and gravitational forces are important in producing these turning effects which are
fundamental in body movements in all sports and daily living. Pushing, pulling, lifting, kicking,
running, walking, and all human activities are results of rotational motion of the links which are

made of bones. Since force has been considered the most important component of athletic
performance, many exercise equipment manufacturers have developed various types of devices
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employing isometricsandisokinetics.When consideredasa separateentity, force is only one
factor influencing successful athlebc performance. Unfortunately, these isometric and isokinetic
devices inhibit the natural movement patterns of acceleration and deceleration.

The three factors underlying all athletic performance are force, displacement, and duration
of movement. In all motor _, muscular forces interact to move the body parts through the
activity. The displacement of the body parts and their speed of motion are important in the
coordination of the activity and are also directly related to the forces produced. However, it is
only because of the control provided by the brain that the muscular forces follow any particular
displacement pattern, and without these brain center controls, there would be no skilled athletic
performances. In every planned human motion, the intricate timing of the varying forces is a
critical factor in successful performances.

In any athletic performance, the accurate coordination of the body parts and their veloci-
ties is essential for maximizing performances. This means that the generated muscular forces

must occur at the right time for optimum results. For this reason, the strongest weight lifter
cannot put the shot as far as the experienced shotpurter. Although the weight lifter possesses
greater muscular force, he has not trained his brain centers to produce the correct forces at the
appropriate time.

Because most athletic events are ballistic movements and since the neural control of these

patterns differs from slow controlled movements, it is essential that training routines employ
programmable motions to suit specific movements.

Resistive Exercising Methods:

There is a significant difference between various resistive training methods. When
comparing isotonic and isokinetic exercises, for example, in the isotonic exercises the inertia.
that is, the initial resistance, has to be overcome first and then the execution of the movement

progresses. The weight of the resistance can not be heavier than the maximum suength of the

weakest muscle acting in a particular movement or else the movement can not be completed.
Consequently the amount of force generated by the muscles during an isotonic contraction does
not maintain maximum tension throughout the entire range of motion. In an isoidnetically

loaded muscle, the desired speed af movement occurs almost immediately and the muscle is able
to generate a maximal force under a controlled and specifically selected speed of contraction.
The use of the isokinetic principle for overloading muscles to attain their maximal power output
has direct applications in the fields of sport medicine and athletic training. Many rehabilitation
programs utilize isokinetic training to recondition injured limbs to their full range of motion.
The unfortunate drawback to this type of training is that the speed is constant and there ate no
athletic activities which are performed at a constant velocity.

In isotonic resistive training, is more than one repetition is to be used, one must use

submaximal overload on the initial contractions in order to complete the requi_drepetitions.
Otherwise, the entire regimen will not be completed due to fatigue. Berger and Hardage (61B)
studied this problem by training two groups of men with 10-RM. One group trained following

the standard Berger Technique while the other group used on repetition maximum for each of
the ten repetitions. This was accomplished by progressively reducing the weight for the next
repetition in a manner which paralleled the fatigue of the muscle. The results showed that the
intensity of the work seemed to be the important factor in strength increases, since the maximal
overload group showed significandy greater strength gains than did the standaxd 10-RM group.
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Based on these findings it would seem appropriate to assume that a modality which can

adjust the resistance so that it parallels fatigue to allow the maximum RM for each repeution
would be superior to the currently available equipment. Berger accomplished this function by
removing weight from the bar while the subject trained. This is neither the most convenient nor

the most practical method. With the aid of the modem computer, this function can be performed
automatically.

Another drawback with current isotonic types of resistive exeroises is that with the aid of

inertia, due to the motion, the resistance changes depending on the acceleration of the weight
and the body segments. In addition, since overload on the muscle changes due to both bi-
omechamcal levers and the length tension curve, the muscle can only obtain maximal overload

in a small portion of the range of motion. To overcome this shortcoming in resistive training,
several companies have manufactured strength training devices which have "variable resistance"

mechanisms in them. However, these "variable resistance" systems increase the resistance in a
linear fashion and this linearity does not truly accommodate the individual. When including
inertial forces to the variable resistance mechanism, the accommodating resistance might be
cancelled by the velocity of the movement.

There seem to be unlimited training methods and each system is supported and refuted by
as many "experts". In the past. the problem of validly evaluating the different modes of exercise
was rendered impossible because of the lack of the proper diagnostic tools. For example, in the
isotonic type of exercise the investigator does not know exactly the muscular effort and the
speed of movement but knows only the weight which has been lifted. When a static weight is
lifted the force of inertia is a significant contribution to the load and cannot be quantified by feel
or observation alone. In the isokinetic mode, the calibration of the velocity is assumed and has

been very poorly verified. The rotation of a dial to a specific location does not guarantee the
accuracy of subsequently generated velocity. In fact, discrepancies as great as 40 percent are
found when verifying the velocity of the bar.

THE INTELLIGENT EXERCISE MACHINE

In all the previous descriptions of exercise equipment, the user has had to determine the
amount of resistance and the number of repetitions desired. The reason the user made the
choices was, of course, that the exercise equipment itself was inherently incapable of any
intellectual participation. However, with the advent of computers, it became possible to design
exercise equipment with artificial intelligence enabling the computerized machine to select the
best exercise method based on each individual user. Thus, the user need not be an expert in any
biological, physiology, or exercise area since the exercise machine is programmed with informa-
tion fi'ommany scientific fields thus, correctly benefiting the different individual users.

The exercise machine described herein is the result of the application of many unique,
innovative features and mechanisms to the long-established fields of resistive exercise or

uaining for athletics, rehabilitation, and physical fitness. The underlying principle behind these
innovations is that of a computer controlled feedback of servo-mechanism which is able to
maintain any desired pattern of force and motion throughout the range of each exercise, regard-
less of the magnitude or rate of force applied by the person exercising. The advantages of an
intelligent feedback-controlled mechanism over existing resistive exercise mechanisms are
many.

Fast, all systems which employ weights as the mechanism for resistance have major
drawbacks in four or more areas: (1)biomechanical considerations, (2)inertia, (3) risk of injury,
and (4) unidirectional resistance. The biomechanical considerations are the most important for
exercise equipment and have been previously explained. Inertia is the property of resisting any
change in motion and, because of this property, it requires a greater force to begin moving
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weights than it does to keep them moving in a constant manner. Similarly, when the person

exercising slows his motion at the end of an exercise movement, the weights tend to keep

moving until slowed by gravity. This phenomenon reduces the required force at the end of a

motion sequence. This property becomes especially pronounced as acceleration and deceleration

increase, effectively reducing the useful range of motion of weight-based exercise equipment.

The risk of injury is obvious in weight-based exercise equipment. When weights are raised

during the performance of an exercise, they must be lowered to their original resting position

before the person using the equipment can release the equipment and stop exercising. Injury

could easily result if the weights fell back to their resting position accompanied by the concomi-
tant motion of the bar or the handle attached to the weights. If the person exercising happened to

lose his grip, or was unable to hold the weights due to exhaustion or imbalance, serious injuries
could and have resulted. Frmally, while being raised or lowered, weights of exercise equipment

employing weights offer resistance only in the direction opposite to that of gravity. This resis-
tance can be redirected by pulleys and gears, but still remains unidirectional. In ahnost every

exercise performed, the muscle or muscles being trained by resistance in one direction are
balanced by a corresponding muscle or muscles that could be trained by resistance in the

opposite direction. With weight-based systems, a different exercise, and often a different
mechanism, ate necessary to tram these opposing muscles.

Exercise mechanisms which employ springs, torsion bars, and the like axe able to over-

come the inertia problem of weight-based mechanisms and can partially overcome the unidirec-

tional force restriction by both expanding and compressing the springs. However, the serious

problem of safety remains. An additional problem is the fixed, non-linear resistance which is
characteristic of springs and is usually unacceptable to most users of exercise equipment.

The third type of resistive mechanism commonly employed in existing exercise equipment

is that of a hydraulic mechanism. This mechanism is able to overcome the menial problem of

weights and the safety problem of both weights and springs. With the appropriate selection or

configuration of hydraulic mechanisms, the unidirectional problem can also be overcome.

However, previous applications of the hydraulic principle have demonswated a serious defi-

ciency that has limited their popuiatity in resistive training. This deficiency is that of a fixed

(although perhaps preselected) flow rate though the hydraulic system. With a fixed flow rate, it
is a well-establisbed fact that resistance is a function of the velocity of the piston, and in fact,

varies quite rapidly with changes in velocity. It becomes difficult for person exercising to select

a given resistance to train with since he or she is usually constrained to moving either slower or
faster than he would Like in order to maintain this resistance. Additionally, at any given moment,

the user is unsure of just what the performing force or velocity actually is. For these reasons,

hydraulic mechanisms have found only limited acceptance among serious users of exercise

equipment.

Feedback Control of Exercise:

The Computerized Exercise Machine possesses several unique advances over other
resistive exercise mechanisms, both fixed and feedback-controlled. The most significant of these

advances is the introduction of a stored-program computer to the feedback loop. The computer,

and its associated collection of unique programs, allows the feedback-controlled resistance to

vat), not only with the measured parameters of force and displacement, but additionally, to

modify that feedback loop while the exercise is in progress. This modification can, therefore,

reflect changes in the pattern of exercise over time. The unique program selection can effect

such changes in order to achieve a sequential or patterned progression of resistance for optimum

training effect. The advantage of this capability over previous systems is that the user can select

the overall pattern of exercise and the machine assumes responsibility for changing the precise

force level, speed of movement, and temporal sequence to achieve that pattern.
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Consider the following typical examples of exercises which can be performed on this
machine which would be impossible on any other exercise machine. A user wishes to select a

resistance (weight, in classical terms) staring at 1/2 the body weight, and to have that resistance
increase by 10 percent in each successive repetition, until the user reaches a "sticl_g point" and
cannot continue. With a classical weight machine, he would have to initially select weights
equal to half his body weight. Then the user would have to stop between each repetition to
change weights, with the probability that he would not be able to select the desired unit of

increase since weights are normally available in 5,10,25, or 50 pound units only. In addition, the
training effect of the exercise is considerably affected because, while stopping to change
weights; the muscles "recover". If, with the Isokinetic or other devices, there were a force

readout (which is not included on any of the currently available equipment), the user would have

to watch that readout and match the force pulled with the desired force as it appeared on the
readout. Cl'bis is analogous to trying to keep the high performance race "car" on the "road" in

the video arcade games.) This would require more control and concentration than most persons
are capable of especially with the onset of exercise-induced fatigue, With the Computerized
Exercise Machine, the person's weight would automatically be determined by having him
support himself briefly on the exercise bar. Then the computer would select the pattern of
increasing force, staring at precisely half the body weight, and increasing the resistance by just
10 percent after each repetition until it detected that the user could no longer move the bar. At
this point, it would report the final force level, the number of repetitious, and, if desired, the
progress the user had made since the last exercise session.

A second example is that of a user desiring to exercise with a constant force or a pre-
determined force pattern (i.e. non-linear force through the range of motion). In addition, at the

point in the range of motion where his speed is the lowest (the weakest point), the user may want
the bar to "lock" for three seconds so that strength could be enhanced through isometric rather
than isotonic exercise. After the three second isometric contraction, the motion would be

allowed to continue through the next cycle until this sticking point would again be encountered.
Experts in various professions believe that such an exercise is a vast improvement over conven-
tional resistive training for developing strength at a person's weakest points. Yet it would be
impossible for this exercise to be performed on any other exercise machine known to exist. Not
only can the proposed exercise system perform this pattern of exercise, but during and after the
exercise it can display the level of strength at the "sticking point" and how this compares both to
previous su'ength levels and to the strength over the entire range of motion. In addition, the
programs are then able to adjust ensuing exercise sessions to select the proper range of forces to
continue to build strength based on the progress to date. All of this is accomplished without the
user having to remember or reenter any data.

As can be seen from the previously cited review of resistive exercise methods, it would
seem that the future will rely increasingly on computerized exercise modalities for training and
rehabilitation. Current research revealed significantly greater progress in muscular strength for
the subjects who trained on the Computerized Exercise Machine. In addition, more efficient and

less time-consuming workouts as well as fewer injuries and higher motivation are possible which
can produce improved results. The Computerized Exercise Machine is programmed for several
training modes. One mode is diagnostic for determining the individual's range of movement as
well as the force and speed exerted through that range of movement. On a color CRT, the user
can see the force and the velocity curves or print a copy of the display. A second training mode
controls a predetermined resistance which can be set in several ways - linear, exponential, user
defined and an "ideal" curve. A third mode allows setting "sticking points", or isometric

contractions, at any points through the range of movement. The fourth training mode can set a
"fatigue level" to which the user exercises until reaching that level. The fifth mode is a power
and endurance training which controls the amount of work performed. Another exercise mode is

variable velocity training. In this type, the velocity can be predetermined in many possible
fashions which also allows the user to exercise in an isokinetic mode. The amount of resistance
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can be set as a function of the forces exerted by the user for each repetition. The computer

"senses" the changes of forces throughout the range of movement and makes the appropriate
adjusunents in order to accommodate the user. The Computerized Exercise Machine has many
other features which are fully programmable and allow tremendous flexibility for the user.

Some of the capabilities of the Computerized Exercise Machine were studied in several
research projects perfomaed at the Coto Research Center at Coto de Caza, California. One study
was designed to compare the Computerized Exercise Machine to other existing equipment. The

study examined the effect of similar training regimens, using several types of training equip-
ment, Onthe development of muscular strength. The results of the study demonstrated superior-
ity of the Computerized Exercise Machine over the other types of equipment. The study con-
cluded that the Computenzed Exercise Machine was more effective in developing muscular
strength. It seems that the Computerized Exercise Machine allows adaptation to the maximum
effort of the muscular contraction. In addition the interactive feature of the machine permitted

maximum motivation for the user and there was a significant carry over effect to other exercise
modalities and other independent athletic skills from training on the Computerized Exercise
Machine.

Another study was designed to examine the effect of resistive training on limb velocity.
The subjects were tested on the maximum speed they could lift a 32 pound load, and in addition,
how fast they could lift loads of 40 and 70 percent of their maximum. Again, the results revealed

a significant rate of improvement of the Computerized Exercise Machine users over the other
training modalities.

A study was designed to determine the aerobic adaptation to work and fatigue training

modes on the computerized Exercise Machine and to compare those effects to the aerobic
adaptation of running/jogging. The running group trained three times per week for 40 to 50
minutes of jogging and punning. The Computerized Exercise Machine groups were trained in
power/work mode or in a fatigue mode. The results of the Study revealed that, for the same
amount of time devoted for exercise, the Computerized Exercise Machine users improved their
aerobic capacity by almost 20 percent while the runners improved only 12 percent. The Compu-
terized Exercise Machine users also significantly improved in strength/power and local muscular
endurance.

From these results, it can be concluded that the Computerized Exercise Machine is more
effective than the other modalities tested for several reasons. The subjects could constantly
interact with the machine and receive immediate feedback about their effort. While exercising,

the subjects were motivated by the interactive results which reported the average and maximum
force produced as well as the velocity associated with the movement. During each session, a
comparison to previous sessions was displayed on the CRT, a feature that constantly motivated
the subjects to work harder. This motivation contributed to the stimulation for the Computerized
Exercise groups to work at their maximum effort. Unlike other modalities, the subjects were not
restricted to the range where biomechanically the limb would be at a disadvantage and would
have to stop exercising. On the Computerized Exercise Machine, at this point, the intelligence of
the machine reduced the resistance and allowed the subject to complete the set at his maximum
effort. The Computerized Exercise Machine opens a new dimension in the area of training,
rehabilitation, and research.

NEUROMUSCULAR INTEGRATION

In order to understand the computational abilities of the brain, it is necessary to understand
something of the basic structure and function of the neuronal substrata. Early descriptions of
brain models considered the brain as a randomly connected network of binary neurons. In fact,

the brain is highly structured and far from random connections with the neurons functioning as
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bothanaloganddigitalcomputing devices. The neurons in the brain are arranged in quite
regularpatternsand aregroupedinfunctionaldivisions.Preciseandregularmappingsexistfrom

thesensoryorganstothesensoryprocessingregionsofthecortex,aswellasfromthemotor

centerstothemusclesofvariouspartsofthebody.Somehow theneuronsfromoneareaknow

how to locate and establish contact with neurons in other quite distant areas.

The unit of the brain structure is the neuron. It is a living entity, that is, a cell like all the
other cells in the body. The neuron, however, is specialized for information processing. Each
neuron is shaped by its surroundings, by the composition of the chemical bath in which it swims,
by the hormones it detects, by the electrical and chemical fields and gradients it experiences
during its growth and maturing, and by the nature and timing of the electrical impulses and
chemical tnmsmitters produced in its vicinity as a result of activity of other neurons.

The neuron can be compared, in simplified terms, to a "gate" in a digital computer or to an
operational amplifier in an analog device. Any movement executed by the body must start with
the neuron Neurons have four basic parts: a cell body, a set of dendrites, an axon, and a set of
terminal buttons. Neuronal information is transmitted to the action site through the axon.
However, the axon does not transmit the reformation as a DC or AC current but in pulses with
certain fiequencies. All the pulses which are transmitted have approximately the same height
and the same duration. In digital computers electronics, these would be considered as binary bits
and are analogous to "l"s and "0"s. A pulse is transmitted on the axon whenever the analog
voltage in the cell body exceeds a certain threshold voltage value. Using electronic terms, this is
an "action potential" which initially generates a pulse. After the pulse occurs, the voltage in the
cell body of the nerve returns to the initial base line value. In electronics terms, the nerve acts
like a Schmitt trigger.

The cellbody interactswiththeaxonfromtheprecedingneuronatthesynapse.The

synapsecantransmitinonlyonedirectionand,therefore,actslikeadiode.The synapseisan

electricalgate,orvalve,whose resistancetotheflowofcurrentiscontrolledby thereceiptof
transmitterchemicalsfromtheaxonbuttonsofotherneurons.

Communication of information across synapses is one-way and flows from the terminal
buttons of one neuron to the dendrites or cell body of another neuron. The presence of the
transmitter causes an electrical current to flow in the synapse of the receiving neuron. This
current may be either positive or negative, depending on the type of _ansmitter chemical
released. As a general rule, a particular neuron releases only one type of transmitter chemical.
Thus, neurons can be classified as either excitatory, causing positive current to flow in receiving
neurons, or inhibitory causing negative currents to flow. There is a synaptic receptor for every
axon button. Thus, there are two types of synaptic receptor sites: excitatory and inhibitory. A
single receiving neuron may have both excitatory and inhibitory inputs. Communication of
information across synapses is one-way, flowing from the terminal buttons of one neuron to the
dendrites or cell body of another neuron.

It is interesting to note that the voltage in the cell body is an analog signal and represents
an algebraic sum of the inputs. This means that many small low voltage signals, which by

themselves would not have an effect, may sum algebraically to produce a quantity sufficiently
large to activate the nerve. When all the input signals on the cell body exceed the threshold, a
pulse is initiated down the axon and, it is said, that the neuron has fired, In other words, the
neuron has digital inputs which are converted into analog values. These values are processed
algebraically in an analog fashion. The arithmetic result is then reconverted into a digital form
for transmission. The neuron can behave in different ways depending on the level and frequen-
cies of the incoming signals. For example, activation may require several equally weighted
inputs in order to reach the firing threshold. This type of response is analogous to an "AND"
gate. A different type of response is that any of several inputs can drive the cell past the firing
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threshold;thisis analogous to an "OR" gate. A third possibility is that some signals may be
subtracted fi'om the sum. This allows both inhibitory and excitatory inputs providing the neuron
with characteristics of both "AND" and "OR" gates. Since the individual cell can have thou-

sands of inputs, one can appreciate the nearly infinite possibilities. Thus, the cell must integrate,
differentiate, ancl process other functions through feedback and analog operations.

Interaction of inputs from different axons is called "spatial summation" and interaction of
sequential pulses on the same axon is referred to as "temporal summation". In other words, the

signals from the neurons can be evaluated by the brain as "what", "where", and "how much".
Once the neuron has computed its result, this information is transmitted to its destination which
could be another neuron, a muscle, or a gland. Transmission is not a simple problem because the

signal voltage is small, less than a tenth of a volt, and the distance may be quite far. The action
potential allows tl_ signal voltage of the neuron to be Uansmitted over long distances by
encoding it as string of pulses. This means that the choice of a particular axon specifies "what"
and "where". The amount of frequency indicates "how much". This system enables the nervous
system to select which muscle to use and how much resistance to create. If a person wants to
flex his or her elbow with a certain load held in the hand, _ brain must direct the signal

t_ough the axons to the proper muscles activate the correct number of fibrils. If the elbow is
flexed first, then the summation of signals activates enough sarcomeres to allow the proper
muscles to flex the elbow. Once the elbow is extended if the person wants to lower tbe weight,

summation signal in the brain must calculate the level of contraction necessary to execute
the task including computations needed for the gravitational effects which are an integral part of
the movement. The net moment around the elbow must consider also the required stabilization
between the extensors and flexors and the geometrical orientation of the limbs active in this
movement. This ability of the nervous system allows large numerical quantities to be processed
with what might be called a temporal byte or the integration, over a brief time period, of a single
input line. Thus, the brain structure receiving the information can determine the type and
location of the stimulation with a spatial byte, which is a place code allowing determination of
the set of active lines, and the intensity of the stimulation with a temporal byte or frequency
code.

All muscular activities utilize a basic unit on contraction which consists of spatial and

temporal dimensions. Independent sets of information can be encoded in these two dimensions
and they can then interact in the receiving structure in a way determined by physical and

chemical properties of the cell's membrane. The spatial aspect of the code is essentially digital
information and the temporal aspect of the code is essentially analog information, although it is
encoded in the frequency of digital pulses.

A simple explanation of these physiological parameters would be impossible. Even
mathematical treatments of this sequence represented in various models incur great difficulties.
Tbe number of degrees of freedom exceeds the number of simultaneous equations required to

quantify all the possibilities. However, logical and experimental results may provide logical
conclusions although inconclusive and possibly erroneous. (Remember the statement at the
beginning of this article by Leonardo Da Vinci!)

A very important property of the neuron is that many inhibitory inputs are received and
processed as well. The total of these inhibitory signals causes the voltage across the neuronal
membrane to move away from the firing threshold. This action cancels the combined action of
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all the positive inputs. It is also possible to have a negative synapse which negates only a

specific input. This type of signal called presynaptic inhibition.

In addition, the speed of _ransmission along the axon plays an important role m conuollmg

and processing of the motor nervous system. The speed of the Wansmission of pulses down the
axon can vary over a wide rangealthoughitisalwaysthe same inany givenaxon.This means

thathighspeed axons can move dataquickly,but low speed axons may be employed asdelay

lines. Because axons can have branches coming off at any point, delay lines may be introduced.

A greater amount of depolarization at the neuron will cause a higher frequency. A lesser amount

will cause a lower faequency. Thus, analog voltage in the cell body can be converted into a

series of pulses at a particular frequency.

Signalencoding by actionpotentialsunfortunatelyintroducesnoiseintotheinformation

channel. This is because the action potential is a discreet event as is the pulse spacing between

action potentials. The encoding of a continuous voltage as a string of pulses forms a noise signal.

The brain overcomes this noise by redundancy. This information repetition utilizes many

neurons transmitting the same message, each encoded slightly differently, so that the average of
a large number of neurons produces the accuracy needed for precise control. This redundancy

also provides improved reliability which is important in a structure in which approximately ten

thousand neurons die every day due to disease, injury, or old age.

It is beyond the scope of this article to provide an indepth discussion of the complexity of

the nervous system in creating muscular contraction. However, in general, the basic architecture

of the system is hierarchical. Each of the major functions of the system is partially orgamzed at

each level of the system instead of having particular levels devoted to specific functions.

The most obvious partitions of the central nervous system divide it into three levels. At the

lowest level is the spinal cord, above that is the brain stem, and finally at the top is the forebrain.

At the lowest levels, there are a multitude of relatively simple processing elements doing

similar jobs. At the higher levels, there are a few very complex and powerful processing ele-

ments defining system tasks and priorities and organizing the activities of the lower levels to
achieve the goals.

On the input side, the lowest levels gather raw data. which is then progressively abstracted,

sorted, and refined at each stage according to general guidelines which may be either hard-wired

or determined at higherlevels. The highest levels then receive abstract symbolic information

about the general state of the environment rather than discreet bits of information. Therefore, in

on:ler to flex the elbow joint, the higher center recognize the flex and extend movement rather

then how many sarcomeres are involved in each of the movements. The output functions begin

at the highest levels which determine general goals and strategies and transmit these to the lower

levels. The lower levels, in turn, send information about desired actions and timing to the lowest
levels for execution.

One of the most important signal from the lower centers is the proprioceptive sensor

mechanisms in the muscle spindle organ, shown in Figures 22, 22a. and 22b. The output of the

spindle sensor travels to the spinal cord where it enters through the dorsal roots and terminates

with excitatory synapses on the dendrites of the alpha motor neurons as shown in Figure 23.

When the gamma neuron fires at a rate gl, it shortens the ends of the spindle to a length l(gl). If

the muscle bundle attached to the spindle is stretched by more than an amount L(gl), the spindle

will fire, sending a signal to the motor neuron that controls the muscle bundle commanding it to
resist further stretching.
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Thus, the gamma neuron can determine the point at which the stretch resists further

movement. The result is that the llmb moves to a position set by the firing rate on the gamma

motor neuron. The gamma neuron, muscle spindle, and motor neuron thus comprise a position

servo. A specific firing rate on the gamma neuron tends to produce a particular length of a

muscle and, hence, a unique angular position of the joint. Figures 24 and 24a shows a schematic

diagram of the computing modules involved in the gamma position servo. The position com-

mand enters the motor output module and generates a particular firing rate on a gamma neuron.

The gamma neuron sends its indication of what the spindle length should be to the sensory

spindle where it becomes an expected position. The spindle compares the actual position with

the expected, emits an error signal which is sent to the motor output module as an excitatory

feedback signal. The motor output module, whose output is the alpha motor neuron, then uses

this feedback together with input from other motor centers to compute its output signal which it

encodes as a fixing rate to the muscles.
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Figure 24

Some of the other motor center inputs come from commands to and feedback from other

limbs. The rest of the other inputs come from higher motor centers such as the pyramidal fibers
from the motor cortex; extrapyramidal fibers come from the red nucleus, the substantia nigra,

subthalamic nucleus, and the vestibular nucleus. All of these synapse directly on the motor

neurons. These various inputs essentially command the motor neurons to fire at a particular rate

which produce a specific force or rate of contraction of the muscles. This is represented in

Figures 25 and 25a.

In addition to the spindles that measure the amount of stretch in the muscles, there are the

Golgi tendon organs that measure the tension in the tendons. Axon fibers from the Golgi tendon

organs enter the dorsal roots and make excitatory synapses on interneurons. These interoeurons
then make inhibitory synapses on the motor neurons. The overall effect is to limit the force

exerted by the muscle preventing excessive stress from tearing the muscles or tendons. When

tension in the tendon organs approaches the danger level, they fire vigorously causing an

immediate relaxation of the muscle. Thus, signals from the tendon organs provide the motor
output module with the information necessary for controlling the force level in the tendons.
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It is thought local sensory input and commands from higher in the motor system that the

gain in the inhibitory portion of the tendon organ loop is modulated- If the inhibitory signal is

equal to the difference between the commanded and the observed tension, the motor neuron will
increase its firing rate whenever the tension fails below the commanded value. Correspondingly,

the motor neuron will reduce its firing rate when the tension rises above the commanded value.
The result is that the force in the muscle is servoed to the commanded value.

There are also sensing organs in the joints which measure the position and rate of motion

of the joints in addition to the muscle spindles and the Golgi tendon organs. For every sensory

input there are specific nerves for each of the different sensations or signals. This nervous
system feature has been called the "law of specific nerve energies" or "place encoding." For

example, the brain must know the amount of tension on a parucular muscle and the position of

the joint at that particular angle. If the motor signal is to reduce the angle or flex the joint, the
motor system in the brain must know if this task has been accomplished. If the joint center

indicates that the fimb is moving in the direction opposite to what was required, adjustments

must be made. (Attention to such adjustments wig he discussed relative to a series of experi-

ments later in this article.)

As a general rule, the intensity of sensory input is encoded by the rate of firing such that

each percent increase of stimulus intensity tends to cause an increase in the firing rate by a fixed
amount. This leads to a logarithmic or power law relationship between stimulus intensity and

firing rate. This is called the Weber-Fechner Law after the two investigators who first carefully

measured the effect as shown in Figure 26.

Thus, at each level of nervous system control, there are a number of relatively independent

processing elements performing their own jobs in parallel and exchanging information with

levels above, below, and laterally. Therefore, any large scale or voluntary task is not processed

in a single brain center. Rather, different aspects of the task will be handled by different portions
of the functional subsystems within the physical system. For example, consider the case of
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lifting a load by flexing the elbow. There will be continuous computing of forces based on limb

positions or velocities requested by higher levels. The brain provides such a processor for each

fiber of each muscle and it instructive to examine their approaches to the problem solution
involved.

Voluntary limb movements such as this example of elbow flexion necessitates adjustments

to be performed quickly and control of the system is made by anticipation of events. This is one

of the major principles of the neuromuscular system, the principle of organization. The theory of

the principle of organization is that the higher level structures control the lower, not by turning

them on when needed, but rather by inhibiting their actions except as desired. Consider running

as an example. In running, the muscles involved in plantar and dorsal flexion of the foot which

will quickly come into contact with the ground, are fully activated before the impact. In this

way, there is force anticipation to absorb the impact. Another example can be found in long

jumping. In the analysis we performed on the world's best long jumpers, the results showed that
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the man who jumped farther than 8 meters did not use the foot flexors and extensors as driving
forces but as blocking forces. This technique enabled the utilization of inertial forces which are

much greater than the muscle could generate even though limb muscle conu'action was evident

prior to takeoff.

The lowest level of the central nervous system is the spinal cord and it is the major route

for input and output for the brain. Most of the sensory input from the body and most of the

output to the muscles passes through this su'ucture.

The higher centers, including the medulla, the mesencephalon, the thalamus, the hypo-
thalamus, and others, will not be discussed. However, their complexity of regulation and control

is an integral part in muscular output. It is interesting to note, however, that the actual physio-

logical mechanisms which are controlled directly by the brain are of only two types: the muscles

and the glands. These are the only effector organs to which the brain is connected and, thus, you

Spinal
Dorsal Cord Ventral
Root Root

Joint

Intrafusal Muscle Fiber

Extrafusal Muscle Fibers
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Figure 27
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may onlyconuactamuscleandreleaseglandularsecretions.The remainingrangeofphysical
behavior is only a combination of these two.

Figure 27 provides simplified illustration of the interaction between the high level and the
low levelcontrollers.Thissystemgovernstheservomechanismofmuscularcontraction.

When itcomes tomuscularcontrol,therearetwo fundamentaltechniqueswhichthebrain

usestocontrolmuscularcontractions.The firstmechanismistoequipeachlevelofdecision

makingwithsubprocessorswhichacceptthecommands fromhigherlevelsaswellasaccounting

fortheinputsfromlocalfeedbackandenvironmentalinformationsensors.Inthisfashion,a

descending"pyramid"ofprocessorsisdefinedwhichcanacceptverygeneraldirectivesand

executetheminthepresenceofvaryingloads,stresses,andotherperturbations.Thiskindof

inputandoutputcontrolisusedformultimodalprocesses,suchasmaintainingbalancewhile

walkingonuneventerrain.However,thistypeofcontrolisinappropriateforexecutingdeliber-

ate,volitional,higherlevelgoalssuchasinstructingthearm toflexwithloadheldinthehand.

The second technique which the brain utilizes to control muscular contractions applies to
the operation of higher level systems which generate output strategies in relation to behavioral
goals. These are the categories of output tasks which use informational input rather than the type
of generated behavior. The operation of the motor command chain depends upon certain sensory
inputs which provide feedback and status information for moment-to-moment operations. The
basic required and supplied information relates to the joint angle, muscle loading, and muscle
extension or stretch. Various organols at the lower levels of control translate these quantities into
neural impulses which are processed by the higher levels of control for the next sequence of
insuuctions by neural transmission.

The functional aspect of muscle control is the motor unit. All skeletal muscle fibers are
innervated by the neuron. There are thousands of direct and indisect neural connections to the
cell body of the motor neuron, but once an impulse is generated this motor neuron determines
the final neural output through which movement is controlled.

All motor neurons transmit impulses from the spinal cord to the muscle fibers they
innervate. When the impulse arrives at this point, all of the muscle fibers of the specific motor
unit contract. However, motor units differ with regard to speed, force, and endurance. Figure 28
illustrates these differences.

Different populations of motor units account for the speed with which the muscle can react
to a st_nulus. There are both fast twitch and slow twitch muscle fibers. When considering force
production and force-yielding capacity, the force yielding capacity of a motor unit depends on
the number of muscle fiber per motor unit, the fiber size, and the type of myofibrils in the
particular motor unit.

In different movement/, no one type of motor unit iS Used exclusively. Normally, the
requirements for a particular movement will preferentially select slow and fast twitch units in
different proportions depending on the movement and the skill desired.

In most cases, muscles work in opposing pairs, that is, one muscle group opens or extends
a joint and the other group closes or flexes it. Figure 28 illustrates this kind of arrangement.
Local control of this system resides in the spinal cord and it is called the lower motor neuron
system. This organization controls the individual fibers of each muscle through input to the
motor units that control a varying number of muscular fibers. The organization of the lower
motor neuron pool accepts and reconciles commands from a multitude of other systems all of
which desire control of the muscle in question.
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The degree of contraction of the muscle is proportional to the output pulse frequency of

the lower motor neuron system. The higher the frequency, the stronger the contraction. In the

situation presented in Figure 28, it is apparent that both the extensors and flexors cannot be

affected by the lower motor neuron to the same level of intensity simultaneously. There must be

a programmable mechanism so that the flexors do not work in opposition to the extensors.
Therefore, one group of muscles must be relaxed while the other is active. In addition to the

local control system, previously mentioned, there are higher centers of reflex action so the motor

system can enact corrective action via other muscles and limbs for the redistribution of weight,

tocounteractshifts in the center of gravity, etc.

Higher level inputs to the Lower Motor Neuron system may request a variety of actions,

such as holding a particular position, moving to a specified position, or moving with a particular

velocity. These requests are integrated into the lower motor neuron system according to the

following structure. The Lower Motor Neuron system (LMN) attached to the extensor muscle

has two functions. One function is to deal with high level instructions while the muscle tension

compensates for an external load. The second function is to process information from the muscle

itself via the muscle spindle tl_at sends information via the gamma motor neuron. Because the S

fiber is mechanically attachedto the rest of the muscle, it is passively stretched or relaxed as a

result of the neuronal inputs or external forces which extend or contract the main muscle.

However, the S fiber's bias, or ambient contractility, is set by its own "private line" input signals

from neuron G. The neural component of these stretch receptors is attached to the S fiber, and

when this is stretched, the neuron fires at a rate proportional to the degree of stretch.
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From a motor integration view, the whole hierarchical motor output system uses a tempo-
ral frequency coded as well as analog information derived from the stretch receptors to specify

the degree or quantity of an action. In addition, the set of all of the descending input lines to the

numerous LMN systems constitutes a spatial byte, or place code, which is essentially digital in

character and in which the specified lines select the set of LMN systems which are addressed.

This arrangement allows determination of the nature of the movement to be performed, but not
its speed, force, or direction.

Figure 29 illustrates some attempts to explain the effect of the higher center on the lower

motor neuron pools. Arbib (18) tried to relate the higher center to the control of flexom and

extemors system around a particular joint as shown in Figure 29.

Figure 29
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Ex_nments with rapid movement illustrated a nigh level of control for a pair of muscles.
Studies of isotonic movements, which more correctly should be referred to as "balli.ctic" or
"variable resistance" movements, have shown that muscle activation occupied only a small
poruon of the movement. In addition, the duration of the activation in an isotonic movement
does not seem to be related to the extent of the motion. There is an initial burst of acceleration as

the agomst contracts and the antagonist muscle relaxes, an intervening quiet period, followed by
a final burst of deceleration as the antagonist contracts. Bizzi (73), experimenting with eye
movements, revealed a system in which the initial movement was triggered by an agonist burst
and antagomst silence. This activity continued until the end of the movement triggered a return
of both muscles to the resting activation level appropriate to the new position.

Braitenberg and Onesto proposed a network for convening space into time by providing
that the position of an input would determine the I_ne of the output. This "open loop" system
revealed a preset signal in the nervous system which resulted in specific position adjustments.
However, the question remained as to how the brain "knows" the joint angle in a cognitive
sense. Experiments revealed that the brain processed the angle as a quality and encoded it in
terms of which neurons fu'ed. Specific receptors fire at nigher frequencies at particular angles.
Thus, for each joint angle, there were "assigned" receptors responsible for each specific angle.
When the nigher center transmitted a command to flex the elbow, for example, feedback
information returned from the joint receptors as ascending signals to the nigher center for
processing and adjusting to the continuous tuning signals to the flexors to contract.

The extent of the kinesthetic receptors' tuning curves suggests that fine discriminations of
angle must be made. This is accomplished by establishing "angle detectors" throughout the
process of selective inhibitory and excitatory convergence to produce a pattern of activity in a
population of inputs which corresponds to the desired action. Activity by any single angle would
activate several broadly tuned receptors to varying degrees and not activate others at all. The
relative activities could define the angle as finely as desired simply by pulling more of the
broadly tuned detectors.

When a body segment is given a signal to move, the agonists muscles are fired to start the
contraction. At the same time, the antagonists muscles also receive also a signal of lesser
magnitude. Because the activity by the antagonists is smaller, they were believed to be relaxed
or inactive. However, it has been found by many investigators that the antagonist functions as a
joint stabilizer and. therefore, movement is a product of the net moment around a particular
joint. A "burst" of agonist EMG stimulates the required muscular activity to accelerate the
segment and this burst of EMG activity is followed by a silent period. The antagonistic activity
has reported. This classic illustration of EMG patterning in a ballistic movement utilizing
agonist and antagonist muscles is shown in Figure 31.

It is apparent that the brain defines its perceptual qualities so that the nature of the quality
is encoded in active cells and the rate of their fumg determines the "goodness of fit" between
the stimulus and the desired action. The encoding process at the receptors achieves higher
intensities with increased firing rates.

A situation to address concerns the rate of firing when the resultant movement is opposite
to feedback signal loop such as in a maximal eccentric contracuon. For example, the contractile
direction may be flexion but the external load exceeds the muscular force in that direction. In

this situation, the different joint receptor outputs do not match the required or the anticipated
signal. The neural and muscular mechanisms and the various effects have not as yet been
investigated.
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Types of Muscular Contractions:

When muscles contract, the limbs may appear to move in different ways. One type of

motion is a static contraction, known as an isometric type of contraction. Another type of

contraction is a shortening or dynamic contraction which is called an isotonic contraction.

Dynamic contractions are accompanied by muscle shortening and by 12rob movement.

Dynamic contractions can exhibit two types of motion. One activity is a concentric

contraction in which the joint angle between the two bones becomes smaller as the muscular

tension is developed. The other action is an eccentric contractions in which, as the muscles

contract, the joint angle between the bones increases.

These two types of dynamic contractions exhibit various characteristics and produce a

level of confusion. It was thought that a person could generate more force with an eccentric

contraction then with a concentric one. Many studies have focused on this point, however, to

date, there has been only confusion and disagreement with the results. To adequately investigate

this phenomenon, the following areas must receive consideration:

1. Physiological
2. Neuromuscular

3. Biomechamcal

4. Skill and Technique

The physiological characteristics of muscular contraction have been previously discussed.
The interactions among the remaining factors, the biomechanics, neuromuscular control, and the

level of preprogrammed skill and technique are essential if one is to determine the source of the

causes and the discrepancies in force measurements.

Komi (307), a notable researcher in the area of muscular function, concluded his research

findings with the following statement: "It would be an overstatement to conclude that the

available scientific information guarantees full understanding of the factors involved in produc-

tion of force and speed by human skeletal muscle." Such sentiment was probably aroused by the

fact that, in skilled activities, the muscle does not behave in a manner that is logically explained.

For example, Komi observed that the greatest EMG activity occurred before the force require-

ment. The level of force was greater in the eccentric phase as compared to the concentric phase.

The concentric contractions appeared to be less efficient with minimal energy production as

compared to the eccentric contraction.

It appear to the author of this manuscript that some of the findings resulted from not

amalgamating the total complex of requirements needed to generate force. For example,

sufficient time must be allowed for the flow of calcium ions to interact with the cross bridges.

Time is also necessary for neuromuscular integration and for the entire system to generate the

required potentiations. All the biochemical processes require some activation time. Thus,

muscular contractile activation must start before an impact occurs such as in running or walking.

These actions must be preprogrammed to allow a sophisticated timing mechanism to initiate a
chain reaction of events.

The level of performance is dependent on the integrative programming of the nervous

system, the status of the biochemical state of the skeletal muscle, and the biomechanics of the

muscles, joints, levers, and external physics affecting the body.

When a limb moves, a sophisticated chain of events occurs before, during, and after the

movement is completed. The fineness of control depends upon the number of motor nerve units

per muscle fiber (207). The more neurons, the finer the ability to maneuver, as in the case of the
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muscles that operate the eye. When there are fewer motor nerve units involved, the action

becomes less fine or precise. The individual muscle fibers that make up a muscle contract and

relax in an elaborate synchronization. Consider the operations required of the human eye and

ann. Eye muscles must operate with great speed and precision in quickly orienting the eyeball
close or distant focusing as well as tracking. At the same time, the eye muscle does not have to

contend with such external demands as lifting weight. The fine control needed in eye movement

calls for a high innervation ratio (the ratio of the number of neurons with axons terminating on
the outer membrane of muscle cells to the number of cells in the muscle). For eye muscle, the

innervstion ratio is about one to three, which means that the axon terminals of a single motor
neuron release their chemical transmitter to no more than three individual muscle cells.

Figure 31

In contrast to this high innervation ratio, the axon terminals of a single motor neuron that

innervates a limb muscle, such as the biceps of the arm, may deliver a chemical transmitter to

hundreds of muscle fibers. The muscle may, therefore, have a low ratio of one to many hun-

dteds. As a result, the output of the motor unit in limb muscle is correspondingly coarse.

One of,he most elementary movements for humans is walking (113,139, 245). It seems as

if all mammals and other land animals axe born with the ability to walk and run. In experiments

with babies between four and six weeks of age, it was found that these infants start to walk when

supported, raised to a standing position, and p!__d on a treadmill. It seems that a baby at this
early age possesses and can utilize the built-in walking mechanism with which it was endowed

by its genes. The nerve cells controlling the mechanism come from the spinal cord.

Consider one of the most common activities in modem civilization, handwriting, and the

execution of one's own signature. Whenever John Smith signs his name, it always looks the

same (or enough to be so recognizable) and different from what any other person can write, even

if trying to sign the name of John Smith. Even if Mr. Smith uses chalk and signs his name on a

blackboard, the signature appears the same though he used different muscles than those em-

ployed when writing on paper. The individuality remains.

In this complex handwriting movement, there is a preprogrammed control mechanism.

Optimum performance depends on the control efficiency. It does not matter how strong the

muscles are or the efficiency of the metabolism. The control of these processes is the most

important factor. Most people believe the brain is primarily used for thinking, yet research
shows it to be first and foremost a control system. Although, very complex, the task of handwrit-
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ing incorporates all of the required components: neurological, biomechamcal, and biochemical.

To begin a handwriting analysis, it should be remembered that there are many ways to move the

joints in order to accomplish the task. However, for any given function there seems to be a best

way to code the information and receive the quickest response from the system. Therefore, the
way in which we activate the muscles and the bones in order to perform any volitional task will

greatly affect the amount of computation that is required to assure smooth operation of joints
and easy interaction of the organism with the world.

BIOMECHANICS

Biomechanics is an integration of the two disciplines of biology, "bio", and physics,

"mechanics". It recognizes that all bodies on earth, animate and inanimate, are affected in the

same way by gravity and provides a better understanding of performance. In other words, a

bridge, a car, a baseball player, or a horse must all adhere to the laws of mechanic.s. The addi-

tional factors which must be included to more accurately assess motion for the biological entities

include such things as bone capacity, neuromuscular coordination, and physiological attributes.

From the understanding of each component will come greater appreciation of the integrated
result that is called biomechanics.

Da Vinci (118) once observed that while drops of rain are in fact independent of one

another, they appear to the human eye as "continuous threads descending" from the clouds, and

that therein lies the truth of how the eye "preserves the impression of moving things which it

sees." Therein also lies the visual distortion that allows us to see motion pictures. Because of the

properties of the human eye and the visual system, a series of separate images on film becomes a

smoothly flowing image when projected onto a screen at a certain speed - a movie. Movement of

the human body is, also, a series of separate, individual actions. They begin with minute

electrochemical processes infinitely swifter and more complicated than any set of f'tlm images

traveling at 2,1 frames, or 1.5 feet, per second. Our muscles are thin strands of fibers which,

when inactive, have all the strength of jelly. But they contract or relax because of these electro-

chemical reactions. The result is movement of the body with a fluidity that defies even the

sharpest eyes to distinguish the separate actions. For instance, the simplest of human move-

ments, such as crooking a finger or raising an eyebrow, involves a complex of neuromuscular

happenings that cannot be duplicated by artificial means. In fact, the best robot still moves in

jefl_s and stops when compared to the subtle, flowing pace of a human (207).

Man fathoms the nature of things by tracking their motion. All motion follows mechanical
principles. Like machines he makes, man is a set of levers whose movements copy the geometry

of classical mechanics. These levers are powered by muscles, whose actions can be as simple as

their characters are complex, Each of the more than six hundred muscles is abundantly supplied
with nerves which link the muscles to the brain and spinal cord and which often follow laby-

rinthian circuits, humming with signals, to control the ebb and flow of muscular energy. Many

muscles must work harmoniously together in order to perform even the simplest task (115).

It is biomechanics that seeks to understand how these neuromuscular events occur and to

analyze a series which the naked eye only dimly sees and the mind often fails to comprehend.

Biomechamcs is a science that depends upon the known facts of biology, physics and, to a lesser

extent, chemistry. It can be called the study of the structure and function of biological systems

by the methods of mechanics. To reap the rich rewards of the more satisfying, fulfilling life

which this science can offer, a through understanding of both the "bio" and the "mechanics" of

biomechanics must be gained.

The "bio" part of Biomechanics has been covered at length in the beginning portions of

this paper. Therefore, attention will be directed at the second half of the word, the "mechanics".
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THE MECHANICS

The second half of the science of biomechanics concerns itself with the physical laws that

can be applied to the human body, the "mechanical" consideration. Unlike the "bio" pomon,

which is affected by biological su'ucture, anatomy, physiology, genetics, nutrition, activities and

environment, the mechanics portion is governed by mechanical laws which are universal tenets
th_ughout theEarth.

The Italian scientist, Galileo Galilei (1564-1642), found experimentally that different bails

of diffe_nt weights roll down an inclined plane at the same rate (43) If the plane were tipped
more sharply, the balls would roll more rapidly, but all the balls would increase their rate of
movement similarly; in the end. all would cover the same distance in the same time. This means

that freely falling bodies fall through equal distances in equal I_-nes, regardless of their weight.
In other words, a heavy body will not fall more rapidly than a light body. The importance of the
falling masses experiment lies in understanding acceleration.

Galileo determined that the distance traversed by a body rolling down an reclined plane

grows greater and g_ater in successive equal time intervals. This means that the rate of speed is
changing. Acceleration is precisely the change in rate of speed or, in more correct terms,

velocity. In the falling masses example, each second the velocity of the mass increased by the
same amount for this particular lime interval. Such a change in velocity with time is called

acceleration. On Earth, the acceleration of f_e falling bodies is a constant of 32 feet per second
per second.

It was absolutely necessary to understand acceleration in order for the English scientist, Sir

Isaac Newton (1642-1727), to formulate the laws of motion (409). As stated by the Newtonian

law, acceleration produced by a particular force acting on a body is directly proportional to the

magnitude of the force and inversely proportional to the mass of the body. In other words, the

greater the acceleration, the greater the force and, if the mass is greater for the same force, the

acceleration will be reduced. From a practical point of view, the greater the mass or the weight

of an object, the greater the force necessary to accelerate the object. Also, to produce a greater

acceleration with a given mass, a greater force is required.

The importance of discussing acceleration and forces lies in the fact that movement has to

start with force. It is impossible to begin movement without applying force, whether it is

external force, such as gravity, or an internal force, such as muscular. For example, the force

applied to a hockey puck on the ice will create an acceleration and sets the puck moving faster
and faster as long as the force is applied. The length of time that force is applied on the puck is

important. The muscular forces needed to swing the stick and skate down the ice are also forces
requitingconsideration.

In measuring external and internal forces acting on the body, the mechanical models can

be classified as static or dynamic. The static models are simpler since no forces due to move-
ment occur.

For example, consider a static model with a person standing motionless holding an iron
weight in his hand, like in the shot-put event, and assumed that the shot has a 10-kg mass. In this

case, the forces acting on the shot is vertical. The gravitational attraction of the earth creates the

weight of the mass, and its magnitude is proportional to the mass by the gravitational factor

which is the gravitational acceleration in meters per second per second. In other words, the
weight of the shot is equal to the mass of the shot times the gravitational acceleration.
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Weight equal to IMass times Gravitational Acceleration

One should bear in mind that forces are vector quantities and, therefore, have a magnitude,
adirection,alineofaction,and apointofapplication.InFigure32,themagmtude oftheforce

isI0kg times9.8067meterpersecondpersecond,or98 Newtons.Newtonsrepresentstheforce

ratherthanthemasswhichisrepresentedby theweightoftheloadwhichisI0kg.Sincethe

gravitationalaccelerationis9.8067meterpersecondpersecond,thentheproductofthesetwo

numbersyield98 Newtons.Sinceitisastaticanalysiswithoutmotion,thedirectionoftheforce

isverticallyclownand thelineofactionisvertical.The pointofapplicationofthegravitational
forceisatthecenterofthemass.

R . lB Newton|

Figure 32

R$
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InFigtue32,the loadisstationarysincethepersonholdingtheshotputismotionless.

Therefore,thedownward forcehas tobe cancelledby an oppositeand equal upward force.The

force,inthissituation,isprovidedby the hand supportingthemass or shot.The upward force

cancels the downward force and the load is said to be in equilibrium. The opposite force is

called a reactive force and it is designated in Figure la as "R". Since the forces act along the
same fine of action, no rotation occurs at the wrist, elbow, or shoulder joints.

This example can be describedusing theEngineeringanalyticconcept which iscalleda

Free-Body-Diagram. Ina fleebody diagram,a graphicalrepresentationisgivenwith the

magnitude offorces.In thisexample, thesystem ism equilibriumso the summation of forces

must be equal to zero.

Summation of forces equal to 0 ]

That means:

The force in the down direction is equal to .98 Newtons. The reason for the negative sign is to indicate
the downward direction.

Theforceintheupward directionisequaltopositive98 Newtons sinceitpushesupward againstthe

gravitationalpull.Therefore:

-98 Newtons plus 98 Newtons equal to 01

From this simple equation, it can be determined that the hand has to apply 98 Newton of
force in order to keep the shot from falling down.

A more complicated problem is to calculate the static force at the elbow. For this calcula-
tion, the length, weight, and the center of mass location of the forearm must be known. Calcula-

tions using this information will yield the forces at the elbow joint which resist, or are exerted

against, the combined weight forces of the load, the forearm, and the hand. If the forearm and

hand segment axe assumed to weigh 15 Newtons, then the combined effect at the elbow joint
will be:

-9g Newtons -15 Newtons plus the counter force at the elbow equal to zero(-98N -I$N +R elbow = 0)

That means that:

the resultant force R at the elbow is equal to 98N + 15N or 113 Newton in the positive direction or

upward to order to cancel the force of the shot. the forearm, and hand which are in the negative or
downward direction.

In the above example, the forearm and the hand were considered as one segment fog

simplicity. A more through analysis would divide this segment into two segments consisting of
the hand segment with its center of mass location and the forearm with its center of mass
location.

Where, then, does the force at the elbow joint come from to counteract the weight of the

shot with the fo_arm and hand segment. The answer is that this reactive force is generated by

the muscles around the elbow joint with some additional force provided by the ligaments and

connective tissue around the elbow joint.
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In mechamcs, one must consider not only the force(s) but also the product of force and

time which is called an impulse. For a given mass, a given impulse will result in a particular

velocity. The heavier the object, the greater the impulse needed to achieve the same velocity.
From that it is obvious that velocity and mass axe related to each other and, in fact, the product

of mass and velocity is referred to in physics as momentum. This law of momentum is most

important in contact sports where different masses collide at different velocities. This law is

what allows a smaller football player with greater velocity to block a heavier football player

with lesser velocity.

In a hockey game, the puck which possesses a certain mass and is speeding across the ice

at a given velocity has momentum equal to its mass times its velocity. If along its travels another

hockey puck of the same mass moving at the same speed, but in the opposite direction, collides

with it, they will then come to an instant stop. One momentum was canceled by the other. This

principle of conservation of momentum is an important component in the game of billiards
where solid balls hit others at different velocities.

In running and jumping activities, the forward force applied to the body depends on the

force the foot applied to the ground and the amount of time that this force was applied. In other

words, the product of the two or the impulse will determine the energy applied to the perform-
ance. The combination of greater velocity, magnitude of force, and time of contact with the

ground are the essential factors which determine the speed of an athlete along the horizontal or
verticaldirection.

Considerationof theselinearmovements, where objectsdisplacealltheirdimensions at

thesame rateateimportantinbiomechamcal considerations.However, theanatomy ofthe

human body dictatesthatthe partsmove primarilyina rotationalfashion.A good example for

understandingrotationalmovement isthewheel inwhich thecenterremainsstationarywhile the

otherpartsmove around it.

Understanding rotational movement necessitates appreciation of torque. A force that gives
rise to rotational movement is called a torque. The amount of torque or, as it is also called,

moment, depends on the force and its distance from the center of the rotational object. The

product of force and distance is equal to torque.

The examples considered thus far have assumed translational motion such as when the
forces around the elbow joint react to forces across a line of direction in a particular plane.

However, these forces do not stop the segment tendency to rotate around the joint, thus, creating

or counteracting a rotational motion. The force on the hand and forearm joint create a moment

around the elbow joint forcing it to rotate about its joint. Moments of force axe very significant

around the body joints since the human structure consists of long bones and, the further the force

applied to these long segments, the greater is the moment around the joints of the body.

The Moment of Force around a joint is equal to the product of a force and the perpendicu-
lar distance firom its line of action to the point of rotation. In Hgnre la, the moment around the

elbow joint is equal to the perpendicular distance of the elbow joint center to the line of force

which represents the vector of force from the center of the mass at the hand designated as FI
times the combined static force calculated before as 113 Newtons. That means:

Distance from Elbow to Line of force (L2) times 113 I
Newtons or 25 Centimeters times 113 Newtons equal to I
2825 Newton-Centimeters
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Moments.like forces, are vectors and, therefore, direction about a point of rotation as well
as magnitude mum be considered.

In the previous example, we considered the static equilibrium of forces which are called

the first condition of equilibrium. When considering the equations for moments of force, the

second condition of equilibrium is assumed which states that the sum of the moments around a

joint in static analysis is equal to zero. This means that:

The perpendicular distance from the elbow joint to the center of mass of the forearm (1.3) times the

weight of the forearm which is the moment due to the forearm and hand segment combine must be

added to the moment due to the load at that hand. This morn en t is equal to the perpendicular distance

from the elbow joint to the line of force from the load designated as L2 times the weight of the load.

These combine moments must be equal to the counter moment by the elbow flexors muscles

designated as Me. In equation form it looks like:

(L3 x -W0 + (L2 x .WL) + (Me) = 0 ]

From this equation, it is possible to calculate that static moment about the elbow joint as:

IMe = (L3 x Wf) + (L2 x WL) [

This means that the Moment around the elbow is equal to the combined moments due to

the load and the weight of the forearm with the hand. To describe this example numerically, the
weight of the shot is assumed to be 10 kg. which is approximately 98 Newtons of downward

force. The force due to the weight of the forearm and hand are assumed to be 15 Newtons. The

distances of the center of mass of the forearm which is the distance from the elbow joint center
is assumed to be 17 cen_neters. The perpendicular distances to the lines of force were calcu-
lated as follows:

The perpendicular distance from the elbow joint center to the line of force from the center

of mass of the forearm is calculated by the product of the cosine of the elbow angle times 17

Centimeters which yield approximately 15 centimeters and the perpendicular distance from the

elbow joint center to the line of force of the mass at the hand was calculated from the total

forearm and hand length times the cosine of the elbow angle and was found to be approximately

25 centimeters. Using this information, it is possible to calculate the moment around the elbow
joint as:

I -(15cm x 15N) + -(2Scm x 98N) + Me =0 therefore:Me = 2675 Newton-Centimeters.

This is the value that the muscles around the elbow joint must exert to keep the arm from
rotating due to gravitational force.

The importance of the concepts presented thus far is that there are two types of forces

acting on the joint in a static analysis. The translational force affects the tendency to move in the

same fine of action of the force. The second effect is the moment or the torque that tends to

rotate the segments about the supporting joints. To combat the first effect, the joint has to

counteract the translational force with tensile forces in ligaments and muscles to hold the joint

together as well as the shearing and compressive forces which also act on the joint contact

surfaces This is why a business man can develop "tennis elbow" by holding briefcase in his hand

since the tensile force at the joint may cause micro tears in the ligaments and connective tissues

at the elbow joint.
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On the other hand, the rotational moment is a function of the strength of the muscle to

move or rotate the joint. When a person plays tennis, the muscles move the racket as a result of

muscular contractions. At the same time, ligaments and tendons react to the shearing forces.
These shearing forces, which occur during the movement and the impact, can create forces

which could result in tissue injury and, therefore, create problems in and around the joint.

Thus far, consideration has been limited to analysis of forces around one segment consist-

ing of the hand and forearm. The problem becomes more complicated when additional segments

are considered. It is possible to treat each segment separately and then add the effects of the

previous segments to the present segment. In this way, a kinetic chain from one segment to the

attached segment is created. The analysis begins at the point of application of the external load

and proceeds in sequence, solving the equilibrium equations for each body segment, until

reaching the segment that supports the body, which is usually the feet.

To analyze the forces on the upper-arm, all of the external forces and moments operating

on the ann must be considered. In this case, the weight of the upper ann and the resultant elbow

force and moment caused by the weight of the forearm and hand link must be considered. In this

way, it is possible to calculate the static equilibrium equations at the shoulder which result in a

reactive force Rs and a moment Ms for the person analyzed.

The principle of momentum that applied to linear movement also applies to rotational

movement, and the conservation of angular momentum is one of the key principles in athletic
performance. Angular momentum is a function of the mass and the rotational acceleration as

well as the square of the distance from the center of rotation. In rotational motion, therefore, the

quantity of mass times the square of the distance from the center of rotation is analogous to mass
alone in linear motion.

These basic physical concepts are essential to the understanding of human movement and

the principles of physical performance. The fact that it is harder to hold a weight further from

the center poRion of the body is related to torque. The fact that a ballet dancer on her toes and a

figure skater on ice can generate high rotational speed is because both performers are affected by
the conservation of angular momentum.

The product of a turning body's moment of inertia and its angular velocity is called its

angular momentum. According to the law of conservation of angular momentum, a turning body

isolated from external forces will have a constant angular momentum; that is to say, the product

of moment of inertia and angular velocity about the axis of rotation is constant. If, for example,
a man is standing on a revolving turntable without friction, he may increase his resistance to

turning threefold by stretching his arms sideways (Figure 33). By the same token, if a man

rotating on the same frictionless turntable pulls his hands toward his body, the rotational velocity
will increase th_efold because the moment of inertia has decreased.

A figure skater makes use of these laws on ice. At first, as rapid a spin as possible is

produced with arms extended. The arms are then brought down, and the body spins on the point

of one skate with remarkable velocity. The same principle allow throwers, such as discus
throwers or sholputters, to generate higher speed across the circle of throwing.

These various laws of motion axe critical when applied to the muscles and bones of the

body. Muscles and bones constitute a form of basic tool, the lever. To understand the application
of motion, therefore, we must first understand the use of the lever.

The combination of muscle and bone forms a lever system which is one of the most basic

mechanical systems for performing work. A lever is a machine by which force applied at one

point does work at another. Each joint in the human body is the fulcrnm of a particular lever.
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Figure 33

There are different types of lever systems and the human body uses all types. The forces on the
different levers are appfied by the muscular system. It must be remembered that muscles do all

of their work by contraction or shortening. Activity occurs because the muscles contract or pull
the various bones, or levers.

Muscles, like many other components of our anatomy, operate in pairs known as "ag-

onists" and "antagonist". Bending the ann at the elbow, for example, requixes the biceps to

conwact while the extensors, the triceps, relax. In order to stop this bending motion, the biceps

must stop contracting at the appropriate time and the triceps begin contracting in order to slow

and subsequendy stop the action. The neural coordination of this system was previously dis-

cussed in the "bio" section. It is the bones which constitute the levers employed in the mechani-

cal properaes of motion.

Physics has divided levers into three classes (348) In the fiarstof these, the force is applied
at one end of the lever and the resistance to be overcome or the work to be done lies at the other

end. The fulcrum, or pivotal point, lies between. Two children bouncing up and down on a

playground teeter totter exemplify a class one lever.

In the second class, the force is applied at one eod but the resistance is located above the

pivot or fulcrum. A crow bar underneath a tree stump is an example of class two leverage.
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The third type has the force exerted between the pivot point and the resistance, and this is

the common lever system within the human body. When you lift a weight with your ann, the

pivot is the elbow joint, the force is exerted between your elbow and your hand by your biceps

muscle, and the weight in your hand is the resistance (Figure 34).

A lever may either increase the amount of work that can be done with a given input of

force or it may cause the work to be done at a faster rate than the application of the force.

Archimedes once bragged that he could move the world if given a long enough lever (43). To

perform the feat, Archimedes would have used a second class lever with his fulcrum very close

to the Earth while he himself would have dangled on his elongated lever somewhere deep in
outer space.
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The concept to be mastered is that a mechamcal advantage is gamed with use of a lever,

the amount of force is multiplied many times over to produce greater output at the other end.
This is true if the fulcrum is situated closer to where the force is to be appLied than to where the

force is executed. If the revere is true, and the fulcrum is nearer to the point where the force is

executed than to the point of force application (a third class lever), then the result is a mechani-
cal disadvantage.

For humans, the fulcrum usually falls closer to the point where the force is executed or

initiated than to where it is applied, or where the work is done. The biceps attaches to the radius

bone quite close to the elbow. Therefore, to lift a one pound weight with your hand, your biceps

operates at a mechanical disadvantage of approximately seven to one. That is to lift one pound
requi_s a force of seven pounds.

However, the same principle that governs mechanical advantage and disadvantage has its
compensations. The hand at the end of the lever of the arm will move seven times faster than the

point where the biceps attaches to the radius. It is easily seen that only a slight movement

upward oftbe forearm near the elbow, causes the hand to move several inches during the same
thne interval. Obviously, the hand traveled considerably faster than the elbow.

For most human joints, the length of the lever does not produce a mechanical advantage.

None the less, there is still more potential for production of speed if the human levers are longer.

The knees are particularly vulnerable to injury not only because of their limited range, but

because, in some instances, the whole body becomes one long lever applying its force at the
knees. A situation to illustrate this point is on the ski slopes. If the boot does not release when

the shear forces are excessive, the long skis and the body can create an exaggerated and desuuc-
tire lever ultimately resulting in injury.

While Archimedes required a very long lever to move a very large ball (the Earth),

Hannibal needed a shorter lever to throw large balls from his catapult. Individuals concerned

with much smaller spheres, such as golf and baseball, can still apply more force to the object or
their intentions with a longer lever. Golfers should play with the longest clubs they can com-
fortably manage, as should batters in baseball.

However, the longer the lever, the less fine the control and the greater the requirement for
muscular force. Thus, the putter, the club most concerned with a deft, accurate stroke, is the

shortest in the bag. Many good golfers further reduce the potential margin for error by shorten-
ing up on the purer and holding it lower on the shaft.

In addition to some of the important components of mechanics, it is also essential to

understand the other laws of motion. Newton neatly encapsulated these laws of motion into three

principles. The first law states that an object remains at rest until some force acts upon it. If the

object is al_ady in motion, it continues at a constant speed unless some outside force is brought

to bear. In other words, until the levers of foot and leg are applied to a soccer ball, it remains at
rest on the ground. Once having been kicked, however, the ball will continue to roll at a constant

rate until it is acted upon by the outside force of friction, from ground or aft, or contact from

another system of levers in the form of an opposing soccer player.

When two or more forces act upon an object, the subsequent force is known by physicists

as the resultant force. If Player A kicks a soccer ball due north simultaneously with Player B's

kick of the same ball due west, the ball will travel northwest along a path that will be determined
by which athlete delivered the most force. The route taken by the ball and its velocity is the
resultant force supplied by Players A and B.
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Newtondeclared that the main task of mechanics was to learn about forces fi'om observed

motions. The physics behind movement is related to the law of momentum, which is pan of

Newton's second law. Momentum is a concept that consists of velocity mulfplied by the mass of

the moving object. Momentum, in terms of physics, is distinguished from force, which is defined

as mass multiplied by acceleration, or the rate of change in velocity. Alteration of momentum,

or a change in motion, declared Newton, is governed by the force brought to beat upon the

object, which then follows the straight line in which the force acts (Figure 35).

Figure 35

Consider the problem of a man leaping over a small puddle. He runs towards the puddle

creating many forces including horizontal ones. As he nears the water, the central nervous

system, the movement coordinator, orders the muscles the feet and legs to contract generating a

vertical force for the jump. The height depends upon the ability to generate enough force to

temporarily exceed gravitional force. If the man weighs I50 pounds and produces only 140

pounds of vertical force, he will have wet feet. Once ah'borne, he can no longer add any force to

the jump. The force of momentum, the velocity at takeoff multipfied by the man's weight, must

be enough to overcome the demands of gravity in order to jump over, not in, the puddle. The

vertical force combines with the horizontal force for the leap. That is to say, the body does not

travel in either a purely vertical direction or continue to move in a direction solely horizontal.

Rather the path becomes a combination of horizontal and vertical forces, a direction that

physicists call a resultant.
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Thethirdlawof Newton was that for every force that acted upon an object, the object

itself exerted an equal and opposite amount of force. When you kick a ball with your barefoot,

the painful sensation in your big toe confirms Sir Isaac's third law. The recoil of a fixed rifle is

also an example of equal and opposite reactions. A car striking a bridge abutment at 60 miles per
hour is demolished while one that nudges the wall at 5 miles per hour remains intact. The wreck

is an example of a much greater degree of equal andopposite force.

Another principle affecting your body is derived partly from theories of Einstein. An old

bedroom farce joke uses the punch line, "Everybody's got to be someplace," and Albert Einstein

said that energy can neither be created nor destroyed. In other words, energy or a visible

manifestation of it in the form of force also always must "be someplace."

This means that when one generates a force by swiveling his back, and then suddenly tries

to stop the movement of the back, the force developed in the trunk of the body does not simply

disappear. It must go someplace. The secret to efficient use of a body for work or sport, for

fitness or injury prevention, depends to a great extent on where these forces go or how well they

are exploited.

In the human body, the bones, or levers, move in a rotational manner. These angular

movements create linear movement for the total body. The same laws that govern linear motion

also govern angular motion. The only difference is that the length of the lever also plays an
important part. If the body begins a rotation, it will continue to turn on its axis until the move-

ment is altered by either a change in body position or the application of some other force.

ConSider the previous example of the ice skater and imagine that this skater begins a spin with

the arms abducted or outstretched, building up angular momentum by the maneuver. If this

athlete suddenly drops the arms to the side, the velocity of the spin will increase because the

momentum ,hat was initially generated is constantly maintained around the axis. The change in
the arms' distance from the center of the body transfers this angular momentum to the body
itself.

Angular momentum can be redistributedthroughoutthebody. When a longjumper leaves

the ground,he or she ispropelledforwardand angularmomentum isdeveloped.Unlessthat

momentum can be redirected,however, thejumper willland flaton hisorher face.Such a

disasterispreventedby transferringsome ofthe angularmomentum tothearms, which explains

the wild flailingexhibitedby longjumpers.

Angular momentum can be expressed in terms of two other important parameters of

rotation: angular velocity and moment of inertia. Angular velocity is represented by the body's
rotational speed and direction. For example, if a diver performs a forward double somersault in

one second, the magnitude of his average angular velocity is two revolutions per second.

The moment of inertia of a body about an axis is the body's tendency to resist changes in

angular velocity about that axis. It is obvious that massive and extended bodies have a larger

moment of inertia than do lighter and smaller ones. In fact, the contribution of each particle or

segment in a body to the total moment of inertia about an axis is equal to the mass of the

segment times the square of its distance from the axis of rotation. For example, a typical diver

with this body straight and his arms at his sides has a moment of inertia of 14 kilograms times

meters squared about his somersaulting axis, but a moment of inertia of only one kilogram times

meters squared about his twisting axis.

Angular momentum is the product between the angular velocity and the moment of inertia

about a specific axis. In the case of the diver, that will be the sum of angular velocities around
the two axis and the moment of inertia around these axis.
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The analogy between angular momentum (moment of inertia times angular velocity) and
linear momentum (mass times linear velocity) is not perfect. The reason is that the body can
change its body segment lengths while performing angular movement, such as the diver Straight-
ening from a tuck position into a straight body. That changes the moment of inertia about his
somersaulting axis. In linear momentum, this does not occur.

Any mechanical phenomenon created by the human body must be initiated by the energy

produced by the skeletal muscles. This energy allows the movement of a body segment in
rotational fashion to create movement. The faster the movement the more powerful is the
motion;

There are some limitations to any analogy between power created by muscles and that

produced by an engine. An engine will be rated as having a certain amount of horsepower,
meaning that it will produce a specific amount of work each second that it is in operation. It wiU
lift or push a number of pounds a certain distance. We can measure sustained human efforts the
same way. A woman pedaling a bicycle can be rated for the horsepower she produces in trans-
porting her weight and that of the bike over a certain distance within a certain amount of time.
This type of power rating is valid for a rhythmic and sustained amount of force. But it does not
serve as a useful description for impulsive actions.

Consider for a moment what happens when one fires a rifle with the barrel pointed straight
up into the sky. Most of the power to speed the bullet on its way is produced before the bullet is
actually moving. Because of the confines of the rifle barrel, there may be some power added as
theexplosive charge pushes toward the muzzle behind the bullet. There is no way to accurately
compute a value for the amount of horsepower generated. The force is not constant and gravity
and friction constantly alter the velocity.

The same is true for an impulsive action by a human, such as in a high jump. It may be
said that one jumper will actually generate more force than another jumper, but still not leap as
high, because of a failure to coordinate all of the force into as large a single impulse. The key
measurement, therefore, is not how much "horsepower" was developed as the athlete sprinted to
the launching point and then hurled himself into the air, but only the amount of ultimate ballistic
muscle force that was generated for the actual liftoff.

Another factor necessary to understand movement is appreciation of the classification of
mechanical energy, which is defined as the capacity to perform work. Kinetic energy is that
which the body possesses by virtue of its motion. During the motion of the windup of a pitch, the
arms of the baseball pitcher contain kinetic energy. Potential energy consists of that which owes
its existence to the position of the body. A diver at the edge of the platform possesses a certain
amount of potential energy through the imminent application of gravity.

Sometimes the types of energy can be totally separate aspects of a movement. For ex-
ample, the instant that a person begins to rise from a trampoline, the kinetic energy begins to
diminish while the potential energy increases. At the highest point of the maneuver, the instant
of zero velocity when the gymnast is neither ascending nor descending, the kinetic energy is
zero and the potential energy is at its maximum. During the descent, the potential energy in
effect is transformed to kinetic energy. At the deepest penetration of the trampoline bed, the
strain energy reaches its maximum.

These mechanical, physical precepts are useful in the analysis of human movement
because they permit examination of the forms of energy, forces, directions, or speeds that
comprise an activity. Quantification can also assist in determining the most efficient use of
effort, that is, the optimum way to do something.
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THE BIOMECHANICS

Quantification of an action, regardless of whether for evaluative purposes or to attempt
optimization,can be accomplishedthroughbiomechanicalanalysis.Biomechanical assessments

normally begin with the quantification of the kinematic portion. This is usually accomplished by
utilizing high speed cinematography or videography which allows careful scrutiny of even the

fastest movements of humans or other ammals, such as dogs, cats, horses, etc. The films or

videos are traced and the resulting data stored in a computer which calculates the results by

applying the principles of physics and mechanical engineering. Tables and graphs can then be

generated which give a precise profile of what actually occurred during the execution of the

movement. The researcher then carefully examines this output in order to understanding the

motion and, in the case of an athlete for example, to determine which patterns are most impor-

tant in distinguishing championship from average performances.

Biomechamcs is a science still in its adolescence with many discoveries yet to be made.

Hand analysis of high speed films is a slow and tedious process, and it is only recently that the

computer has been harnessed to make the process more efficient. Development of this technol-

ogy in the United States has meant that many complex analyses can be executed in a relatively
shorttime.

In the past, athletic achievement depended mainly on the individual's talent, although skill

was often enhanced or mined by existing facilities, equipment and, undeniably, coaches.

Athletes with superior genetic compositions who successfully interacted with the available

facilities dominated the list of world records. Continual improvement of equipment and tech-
niques has complemented raw talent.

However, with the advent of new measurement tools and knowledge in the field of sport
science, athletic achievement has attained a new dimension. The athletic teams of the United

States, which for yeats had dominated amateur sports, were no longer the leaders. Countries

such as those of Eastern Europe and Cuba, which have relatively small populations, have

achieved a spectacular level of success in athletic events. Current evidence suggests this trend
may continue through the remainder of the 1980s and 1990s. Such domination stems from the

application of science to the realm of athletic performance.

Modem coaches can use biomechanical means to optimize the human body in each event.

Since the human body obeys the same physical laws as all other eardaly objects, the laws of

motion govern its performance. In order to throw, run or jump, physical laws must be obeyed. It

is impossible to throw the shot 20 meters if the shot velocity and angle of release do not attain

certain values. These values do not differ for different athletes, since for each pa.qicular shot
velocity there is one specific oplimal angle.

For the jumper to leap 8 meters, it is necessary to produce certain forces on the ground in

order to propel the body with a specific reaction force at a particular angle. This force is unique,

and it is impossible to cover the same distance with only a fraction of the force since gravita-

tional pullactsuniformlyregardlessofthejumper.

The concept to be reemphasized here is that all bodies, athletes, implements or machines,

are affected by and must adhere to the laws of motion. The science of biomechamcs specifically

deals with motion of the body and the resultant forces. A number of scientists have long recog-

nized these facts of force and motion and their relationship to humans. But the kind of equip-

ment that could measure and analyze the motion and forces involved was lacking and, thus,
impeded further research.
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The field of biomechanics can be divided to Kinematics, which describes the motion of the
body and its segments without reference to the forces that cause the motion, and Kinetics, which

describes the forces which caused the movement. The kinematic parameters includes linear and
angular displacement, velocity, and acceleration. The kinetic parameters include the external
and internal forces acting upon the body segments.

In order to measure the kinematic and kinetic pantmeters, it is necessary to make a few
assumptions, ff it were possible to disassemble and reassemble the human body like other
machines, then it would simplify and make the measurements more accuracy. However, this is
obviously impossible. Therefore, some of the measurements are derived from cadaver and

additional assumptions are made upon the linkages of the human body. This is not different from

any other field involved with living bodies. In the field of physiology, for example, many
assumptions are made on the ability of the body to consume oxygen. In the conversion of energy
measurements from external measurements to internal measurements, many reasonable assump-
tions axe made. In determining the composition of different muscles and their classification into
fast and slow twitch muscles, many assumptions are made concerning the chemical staining
methods and the counting methods. Of course all statistical methods, which ate the bases for

most behavioral research, utilize assumptions about the normality of the populations and the
distributions of thedatasamples.

Therefore, to view the human as a machine made of _ is an oversimplification but it is
possible to create a humanoid model as a representation of the body made of rigid segments. In
this way, it is possible to facilitate quantitative analysis of the movement. The links which
represent the body's limbs are a series of interconnected rigid segments which demonstrate
independent motion.

To more accurately facilitate the above mentioned system, it is important to realize that
there axe different body types. It is clear that body differences in shape occur between ages,
sexes, and within individuals. The field which deals with different body shapes is the field of
Anthtopometry.

Anthropometry is the science that deals with the measure of size, weight, and proportions
of the human body (96). Anthropometric data is fundamental to biomechanics because some of
the assumptions made in the calculation of movement parameters made based on its data. In
performing a biomechanical analysis of any movement, the human body is considered to be a
system of mechanical links with each link of known physical size and shape given by anthro-
pometric measurement.

After adapting the anthropometric measurements to the different body segrnents, the next
assumption is that this link system is connected at identifiable joints. Since the body landmarks
or the body segments ate covered by muscle, fat and skin tissues, it is sometimes difficult to
identify joints such as the hips and shoulders. However, with the aid of statistical and numerical
methods it is possible to fdter some of the errors.

Thisfieldofanthropometryhasmade tremendouscontributionsby dissectingcadaversand

measuringthelocationofjointcenters.Some ofthepioneersareBrauneand Fischer(81),

Dempster026),and Snyder,Chaffin,and Schulz(,I19).From thecinematographicaldata,itis

possiblealsotousetracingmethodswhichconnecttheintersectionofthelongaxisllneofthe
segmentsduringmovement.Some ofthelandmarksusedinthefieldofbiomechanicsare

illustratedinFigure36.

In addition to landmarks requited for biomechanical tracing, it is important to predict the
segment mass and location of the center of the mass. Body-segment mass and volume are related
to the density of the segment. From the field of Anthropometry, these measurements were
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determined by immersing cadaver body segments in water and measuring the volume of the

water displaced. From the equation of:

AVERAGE DENSITY IN MASS PER UNIT VOLUME EQUAL TO THE MASS OF THE BODY
SEGMENT DEVIATE BY THE VOLUME OF THE WATER DISPLACED.

[ (D " M/V) I
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The values for the different body segments are available in various biomechanical text
books.

In addition to the segment weight and its volume, the distribution of the mass within the

segment is necessary in order to compute the kinetic information. From this distribution of the
mass,itispossibletocalculatethelocationwherethegravitationaleffecton thesegmentoccurs.

In other words, where the segment can be considered to be in its gravitational balance so that if
one were to hang the segment at this point, it would be in balance regardless of the orientation of

the segment in space. This point is known as the mass center or the center of gravity of the
segmenL

There are a few methods to calculate the segment center of gravity. One method involves

the distribution of forces by allowing a person to he suspended between two force platforms and
calculating the change in vertical forces by moving various segment to different angles. Another
method involves submersion of the segment in water. Regardless of the method used. there
exists a sufficient data base from various investigations which have calculated the center of mass
for different segments for different populations.

Knowledge of the center of gravity location of each segment and its weight and length

allow the calculation of the static force and torque at each body joint for a given posture.
However, in athletic performances and in normal human life, we are seldom concerned with

static posture. More realistic are the dynamic performances where the forces due to the motion
in addition to the forces due to gravity act upon the body.

For these dynamic analysis of the human body, it is necessary to know the inertial property
of the segment. This property is referred to as the Moment of Inertia. The formula which

describes the moment of inertia considers the following:

MOMENT OF INERTIA OF THE SEGMENT ISEQUAL TO
THE MASS OF THE SEGMENT TIMES THE

SQUARE OF THE PERPENDICULAR DISTANCE FROM A GIVEN AXIS.

[I=MXRXR]

There are different methods for calculating the Moment of Inertia of the individual body
segments and these methods are described in various Biomechanics text books.

It is important also to calculate the location at the body segment where the moment of
INERTIA effect the segment. This point is called the Radius of Gyration.

THE RADIUS OF GYRATION IS EQUAL TO:
THE SQUARE ROOT OF THEMOMENT OF INERTIA DIVIDED BYTHE MASS OF THE
SEGMENT

According to Drill.is and Contini (134), the radius of gyration is "the distance from the axis
of rotation to an assumed point where the concentrated total mass of the body would have the
same moment of inertia as it does in its original distributed state". This information is necessary
to quantify the dynamics of human motion in conjunction with other parameters.

Another important contributor to biomechamcal analysis was the National Aeronautics and
Space Agency which have also made detailed measurements of human body composition, the
relative mass for segments such as arms, legs and hands, given the overall height and weight of
the individual. The specifications may not be exactly accurate for each individual, but they are
close enough to humans in general for the purposes of even the most exacting scientists.

MUSCULAR ACTIVITYAND ITS RELATIONSHIPTO BIOMECHANICSAND HUMAN PERFORMANCE 69



It should be remembered that all of these estimated parameters ate used in calculating the
dynamic forces rather than merely describing movement in qualitative terms. These parameters
are available in numerous sources and the normal analysis of human movement does not requite
the individual calculation of all of these parameters. The information resides in tables and charts
which can be accessed at will. The normal analysis of m0vement relieson _ information in the

same way that physiologists depend on the tables presenting characteristics of different gasses
and their coefficients at various temperatures and pressures.

Without a computer to store information, retrieve it, and perform the myriad computations,
such calculations can place the scientist in an impossible position. But before a computer can
perform its job, whether it is to guide a robot, print a check or retrieve a space vehicle, it needs a
program, that is, a sequence of instructions which tell it how and what to do.

Programming a computer involves hundieds and, at times, thousands of hours of work. But

once the insuuctions have been fed into the computer, it will automatically execute the hundreds
of steps without any need to restock the computer with further instructions, and the execution
will only take a few seconds. The beauty of a computer is that it can play the gzeat game of
"what if?.".In sports, one could ask, "What if I hold the shot down here and then whirl in this

fashion?" The computer will calculate the distance the shot will travel, applying the amount of
force developed in previous analysis. Through use of the computer, then. biomechanics can
write equations and consu'uct models which will result in optimal performances.

Another critical element is the camera which can be either a high speed movie or suffi-
ciently fast video system. It provides sequences of the body in motion. Knowing the speed with
which film or video tape travels through the camera allows calculation of the velocity and

acceleration of body segments using its joints as points of reference. For example, if the shutter
speed on the camera is 200 frames per second, one can identify the location of the right knee at
the start of a sprint, and then compare the position of the right knee in flame 20 of the film.
thereby learning how far the right knee has moved in one tenth of a second. The data can be
further utilized to determine velocity, acceleration and, with some additional information, even

the forces involved. The forces can be calculated by measuring the length of the leg, for ex-
ample, from knee to ankle, and by using the NASA specifications, determine the mass of that
segment as well as determining the center of gravity. Using these values, quite reasonable
estimates of the exact forces and torques around the joint center can be calculated.

Along with analyses based upon f'dms taken during actual events, highly sensitive force
plates have been developed for precise impact measurements. These allow controlled laboratory
testing of forces, such as when an object like the human foot strikes the plate during a sprint or
the vertical component of a monkey leaping from the plate onto a table. The plate is capable of
recording three different components of forces: vertical, horizontal, sideways or lateral, as well
as the moment or torque.

Any kind of athletic movement or work action which can be photographed with a high
speed motion picture or video camera can be fed into the computer. Forces can be plotted for
each segment of the body as the accelerations and lengths of the segments are measured. The
maximum amount of force that can be generated using a particular approach in an activity can
be calculated (19). For instance, it is feasible to calculate how high a jumper might go if he
changed from his customary form of the roll to the flop style, assuming he was able to generate
the same amount of force for the flop as he did for the roll. Analysis have shown that the flop
happens to be a more efficient use of forces for athletes who do not possess extremely powerful
legs.
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It is important to remember that because of both gross and subtle variations in the neu-
romuscular system of each human, the biomechanical actions of individuals are as unique as
their fingerprints. The shades of difference from one person to another are, in fact, great enough
to permit the development of a foolproof method for guaranteeing a signature. A person could

file his or her signature in a computer bank. The information in the computer would contain not
only the shapes of the letters, but the amount of force the individual applied to every loop, line
and curve. With this device, a buyer in a store need only sign the chit on a force plate or use a

pen with a force sensitive transducer which transmitted the information directly to the computer.
The patterns of force would be compared instantly and, if not the same, the new one would be
rejected.

Similarly, detection of variations or errors in human movement has always been one of the

most difficult problems facing coaches, trainers and physicians in athletic situations. If _ error
detection is inaccurate or non-specific, the quality of correction win he poor. Failure to recog-
nize the causes of error stems f_om an inadequate understanding of the mechanisms of human
motion. Impacts in sports, automobile accidents, falls, and other movements involving forces

can be accurately quantified through biomechanical applications.

The designer of protective equipment for sports, such as hockey and football, must have an
understanding of biomechanics since it is necessary to comprehend before the equipment is
designed how the human head reacts to impact forces or how a skier's leg reacts to twisting
forces. The forces produced by the human body cause a change in acceleration or speed. The
change might involve the entire body, as in sprint starting, skating, or volleyball (in a vertical
jump to block). It may also be a body segment or combination of segments, as with a boxer's
upper ann and forearm, a golfer's arms, or a soccer player's thighs and lower legs. Through use
of biomechanical analysis, it is now possible to scientifically detect errors which are beyond the
visual capabilities of the human eye.

When the muscle contracts and there is a change in limb position, work is performed.

When time is required to perform the physical work, then units of power measurement are
employed, since the rate of work is power. In human performance, striving for excellence on the
athletic field or in recreation, it is important to be able to sum the forces exerted on the various
joints. This principle is called the summation of joint forces.

For example, in swinging the golf club in the drive, the amount of force exerted by the
club on the golf ball depends on how much of the forces totaled by the body actually reach the
club. If there is any loss of force due to bad timing, the golf club head will not move at the same
velocity. Any violation of the principle of summation of joint forces can result in too small a
force being exerted by the golf club.

Another important biomechanical principle is that of continuity of joint forces. This is
illustrated by the fact that not only must the golfer use all body joints efficiently, but he must
also time their use so that the motion begins at the larger segment (such as the thigh), and then
continues and is overlapped by motion of the hip and trunk. There must be no pauses in the flow
of motion from the legs to the trunk and to the club. It must be continuous. A violation of this
principle not only results in too small a force, but also in bad timing and a poor "feel" on the
golf club.

Because club speed is determined by the force applied and the length of time of force
application, the best combination of force application should be determined -- a large force in a
short time or a small force for a longer time.
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Tbere is an optimal combination for each activity. The size of the force multiplied by its
time of application is called "impulse" and it is actually this force/time combination which

produces the golf club velocity. Therefore, the impulse in any activity should be determined to

result in optimum efficiency. Although compromises in the size of force and duration of applica-

tion often have to be made in sport to achieve an optimum combination, one such combination
to be avoided is a small force applied for a short time.

The size of the force an athlete can produce is determined by his or her ability to comply

with the principles of summation and continuity of joint forces. In the absence of measuring

devices, assessing whether the force application time is as great as possible presents yet another
problem. In general, if each joint has gone through a complete range of motion, one can be
assured that the maximum time available has been used.

It was previously pointed out that not only must the range of motion of the joint be

complete, but the joint must s_'aighten fast and the combined joint motion be continuous. The

concept of the combined effect of force and duration of application in producing speed changes

is called the principle of impulse. Violation of this principle causes further errors in perform-
ance.

Direction of force application is another important principle. Not only is the direction of

the application of force to the golf club vital, but, in addition, f_om the club head to the golf ball.
In an optimal situation, the force is exacdy 90 degrees to the club and the club head hits the ball

exactly at its center. However, some deviation is at times necessary ff the flight of the ball has to
be changed in a predetermined pattern. Incorrect direction of force can be disastrous in events

such as gymnastics and diving. A good technique implies that the principle of direction of force
was followed.

A final principle is the summation of body segment speeds. Especially in any throwing,

kicking and striking events, it is important to obtain as high a hand, foot, stick blade, racket

bead, or club head speed as possible at the instant of impact or release. The speed of last
segment in the chain is built by adding the individual speeds of all the preceding segments with

appropriate timing. If any of the segments contribute low or negative values, the resultant

measured for the last segment will be less than optimum. This principle is similar to summation
of joint forces and is closely related to it.

To summarize, any motion to seek optimum should obey the principles of summation of

joint forces, continuity of joint forces, impulse, and the direction of joint forces. Through the use

of biomechanics, all of these principles can be quantified and optimized so that better and safer
results will be obtained.
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EXPERIMENTAL STUDIES

To evaluate the behavior of some of the factors previously discussed, the author admini-

stered a series of experiments. The experiments were conducted with a small sample as these

preliminary studies were intended as pilot projects only. Sophisticated measuring devices were

utilized to quantify displacements, velocities, accelerations, forces, and EMG activities in single

and multi joint movements. The equipment is described in Appendix A, B, and C.

METHODS

Subjects:

Ten subjects, 8 males and 2 females, ranging in age from 25 to 51 yeats took part in the

study. They were healthy, active, and regularly participate in fitness exercises. Subject training

programs generally consist of jogging 3 to 7 miles 3 to 5 times weekly and engaging in resis-
tance exercises 2 to 5 times weeidy.

Exercise:

To activate the elbow flexors and extensors concentrically and eccentrically, the subjects
stood holding the bar of a computerized exercise device. The position used was the same

position in which the Subject had performed the cud exercise with the elbow in full extention

initially, then flexed to approximately 135 degrees, and then extended to the start position. The

Subject was not restrained and the technique did not differ from the method used during the

preceding two years of training on the equipment. Therefore, learning had previously been
accounted for and would not contaminate the study.

Equipment:

The computerized exercise devise used in the present study is described in the Appendices.
Its validity and reliability have been tested and presented. One of the unique features of these

experiments was that a sophisticated programmable servo valve was utilized to control the speed

of the mechanical member held by the hand. All the forces were measured with a pressure

transducer and processed by the computer in real time. Special calibration procedures were used

and described in Appendix A. Positions, velocities, and accelerations were measured and

calculated simultaneously. EMG activity at the elbow flexors (biceps motor point) and at the

elbow extensors (long head of the triceps) were measured simultaneously with the other parame-
ters. Other parameters which were measured were forces for various muscular conu'actions,

EMG activity during various motions against resistance, and various physiological parameters

representing muscular contractions.

Different velocities were set for the concentric and eccentric contractions. Concentric

contractions were performed by each subject as he or she tried to move the resistance bar as fast

as possible while the bar motion was res_cted to a specific velocity. For the eccentric contrac-

tion, an external force was applied on the mechanical bar to a level that exceeded the subject's

ability to resist it. Since the bar was moving down at a specific velocity, the eccentric phase was

restricted to that velocity and, therefore, could not damage the subject's arm. Each subject was

encouraged to try as hard as possible to stop the bar from moving down throughout the specific

range of motion. The range was set at 125 degrees for the elbow joint and 25 degrees for the
axes of rotation of the machine.

Experimental Conditions:

The experimental design consisted of three basic conditions. In Condition One, the

subjects performed concentric contractions in both directions, flexion and extension. In Condi-

tion Two, the subject flexed his elbow concentrically and extension was done eccentrically with
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a super-maximal force when the subject could not resist the extension at a specific velocity. In
Condition Three, the subject was subjected to a sub-maximal force during the eccentric exten-

sion of his elbow. In other words, the subject could resist the force of extension but could allow
the elbow to extend.

RESULTS

Condition One - Concentric contractions:

In this phase, the subjects were required to exert concentric contractions for both flexion

and extension at various velocities. Figure 37 illustrates the force curve for flexion and exten-

sion. The displacement curve illusu'ates the flexion, passive delay where the subject was pausing
between actions and then the extension phase. In the same Figure, the associated EMG signals

for the flexor and extensor muscles can be observed. During the flexion phase, the biceps

generated high EMG activity while the triceps produced less EMG activity. However, it is

important to note tbat EMG activity was present in both antagonistic muscles. To determine

whether this was due to an arufact or "crosstalk', EMG activity was measured in a resting

position with the ann motionless on a table. Figure 37 illustrates the EMG secured in a resting

condition. Comparison of the EMG activity during an exercise and during a passive, motionless

situation revealed that the EMG activity was significantly higher during exercise than at rest. It

should be noted that the EMG electrodes were not removed or displaced at any lime.
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Figure 37 also illustrates that in the tricep's concentric phase, the muscle began firing, as
indicated by the elevated EMG activity, despite the fact that the movement had not started. This

phenomenon has been well documented by other investigators (70,72, 73) It can also be seen

that during the concentric extension, the biceps muscle produced EMG activity as well.

In addition, it was found that during the flexion phase, the triceps showed elevated EMG
activity before the end of movement. This phenomenon is well documented (223,305,306,

307,308) and illustrates the anticipatory effort needed to decelerate the segment to a resting
position. Therefore, while the biceps fired the most at the beginning of the movement, the EMG

activity lessened near the end of the movement. Although the triceps showed significant activity

during the beginning of the movement, it demonstrated higher activity near the end of the
movement.

Figure 37 illustrates the time relationship between the forces, displacements, and EMG

activity. While each subject produced unique results, the general pattern displayed is like that
shown in Figure 37 which represents one of a specific subject's trials.

Figure 38 illustrates typical displacement and force curves. The elbow was flexed concen-

trically and produced a force at maximum flexion of 25 degrees on the bar corresponding to 125

degrees at the elbow joint. Then the force dropped to zero with a delay at that maximum angle.
Approximately one second later, the subject extended his elbow utilizing the elbow extensors

(triceps) in a concentric phase for the extensors. This type of exercise is called a "double
concentric exercise".
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Figure 37 iHusu'ates typical force, displacement and EMG curves obtained simultaneously
in the double concen_c exercise. It can be observed that the elbow flexors (biceps) became
active before any displacement or force was produced. At that point, maximal EMG activity was
observedattheflexors.At thesametime,some EMG activitywas recordedfromtheextensors
indicatingco-contraction.Beforetheend ofthemovement,more EMG activitywas observedat

theextensorsapparentlyinanticipationofcessationofmovement by theflexors.Also,the

flexorsreducedtheleveloffiringindicatedby a lowerEMG activitybeforetheend ofthe

movement.When themusclewas inthedelayphasebeforetheextensionportionoftheexercise,

theflexorforcedroppedtozeroandboththeextensorandflexorEMG activitydecreased

sigedfi_antly.Approximately50millisecondsbeforetheexlensionphasebegan,theextensor

EMG increasedsignificandyindicatingpotentiationorfiringofthemotorunitsoftheextensors.

Thisphenomenon hasbeenreportedintheliteratureandisreferredtoastheelectro-mechanical

delay.'l'helevelincreasedwhen theextensorforcereacheda peak.The flexorEMG activity

indicatedco-cont_ractioninthisphaseaswell.

In this phase of the study, the subjects were exposed to concentric contractions at various
velocities in both flexion and extension directions. It is significant to note that for both concen-
tric activities, the agonist and the antagonist worked in a coordinated pattern. That is, when the
biceps was the prime mover, the triceps, as the antagonistic muscle, was active: when the triceps
was the prime mover, the biceps, which functioned as the antagonist, was active as wee

Condition Two - Supermaximai Concentric Eccentric Contractions:

In the eccentric phase, a supermaximal external force was applied to the bar which was
moved at a specific speed under servo valve control. The subject initially raised the bar (elbow

flexion) in a concentric fashion. During the second part of the exercise, elbow extension, the
subject tried to resist the downward movement of the bar until the position was returned to the
origin.

(: £ORC[
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Figure 39
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Figure 39 presents a typical force curve throughout the range of movement. Figure 40

shows the force and displacement curves as well as the corresponding EMG curves from the

flexors and extensors of the elbow in the concentric and eccentric phases.

When a subject applies muscular force to an external device, a few factors must be

considered. The first factor is the pattern of velocity. In this situation, the movement began ate

"0" velocity, accelerated to the assigned velocity, and the equipment recorded the velocity of the

mechanical bar. This is a very important factor since much of the previous research reported in

the literature was conducted with isokinetic type equipment which did not report the instantane-
ous velocity throughout the range of movement but rather yielded an average quantity. This

means that at an assigned velocity of 100 degrees per second beginning from a point of zero

velocity, the investigators would be unable to determine the time it took to reach the designated

velocity and at what point the segment returned to "0" velocity.

This limitation was overcome in the present experiment by selecting a different measure-

ment device. Examination of Figure 41 illustrates a control curve with the velocity programmed

to be 25 degrees per second in the flexion direction and 125 degrees per second in the extension

phase. As can be seen, the subject needed approximately 5 degrees before reaching the selected

velocity of 25 degrees per second and the subject never attained the 125 degrees per second
during the extension phase.

Controlled velocity curves with data throughout the range of motion were recorded in the

present set of studies. In addition to the velocity curve data, a second factor which must be

considered is the acceleration pattern. In other words, consideration must be given to the

amount of acceleration needed to achieve the required speed. When acceleration occurs, there

are inertial forces affecting the movement. Even if the subject does not reach the assigned

velocity, force is created by the muscle and is related directly to the level of acceleration. In
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Figure41,althoughthesubjectdidnotreachedthevelocityassignedduringtheextensionphase,
a foroe curve was calculated. It can be seen in the flexion phase that the velocity was reached
and, therefore, the force level was measured to approximately 50 pounds. In the downward
direction, due to acceleration of the bar, a force of approximately 25 pounds was achieved

during the acceleration phase and then dropped to 0 during the deceleration phase.

The ability to report displacements, velocities, and accelerations throughout the range of
movement/s essential for the correlation of test results. For instance, two different subjects
exercising under the same condition may yield different force curves results due to the pattern of

Approzimately 5 degrees of displacemetn

before contraction reached 25 deg/sec.

5.0 10.0 15.0 20. g Deg

Figure 41

their movement: Figure 41 shows different force curves resulting from different levels of
acceleration with the same assigned condition of 25 degrees per second in the flexion and 125
degxees per second in the extension phases. Obviously, EMG activity will vary significandy
depending upon these conditions. Figure 42 illustrates that in a high speed exercise, it takes
time to reach the assigned velocity as it cannot be attained instantaneously.

Condition Three - Submaximal Concentric Eccentric Contractions:

In this procedure, the subjects flexed the elbow concentrically to maximum flexion,

paused approximately one second at the end of the range, and then the machine applied a
submaximal force to extend the subject's arm so that the elbow extended. The subject Wed to
resist this extension against the active force of the machine. The machine mechanism moved the

bar at a given velocity at a very high force, thus, preventing the subject from stopping the bar's
movement. Since the velocity was controlled at a given speed, the subject was able to sustain the

movement without injury. As in the previous study, the machines mechanism used was provid-
ing limited force to prevent injury. In the present study, the force applied was to exceed the
ability of the subject to resist it by at least 500 percent. The only safeguard against injury was
the fact that the bar moved at manageable velocities.
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Figure 39 illustrates the concentric phase followed by the eccentric phase. The concentric

phase by the flexors UlusU'ates the same typical results as previously observed. In the eccenuic

phase, Figure 40 illustrates the displacement curve as wed as the EMG activity of the flexors

and the extensors. One can observe that in both the concentric and the eccentric phases, the

flexors and extensors demonstrate EMG activity. As expected, the flexors demonstrate higher

activity. It is interesting to note that during the passive rest phase, the extensors EMG shifted

above the base line. Also, at the onset of extension, the extensors exhibited a sharp negative

spike. This may indicate the result of a pre-suetch reflex which augmented the antagomstic
muscle, the extensors, at the beginning of the eccentric contraction.

Figure43 illustratesa typical concentriceccentriccombina_on utilizedin this experiment.

The forcecurves,thedisplacements,and theEMG act/vitiesarepresented.One ofthe goalsof

thisexperimentwas todetermineifthe firingcharacteristicsof theextensorsand/ortheflexors

changeduringthe concentricand/oreccentricphases.A typicalresultispresentedinFigure44.

A fastFourierTransformationrevealedthatthefrequency characteristicoftheEMG signaldid

notchange forthe same muscle group duringtheconcentricand eccentriccontractions.How-

ever,thearnpfitudeofthe EMG signaldidvary. Amplitude isreferredtoas"power" and the

power ofthe EMG activitymeasured inthecurrentstudydid change.Higher power signalswere

observedduringthe eccentriccontractions.

A third factor to consider provides information about the EMG activity and this is known
as the "value reset integration". A value reset integration provides insight into the relationships

of the EMG activity between the two phases of contractions. A specific level of EMG activity

was set m this study as 100 mdlivolt seconds for the value reset integration. The reason for the

selection of this type of integration was to determine if the activity level changed during the

time of contraction for the concenmc and eccenuic phases.

Figure 45 illustrates a typical concentric and eccentric contraction with the associated

displacement, raw EMG and value reset integration for the flexor and extensor muscles. As can
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be seen in this Figure and, in general for all cases, the flexors were more active during the

concentric phase as indicated by the shorter time required to reach a particular EMG level of
activity indicated by the area under the integral curves. In the eccentric phase, the value integra-

tion of the flexors muscles shows even more activity as indicated by the smaller time interval to

reach the chosen value for the reset integration of the EMG activity. However, the extensors

muscles indicated less activity to reach the selected level of EMG activity as revealed by the

longer base line. This phenomenon was repeated in most of the super maximal eccentric contrac-

tion trials. When measuring the same parameters during sub-maximal eccentric contractions, the

extensor activity did not change significantly but the flexors showed less activity.

DISCUSSION

The present studies show that during dynamic contractions, whether concentric or eccen-
tric, there is a control mechamsm which simultaneously regulates the amount of EMG firing in

the flexors and extensors. The level of activity appears to be regulated by some higher level

neural control program. The net effect is responsible for the level of force produced in each
movement.

It seems that there are differences between maximal and submaximal eccentric contrac-

tions. In the maximal eccentric contraction, where the external force was significantly greater
than that generated by the muscle, a regulator mechanism was initiated so that the activity level

of the antagonistic reduced, thus. enabling the agonist to perform in a more efficient manner.
That is to say, the antagonistic effect was reduced in order to allow better "net" activity by the

agonist. By reducing some of the antagonistic muscle activity, the agonist force produced a
greater net moment. However, if the individual continues to try to overcome a large externally

applied force, the net force may reach a level where internal injury to the tissue occurs. This
situation can only occur in an eccentric condition.
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Whentheeccentric contraction was sub-maximal, the antagonistic activity was not

effected.Inthatsituation,theelongationoftheagonistmuscle was achievedby "progressive

relaxation"asthenumber ofmotor umts firingdecreasedas indicatedby thelevelofEMG and

theforceassociatedwith thistype ofcontraction.

Itappearsthateccentriccontractionsshouldbe classifiedastwo types.Inboth cases,the

agomst iselongatedduringa dynamic contraction.Inthecasewith a super-maximal external

resistance,theregulatorymechanism of theagonist-antagonistrelationship"turnsoff"orreduces

some oftheantagonisticactivityallowingtheagonisttoexerta greaternetmoment. In thecase

ofthesub-maximal eccentriccontractions,therelationshipof forceproductionischanged by

simply "turningoff''some of theagonistmuscle and progzessivelyrelaxingthe amount of

agon/sticactivityand allowing thelimb toextend.

When examinating activities, such as walking and running, it appeared that the body

tended to use progressive relaxation to achieve the proper level of shock absorption and gait
efficiency. However, in a task involving jumping fi'om a height in excess of 3 feet, it seemed

that this mechanism gradually changed to a maximum eccentric contraction. An activity such as
high jumping would probably incorporate both types depending on the intensity of contraction
and external resistance.

Application to Training:

The literature is filled with contradictory findings concerning the muscular sl_rength level
which can be achieved with both methods of training, eg. concentric and eccentric. There seems

to be a "carry over" effect regardless of the system of training whether concentric, eccentric, or a
combination of the two.

Based on the literature and the experimental findings presented here, this author believes

that for efficient and safe training, exercise should be done concentrically. This assures neu-

romuscular regulation of the desired movement. If one elects to train eccentrically, these

exercises should be perfomfed only at super-maximal contraction levels which will produce a
higher net moment. Any level lower then the super-maximai will result only in progressive

relaxation of the agonist muscle. A complete training regimen should include exercises with the

body weight utilized in a way that mobilizes the parallel and serial connective tissues to absorb

elastic energy and to maintain a full range of motion for each joint. These types of exercise
necessitate eccentric contractions at some level: however, at a maximal resistance level, the risk
of injury increases significantly.

Training should always include the natural movements.of the human body. The body will

not gain maximum benefit with training on mechanical machines which cannot reproduce the
number of degrees of f_edom the body requites for movement. Therefore, a healthy exercise

program should include running, jumping, gymnastics, calisthenics, swimming, and rhythmic
activities. These essential programs can be supplemented with exercise machines which,

preferable, possess artificial intelligence to evaluate and coordinate the program.

In the particular situation of microgravity, in order to simulate "natural" resistance to the

body, only a machine can perform adequately to stimulate the desired responses in an "artificial"
environment. An exercise device properly designed should be able to accommodate the

limitations of microgravity, since the body can be restrained in its environment and can execute

activities providing high resistance externally thereby simulating exercise in I-G condition.

Needless to say, more research is needed to determine the ideal training conditions for

people to achieve the most efficient fitness level for performing specific activities on eaxth and
in microgravity conditions.
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Introduction

Some researchers and practitioners have touted the benefits of including eccentric exercise in

strength training programs. However, others have challenged its use because they believe that

eccentric actions are dangerous and lead to injuries. Much of the controversy may be based on a

lack of understanding of the physiology of eccentric actions. This review will present data

concerning eccentric exercise in strength training, the physiological characteristics of eccentric

exercise, and the possible stimulus for strength development. Also a discussion of strength needs

for extended exposure to microgravity will be presented.

Not only is the use of eccentric exercise controversial, but the name itself is fraught with problems.

The correct pronunciation is with a hard "c" so that the word sounds like ekscentric [6]. The

confusion in pronunciation may have been prevented if the spelling that Asmussen used in 1953,

excentric, had been adopted [30]. Another problem concerns the expressions used to describe

eccentric exercise. Commonly used expressions are negatives, eccentric contractions, lengthening

contractions, resisted muscle lengthenings, muscle lengthening actions, and eccentric actions.
Some of these terms are cumbersome (i.e., resisted muscle lengthenings), one is slang (negatives),

and another is an oxymoron (lengthening contractions). Only eccentric action is appropriate and

adoption of this term has been recommended by Cavanagh [5].

Despite the controversy that surrounds eccentric exercise, it is important to note that these types of

actions play an integral role in normal daily activities. Eccentric actions are used during most

forms of movement; for example, in walking when the foot touches the ground and the center of

mass is decelerated and in lowering objects, such as placing a bag of groceries in the car.

Training Studies

The effects of training with eccentric actions versus other types of actions has received a moderate

amount of attention over the last 25 years [ 1, 7, 27]. Several factors need to be considered when

examining these training studies. First, there is a problem in equating workloads. Eccentric

actions can produce more tension than concentric or isometric actions. Thus, the workload may be
set relative to the maximal tension that could be generated for each modality (i.e., concentric,

eccentric, isometric), or the workload may be set at the same value for each of the modalities.

Second, the method of strength assessment differs among studies. For example, some

investigators measured isometric strength pre and posttraining regardless of the mode of actions
used in the training exercise (i.e., eccentric, concentric, isometric), while others measured the same

type of actions that were used in the training. Studies also differ on the muscle groups examined,

as well as the duration and the intensity of the training regimens. However, despite the differences

among studies, the results of the investigations are markedly consistent.
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Eccentric vs. Concentric

Mannheimer [21] investigated strength gains in 26 patients at a center for neuropsychiatric

disorders. Subjects participated in a 1-month training program that consisted of either eccentric-

only or concentric-only actions of the elbow flek0rs, The exercises were performed on a specially

designed variable muscle tester with shock absorbers to provide resistance. Pre- and poststrength

testing was specific to the exercise performed. Although both training regimens produced strength

gain, there was no significant difference between them.

In a 6-week training program, six medical students performed a specially devised training program
to include various exercises [15]. Some of these exercises were performed using concentric

actions and others performed using eccentric actions. No difference in dynamic strength gain
could be ascertained between the two exercise regimens.

Johnson [13] and Johnson et at. [14] examined strength gains that were achieved by training one
limb with eccentric actions and the other with concentric actions. In the 1972 study [13], nine

subjects trained for 8 weeks at 80 percent of concentric one repetition maximum (1RM). There
was no significant difference in strength gain between the training regimens. In the 1976 study

[14] the workloads were reset so that 80 percent 1RM was used for the concentric regimen and 120

percent 1RM (concentric IRM) was used for the eccentric regimen. Although strength gains were
found for arm curls, arm presses, knee flexions and extensions, there was no significant difference

in strength gain between the exercise regimens.

Only Komi and Buskirk [ 19] have found that eccentric exercise produced greater strength gain than
concentric exercise. In this study, three groups of subjects (n=10 per group) trained for 7 weeks

on an electric dynamometer using the forearm flexor muscles. The groups performed either
maximal eccentric, concentric, or isometric actions. The eccentric training regimen resulted in the

largest strength gains for each of the testing modalities (i.e., concentric, isometric and eccentric).

The major difference between the Komi and Buskirk [19] study and previously described studies is
that Komi and Buskirk used maximal eccentric actions in the training program.

In a recent study, Jones and Rutherford [ 16] examined isometric strength of the knee extensors and
muscle cross sectional area of the mid thigh before and after 12 weeks of eccentric exercise with

one leg and concentric exercise with the other leg. The work load was set at 80 percent 1RM
(concentric or eccentric) for the six subjects tested. The forces generated during the eccentric

training were 45 percent higher than forces generated during the concentric training. The results

showed that both eccentric and concentric training increased isometric strength (11 percent and 15

percent, respectively) but there was no significant difference between the two training regimens.

There was a similar increase (5 percent) in muscle cross sectional area (determined from

computerized tomography scans) for the eccentric and concentric training. Also found was a

small, but significant increase in the radiological density of the muscle for both exercise regimens.
This increase may result from an increased packing of the myofibrils, an increase in connective

tissue, or a decrease in fat content of the muscle [16].

t_¢¢entdc vs. Isometric

Bonde Petersen [3] had subjects perform either ten-maximal isometric actions or ten-maximal

eccentric actions (elbow flexors) per session for 36 sessions over 2 months. The isometric
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exercise training regimen produced a small, but not significant, increase in isometric strength, and
the eccentric actions had no effect on isometric strength.

The other study to compare the effects of isometric and eccentric training regimens did find

strength gains and reported no difference between the training regimens [20]. Laycoe and

Martiniuk [20] had two groups of 15 subjects perform either three-maximal eccentric actions or
three-maximal isometric actions of the knee extensors for 6 weeks. Eccentric and isometric trained

groups showed a significant increase in isometric strength (17.0 percent and 17.4 percent,

respectively). The eccentric group, however, improved 41 percent in eccentric strength. Eccentric

strength was not measured for the isometric trained group.

Hybrid Exercise Programs

Hakkinen and Komi [11] examined the effect of training with only concentric exercise compared
with combinations of concentric and eccentric exercise. Three groups were studied: Group 1

performed concentric squatting exercise, Group 2 performed the same concentric exercise with
some additional eccentric, and Group 3 performed predominantly eccentric squatting actions plus

some concentric actions. Squatting ability after 12 weeks of training showed greater improvement

for the groups that performed the combination exercise modalities compared with the group that

performed the concentric training. There was no difference in improvement between Groups 1
and 2.

Slobodyan [29] and Pletnev [26] also examined the effectiveness of hybrid training programs in

strength gain. Slobodyan studied three groups who trained with a series of standard exercises over

3 months. The groups differed in the following manner: Group 1 performed 100 percent
concentric exercise; Group 2 performed 75 percent concentric exercise, 15 percent eccentric

exercise, and 10 percent isometric exercise; and Group 3 performed 50 percent concentric, 30

percent eccentric, and 20 percent isometric exercise. On all tests, Group 3 showed the greatest
strength gains. Pletnev [26] compared strength gains in four groups after 3 months of training:

one trained isometrically, one eccentrically, one concentrically, and one used a combination of the
three modalities. Overall the group performing the hybrid program demonstrated the greatest gains

in strength.

Characteristics of Eccentric Exercise

Lower Oxygen Cost

In laboratory testing of eccentric and concentric muscle actions, subjects will consistently report
that exercises with eccentric actions are easier to perform than exercises with concentric actions.

Rasch, in his review of eccentric exercise [27], stated that when using oxygen consumption as the

criterion measure, "muscles are able to produce tension three to nine times more cheaply when they

are doing negative work than when they are doing positive work."

Several studies have shown that the rate of oxygen uptake by subjects who were performing

concentric only exercise was greater than oxygen uptake for subjects performing eccentric exercise

[27, 30]. Early studies have suggested that the lower oxygen cost of eccentric exercise was due to
a smaller number of muscle fibers being recruited during eccentric actions. However, Bigland-

Ritchie and Woods [2] found that motor unit recruitment could only partially explain the difference

in oxygen cost between concentric and eccentric actions.
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Bigland-Ritchie and Wood [2] examined integrated EMG (IEMG) of the vastus lateralis muscles

and oxygen uptake during concentric and eccentric cycle ergometry exercise. The pedaling rate
was set at 50 rev/min with resistances ranging from 2.5 to 15 kg. Work rates did not exceed 75

percent of the subjects' '_/O2max. When the slope of IEMG/work-rate for concentric exercise was

expressed as a ratio of the slope of IEMG/work-rate for eccentric exercise the value was found to

be 1.96. However, a considerably larger value (6.34) was obtained when the slope of _02/work-

rate for concentric exercise was expressed as a ratio of the slope of _O2/work-rate for eccentric

exercise. These data demonstrate that only part of the lower oxygen cost during eccentric exercise

could be attributed to less fiber activity. Experiments with isolated muscles that were electrically
stimulated have supported this conclusion [30].

Greater Tension

It is common knowledge among those involved in strength testing and training, that individuals can

lower more weight than they can lift. Thus, during an eccentric action the muscle can produce

more tension than during a concentric action. The force velocity relationship maintains that as the

velocity of contraction decreases, the force increases, such that during negative velocity

contractions (i.e., eccentric actions) the force continues to increase until a certain point is reached.

Stauber in his excellent review of eccentric exercise [30] provides one explanation for the ability of

muscle to produce greater tension during eccentric muscle actions. In a resting state, actin and

myosin are not bound and the myosin head is in a state of activation due to the hydrolysis of ATP.

The myosin head in this state is referred to as preenergized. During concentric exercise, myosin

heads bind to actin, cross-bridges are formed, and the cycling of these cross-bridges produces

tension and shortening. After each cycle of cross-bridge formation, the myosin head is detached

from the actin and is recharged with another ATP. In this manner the "potential energy stored in

the preenergized myosin becomes transformed into the mechanical events of cross-bridge action

(tension or shortening)" [30]. During eccentric actions, the cross-bridge is forcibly pulled
backward before energy can be transformed. Stauber [30] states "Each of these attachment-

separation reactions produces a recorded tension (resistance to stretch) by the muscle but with no

apparent energy consumption because the cross-bridge has not cycled but continues to remain in

the high-energy form." To a given point, the faster the velocity during eccentric actions, the less
likely a cross-bridge will cycle and the more tension can be produced. Likewise as the velocity

decreases, more cross-bridges can cycle and the tension is lower.

Muscle Damage

Well known to athletes, coaches, and exercise scientists is the muscle soreness that develops 24 to

48 hours after exercises that have a large eccentric component [9]. Soreness is considered to
indicate that some damage has been incurred in the exercised muscle [9]. In recent years, several

studies have appeared in the literature with titles that include such phrases as exercise-induced

muscle damage. These studies have used eccentric muscle actions as a model to study muscle

damage and recovery.

Unfortunately (and undeservedly), these titles may have given eccentric exercise a bad name. The

damage that is induced by these exercises is completely repairable in a short amount of time. In

addition to being repairable, the damage also results in an adaptation in the muscle making it more

resistant to damage from subsequent strenuous exercise. In other words, the muscle is designed to
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dealwith effectsof eccentricexercise.A morecomprehensivediscussionof muscledamageand
eccentricexercisecanbefoundin two recentreviewpapers[9,30].

Friden [10] andNewhamet aI. [25] have documented ultrastructural changes in muscle biopsy

samples taken from subjects who had performed strenuous eccentric exercise. Both studies noted

disruption of the normal myofibrillar arrangement. In normal muscle fibers the Z lines of adjacent

myofibrils are in register with one another. After eccentric exercise the Z lines appear to lose their

integrity, such that the lines broaden and show a streaming pattern. In biopsy samples taken 6 to 7

days after eccentric exercise, the fibers were repaired and appeared essentially normal [9].

Many studies have documented an increase in the appearance of muscle proteins, particularly
creatine kinase (CK), in the blood after eccentric exercise [8, 9, 23, 24]. Increased levels of these

proteins in the blood has been taken as evidence of muscle fiber membrane disruption. Because

CK is a large molecular weight 12 protein, the membrane must be disrupted for release to occur.
Also the size of the protein necessitates its entry into the lymph (rather than capillaries) prior to

entering the blood via the thoracic duct. Figure 1 shows the pattern of increase in CK activity in

blood after high-force eccentric exercise of the forearm flexor muscles. Noteworthy is the 48-hour

delay in the increase of CK. Other studies, where less strenuous forms of eccentric actions have

been used (Figure I), have reported a smaller increase in CK in the blood and a shorter delay,

generally about 6 to 12 hours after exercise [4, 9]. This 6 to 12-hour delay may be related to the

time it takes for CK to travel through the lymph before entering the blood. Presently there is no

clear explanation for the long delay of 48 hours. Either there is a delayed release from the muscle

or there is an inability of this large protein to enter the lymph or be transported by the lymph.

High-force eccentric actions can produce more muscle swelling than less strenuous eccentric
exercise (downhill running). Edema around the muscle may retard the entry of large molecular

weight proteins into the lymph or retard the transport.

Figure I.
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Creatine kinase activity in the blood before and 5 days after a downhill running

exercise (open circles) and high-force eccentric forearm flexion exercise (closed

circles). Data modified from Byrnes et al. [41 and Clarkson and Tremblay [81.
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Muscle soreness develops about 24 hours after eccentric exercise, reaches peak values about 48

hours after, and gradually dissipates by 5 to 10 days after exercise (Figure 2). Some investigators

have suggested that swelling and edema produce the sensation of soreness. In our studies we have

noted swelling long after soreness has dissipated [9]. Soreness may also be the result of chemical

irritants, such as histamine and bradykinins, generated by the damaged tissue.

E

2500-

2000.

1500-

1000.

500-

CREATINE KINASE

0--0 Bout 1
I--I Bout 2 0

/

/
pre 1 2 3 4 5
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Figure 2. Muscle soreness of the forearm flexor muscles before (pre) and 5 days after a high-

force eccentric forearm flexion exercise. Data modified from Clarkson and Tremblay
[8]. Bout I (open circles) depicts changes following 70 maximal eccentric actions

with one arm. With the other arm subjects performed 24-maximal eccentric actions

and 2 weeks later performed 70-maximal eccentric actions; Bout 2 (closed circles)

shows data from these latter 70-maximal eccentric actions. For more detailed

explanation of the study see reference 8.
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Figure 3. Isometric strength of the forearm flexor muscles before (pre), immediately after

(post), and 5 days after a high-force eccentric forearm flexion exercise. Data
modified from Clarkson and Tremblay [81. See legend for Figure 2.
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Also associated with eccentric actions is strength loss and decreased range of motion in the days

following the eccentric exercise. Clarkson and Tremblay [8] showed that isometric strength was

decreased by about 50 percent immediately after high-force eccentric exercise and gradually

returned toward baseline (Figure 3).

Range of motion was shown to decrease immediately after the exercise, further decreased at 2 days

after exercise, and then returned toward baseline [8] (Figure 4).
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Figure 4. Range of motion about the elbow before (pre), immediately after (post), and 5 days

after a high-force eccentric forearm flexion exercise. Range of motion is expressed as

a percentage ofpreexercise range. Data modified from Clarkson and Tremblay [8].

See Iegend for Figure 2.

Within 7 to 10 days after performance of high-force eccentric exercise, muscle function is fully

recovered [9]. Moreover, during the recovery process, an adaptation or training effect takes place.

When subjects perform a subsequent bout of high-force eccentric exercise, they are able to perform
more work [8, 9, 23]. Also, less damage is incurred from the second exercise [8, 9, 23]. In

Figure 2, less soreness develops after Bout 2 compared with the first bout, strength and range of

motion are restored more quickly after the second bout (Figures 3 and 4, respectively), and most
noteworthy, there is no release of CK into the blood after Bout 2 (Figure 5). Thus, performance

of the first eccentric exercise produced an adaptation (or rapid training effect) in the muscle such

that it was more resistant to damage from a subsequent bout of strenuous exercise. This training

effect can also be elicited when the first bout of eccentric exercise produces little muscle damage

[8]. There is evidence to suggest that the training effect can last 6 weeks or longer [9].

It is important to note that the adaptation effect described above cannot be elicited by concentric
training [28]. Sforzo and Lamb [28] investigated the effects of concentric training and eccentric

training (at the same absolute workload) in two groups of subjects. After 2 weeks of training,

these subjects performed a strenuous bout of exercise that incorporated concentric and eccentric

actions (con-ecc). The concentric trained group developed considerable soreness after the

strenuous bout of con-ecc exercise but the eccentric trained groups did not. This finding is

particularly noteworthy since the absolute workloads were the same thereby making the training

regimen more strenuous for the concentric trained group.
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Figure 5. Creatine kinase activity in the blood before (pre) and 5 days after a high-force

eccentric forearm flexion exercise. Data modified from Clarkson and Tremblay (8).

See legend for Figure 2.

In our laboratory we have tested over 300 subjects who have performed high-force eccentric

exercise and we have never had an injury occur. These subjects included a sample of persons

between the ages of 60 and 70 years. Other laboratories in this country and in England have also

used high-force eccentric exercise and have not had an injury (either reported in the literature or

personal communication).

One physiological explanation for a lack of injury with eccentric actions is that a protective reflex

serves to prevent the muscle from generating more tension than it can accommodate safely.
Evidence for such a reflex is indirect. The ratio of eccentric force to concentric force is greater for

isolated muscle compared with intact human muscle [30]. Stauber [30] suggested that this

discrepancy can be explained as a function of central nervous system (CNS) actions in intact
muscle. Also, when muscle is electrically stimulated during eccentric actions, the same high-force

can be achieved as in isolated muscle [30]. Thus, the development of the full force capability

during normal eccentric actions may be prevented by CNS intervention thereby protecting the
muscle from injury. A similar mechanism has also been suggested for other forms of muscle

actions. Stauber [30] proposes that only when these protective reflexes are fatigued will

myotendinous tearing occur.

In summary, high-force eccentric exercise does produce muscle damage, but this damage is a

normal event and it is completely reparable. In addition, it leads to an adaptation response. CNS
control over muscle may exist to prevent serious injury. Individuals who already have a muscle or

joint injury could be at risk in performing maximal high-force eccentric exercise. These
individuals, however, may also be at a risk in performing high-force concentric or isometric

exercise. It should also be noted that the exercise regimens used in the studies cited above are very

strenuous. In many of the studies, 70-consecutive maximal eccentric actions were performed with

one muscle group. From these investigations, however, there is no scientific evidence that

performance of numerous, repetitive maximal eccentric actions are dangerous to healthy
individuals. Moreover, there is certainly no evidence to suggest that testing of eccentric actions
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whereonly afewtrialsof maximal intensity are used should be contraindicated.

Stimulus for Muscle Strength Increase

Moritani and deVries [22] have shown that during the early stages of a strength training program,

the increase in strength is due to neural factors. During the later stages, after about 3 to 5 weeks of

training, muscle hypertrophy is responsible for strength gains. A review of neural mechanisms in

strength development can be found in a recent paper by Jones, Rutherford, and Parker [ 18].

The exact stimulus for muscle hypertrophy is not known. Jones, Rutherford, and Parker [18]

have suggested that hormonal factors may play a role. Release of hormones such as insulin,

growth hormone, and testosterone could regulate protein synthesis and degradation to promote

muscle growth. Hormones may not be the primary stimulus for hypertrophy but might act in

conjunction with local changes in the exercised muscles.

If factors associated with metabolic fatigue were the stimulus for hypertrophy, then one would

expect that a metabolically more stressful exercise would induce greater hypertrophy and hence

greater strength gains (although there is not a 1:1 relationship between strength and muscle size)
than a less metabolically stressful exercise. Training programs using concentric exercise, which is

metabolically more costly than eccentric exercise, have not been shown to produce greater strength

gain or muscle size than training programs using eccentric exercise. Thus, a purely metabolic

mechanism cannot explain the hypertrophic response.

It is tempting to suggest that factors associated with muscle damage could be the stimulus for

hypertrophy. Moreover, the adaptation effect (rapid training effect) that has been described for

muscle damage (see above), would be an attractive correlate to the hypertrophic response.
However, no studies have shown that training using eccentric actions is any more effective in

inducing strength gain or hypertrophy than concentric exercise. Thus the adaptation effect
observed after eccentric-exercise-induced muscle damage seems unrelated to the stimulus for

hypertrophy.

High tension levels have been considered as the stimulus for hypertrophy. However, if high
tension alone were the stimulus, eccentric exercise would likely cause more hypertrophy than

concentric. There is no evidence for this and, as Stauber [30] has noted, body-builders who use

eccentric actions in their training have no larger muscles than weight lifters who avoid eccentric
actions. Moreover, increases in cross sectional area of muscle after training with eccentric actions

are not greater than increases after concentric actions that produce less tension [ 16].

The exact stimulus for muscle hypertrophy is not known. It is possible that several factors are

involved in a complex interplay of events. For example, there may be a threshold force or tension
level that must be achieved which would serve as the primary stimulus for hypertrophy. Then,

other factors would come into play and modulate the response.

Strength Requirements for Extended Duration Space Activities, Reentry, and EVA

Exposure to microgravity environments for an extended duration results in muscle atrophy and a
decline in muscle function [12]. However, little is known about how various expressions of

strength are affected. Because of the lack of gravity, muscle usage will be considerably different,

particularly with regard to a lack of eccentric actions. For example, in a one-g environment a

person would lift up a weight by contracting the forearm flexor muscles in a concentric action and

would lower the weight by having the forearm flexors perform an eccentric action. However, in

microgravity, a weight would be lifted with the forearm flexors but to move the weight to the
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starting position the forearm extensors would act in a concentric manner. Situations in micro-

gravity where eccentric actions may be used, for example, would be to stop the body when it is
propelled towards an immovable object.

If there is a preferential lack of eccentric actions performed in microgravity conditions, how does

this impact on strength loss, atrophy, and performance---either for EVA or for reentry? It has been
shown that exercise programs involving combinations of muscle action modalities are most

effective in 19 producing strength gains. Conversely then, will exercises during extended periods

of microgravity that do not incorporate eccentric actions be less effective in retarding atrophy and
strength loss?

At present, it is difficult to recommend specific training regimens either for performance during
space flight or for conditioning prior to space flight. Before such recommendations can be made,

knowledge of the effects of prolonged exposure to microgravity on various modalities of strength

(isometric, concentric and eccentric) are needed. Also specific performance requirements (i.e.,
modalities of strength, endurance) needed for EVA and reentry must be identified.
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Reversibility of Adaptations Induced by Training

Physical training exposes the various systems of the body to potent physiologic stimuli. These
stimuli induce specific adaptations that enhance an individual's tolerance for the type of exercise

encountered in training. The level of adaptation and the magnitude of improvement in exercise

tolerance is proportional to the potency of the physical training stimuli. Likewise, our bodies are

stimulated by gravity, which promotes adaptations of both the cardiovascular and skeletal muscles.
Exposure to microgravity removes normal stimuli to these systems and the body adapts to these

reduced demands. In many respects the cessation of physical training in athletes and the transition

from normal gravity to microgravity represent similar paradigms.

Inherent to these situations is the concept of the reversibility of the adaptations induced by training

or by exposure to normal gravity. The reversibility concept holds that when physical training is

stopped (i.e., detraining) or reduced, or a person goes from normal gravity to microgravity, the

bodily systems readjust in accordance with the diminished physiologic stimuli. The focus of this

chapter is on the time course of loss of the adaptations to endurance training as well as on the

possibility that certain adaptations persist, to some extent, when training is stopped. Because

endurance exercise training generally improves cardiovascular function and promotes metabolic

adaptations within the exercising skeletal musculature, the reversibility of these specific adaptations
is considered. These observations have some applicability to the transition from normal to

microgravity.

Cardiovascular Detraining

Maximal Oxygen Uptake

Endurance training induces increases in maximal oxygen uptake (i.e., '_/O2max), cardiac output, and

stroke volume [ 1, 2]. When sedentary men participate in a 7-week, low-intensity training program

(20 min/day -1, 3 days/week-I), '_/O2max levels increased by 6 percent, with a return of '(,/O2max

values to pretraining levels with 8 weeks of detraining [3]. Moderate endurance training increases
_O2max by 10 to 20 percent, yet again '_,/O2max may decline to pretraining levels when training is

stopped [4-6]. Values of '(,rO2max decline rapidly during the first month inactivity, whereas a
slower decline to untrained levels occurs during the second and third months of detraining [4-6].

Therefore, the available evidence suggests that the increases in '(/O2max produced by endurance

training involving exercise of low to moderate intensities and durations are totally reversed after
several months of detraining.

Investigators have not yet examined and then exposed untrained individuals to several years of

intense endurance training and subsequent inactivity to determine if extreme training results in a

persistent elevation of _O2max above untrained levels. Our present knowledge is limited to

findings of studies involving already trained endurance athletes who agreed to cease training so that

reversibility of their physiologic adaptations should be studied periodically [7]. Figure 1 is a
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display of the time courseof the decline in '_/O2max and its components of cardiac output, and

arteriovenous 02 difference when people become sedentary after training intensely for
approximately 10 years.
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*Significantly lower than trained; p<0.05. +Significantly lower than day 21; p<0.05.

Figure 1. Effects of detraining upon the percent changes in maximal oxygen uptake (i.e.,
_]02max), maximal cardiac output estimated from submaximal stroke volume and

maximal heart rate (i.e., Qmax est.) and maximal arterial-venous oxygen difference

(i.e., a- _Oediffomax).

The 902rnax value was relatively high in trained subjects (i.e., 62 mL/min -I at 0 days without

training) and it declined a total of 16 percent after 84 days of detraining. A rapid decline of 7

percent occurred in the first 12 to 21 days with a further decline of 9 percent during the period from

21 to 84 days [7]. The rapid, early decline in _/O2max was related to a reduction in maximal stroke

volume measured during exercise in the upright position. Most of the decline in stroke volume

occurred during the first 12 days of inactivity. Adaptive increases in maximal heart rate

compensated somewhat for this loss of stroke volume. The decline in _O2rnax during the 21 to 84-

day period was associated with a decline in maximal arteriovenous 0 2 difference.
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The 84-day period of detraining resulted in a stabilization of _O2max and maximal stroke volume.

Thus, the subjects appeared to have detrained for a sufficient length of time to display a complete

readjustment of cardiovascular response in accordance with their sedentary lifestyle. Note that

maximal stroke volume during upright exercise in the detraining subjects was virtually the same as

that observed in people who had never engaged in endurance training. The idea that this finding

does not necessarily imply a loss of heart function is subsequently discussed. Although maximal

cardiac output and stroke volume declined to untrained levels, '_/O2max levels in the detrained

subjects remained 17 percent above that of untrained individuals, primarily because of an elevation

of maximal arteriovenous 02 difference. The persistent elevation of '¢¢'O2max values in the detrained

subjects, the result of an augmented ability of the exercising musculature to extract oxygen, may be

related to the observation that these subjects displayed no loss of the increased capillary density
derived from the training and only a partial loss of the increase in muscle mitochondria.

Stroke V01um¢: and Heart Size

Prolonged and intense endurance training is thought to promote an increase in heart mass, and

researchers believe detraining results in a decline in heart mass [1, 8, 9]. What is not clear,

however, is whether the training-induced increases in ventricular volume and myocardial wall

thickness re_ress totally with inactivity. Athletes who become sedentary have enlarged hearts and
an elevated VO2max level in contrast to people who have never trained [10].

One of the most striking effects of detraining in endurance-trained individuals is the rapid decline in

stroke volume. To gain information regarding the cause of this large and rapid decline, Martin et

aI. [ 11 ] measured stroke volume during exercise in trained subjects in both the upright and supine

positions and again after 21 and 56 days of inactivity (Figure 2).
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*Response in the upright position is significantly lower than the responses in the supine position (p<0.05).

Figure 2. Percentage decline in exercise stroke volume (A) and left ventricular end diastolic
diameter (LVEDD) during exercise in the upright and supine positions.

Simultaneous measurements of the diameter of the left ventricle were obtained echocardio-

graphically. The large decline in stroke volume during upright cycling was associated with parallel
reductions in the diameter of the left ventricle at end-diastole (LVEDD). When the subjects were

evaluated during exercise in the supine position, a condition that usually augments ventricular

filling because of the drainage of blood from the elevated legs, reduction in LVEDD was minimal.
As a result, stroke volume during exercise in the supine position was maintained within a few

percent of trained levels during the 56-day detraining period.

Role of Blood Volume

Along the same lines, results of recent studies indicate that the rapid reduction with detraining of
stroke volume during exercise in the upright position is related to a decline in blood volume [12].

Intense exercise training usually results in an increase in blood volume by approximately 500 mL

through the expansion of plasma volume [13, 14]. This adaptation is gained after only a few bouts
of exercise, and it is quickly reversed when training ceases [13, 14]. The decline in stroke volume

and the increase in heart rate during submaximal exercise, which normally accompanies several

weeks of detraining, can be essentially reversed, and values return to near trained levels when the
blood volume of detrained men expands to a level similar to that when the subjects were

trained [ 12].
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The observation that stroke volume during exercise is maintained at near trained levels when blood

volume is high suggests that the ability of the heart to fill with blood is not significantly altered by

detraining. If ventricular mass does indeed decline, a thinning of the ventricular walls and not a

reduction in LVEDD is probably involved [11]. Thus, the reduction in intrinsic cardiovascular

function is apparently minimal after several weeks of inactivity in men who had been training

intensely for several years [12]. The large reduction in stroke volume during exercise in the

upright position is largely a result of reduced blood volume and not of a deterioration of heart

function [ 12].

Detraining and Muscle Metabolism

Enzym¢_ of Energy Metabolism

Endurance exercise training induces enzymatic adaptations in the exercising musculature that result

in slower rates of glycogen utilization and lactate production and improved endurance during

submaximal exercise [ 15]. One of the more important alterations is an increase in the activity of

mitochondrial enzymes, which results in an increased ability to metabolize fuels in the presence of

oxygen. Moderate endurance training (2 to 4 months duration) increases mitochondrial enzyme
activity by 20 to 40 percent from untrained levels [5, 16]. When moderate training ceases,
however, and the stimuli for adaptation are removed, the increases in mitochondrial activity are

quickly and totally reversed. Mitochondrial activity returns to pretraining levels within 28 to 56

days after the cessation of training [5, 16].

The pattern of change in enzyme activity observed when individuals who trained intensely for 10

years stopped training for 84 days is curvilinear [17]. Mitochondrial enzyme activity in trained

subjects (i.e., citrate synthase, succinate dehydrogenase, malate dehydrogenase, and B

hydroxyacyl-CoA dehydrogenase) is initially two-fold higher than those in untrained persons,

declines progressively during the first 56 days of detraining, and stabilizes at levels that are 50

percent higher than the values obtained from sedentary control subjects. The half time of decline is

approximately 12 days (i.e., declines on half the distance between trained and detrained in 12
days). Therefore, prolonged and intense training, in contrast to training programs that last only a

few months, appears to result in only a partial loss of mitochondrial enzyme activity and thus a

persistent elevation of activity above untrained levels. This elevation occurred almost entirely

because of a persistent 80 percent elevation above untrained levels in the mitochondrial enzyme

activity in fast-twitch muscle fibers [18].

Muscle Capillarization

Endurance training promotes increased capillarization of the exercising musculature, which

theoretically both prolongs the transit time of blood flow through the muscle and reduces diffusion
distances, thus improving the availability of oxygen and nutrients to the muscle while also allowing

for better removal of metabolic waste products. Moderate endurance training of several months

duration increases muscle capillarization by 20 to 30 percent above pretraining levels [5, 19].

Results of preliminary studies indicate that certain indices of muscle capillarization remain

somewhat higher than pretraining levels 8 weeks after the cessation of moderate training [5].
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Moreprolongedandintensetraining increasesmusclecapillary densityby 40 to 50percentfrom
untrainedlevels [7, 19]. No indicationexiststhatincreasesin musclecapillarydensityin highly
trainedpeoplearereversedduring3 monthsof detraining[7].

Muscular A0aptations that Persi_ with Detraining

The detraining responses in the skeletal musculature of highly trained people who regularly
engaged in intense exercise for several years apparently differ from those in individuals who have

trained for only a few months. No loss of the increase in muscle capillarization occurs with the

cessation of prolonged intense training, although such a loss does occur when moderate training is

stopped. The cessation of moderate training results in a complete reversal of the training-induced

increases in mitochondrial enzyme activity, whereas only a partial decline and therefore a persistent
elevation of mitochondrial activity above untrained levels occurs with the cessation of exercise after

prolonged intense endurance training [3, 5, 16, 17].

Exercise Responses of Detrained Subjects

Currently, scant evidence is available to imply that the cardiovascular or skeletal musculature

adaptations derived from mild and moderate endurance training are maintained above pretraining

levels with cessation of training for more than approximately 8 weeks. Therefore, a person should
be stressed to the same degree during exercise of a given intensity whether untrained or after a

prolonged detraining period. This hypothesis has yet to be fully evaluated, however, and one

factor to consider is the possibility that people may perceive exercise to be more comfortable when

they are in the detrained state having already experienced physical training, as compared to the
untrained condition.

In agreement with the findings that individuals who exercise intensely on a regular basis for several

years remain superior in the detrained state with respect to their muscle metabolism and intrinsic

heart function (i.e., stroke volume when ventricular filling is high) compared with untrained

people, it appears that these detrained people can exercise more intensely before becoming

inordinately stressed. One indication of this ability is the observation that detrained persons not
only possess a '¢/O2max level that is well above untrained values, but also they maintain the ability
to exercise at a high percentage of _O2max before lactic acid begins to accumulate in the blood [17].

Summary

Our hypothesis is that the alterations in physiological function upon transition from normal gravity

to microgravity may share similar trends to the process of "detraining." When physical training

ceases (i.e., detraining), the bodily systems readjust in accordance with the diminished physiologic
stimuli, and many training-induced adaptations are reversed to varying extents. The available

evidence to date suggests that the increases in _/O2max produced by endurance training of low to

moderate intensities and durations are totally reversed after several months of detraining. When
people detrain after several years of intense training, they display large reductions (i.e., 5 to 15

percent) in stroke volume and _O2max during the first 12 to 21 days of inactivity. These declines

do not indicate a deterioration of heart function, but instead are largely a result of reduced blood
volume and the ability to return venous blood to the heart. The VO2max of endurance athletes

continues to decline during the 21 to 56 days of detraining because of reductions in maximal

arteriovenous 02 difference. These reductions are associated with a loss of mitochondrial enzyme

activity within the trained musculature, which declines with a half-time of approximately 12 days.

Endurance athletes, however, do not regress to levels displayed by individuals who never
participated in exercise training. Levels of mitochondrial enzyme activity remain 50 percent higher
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thanthoseof sedentarysubjects,skeletalmusclecapillarizationis maintainedat high levels,and
_O2maxandthemaximalarteriovenous02 differencestabilizeat a point that is 12to 17percent
higherthanuntrainedlevelsafter84daysof detraining.
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Introduction

When humans stand, the force of gravity (one g) promotes pooling of blood in the lower
extremities. This reduces the return of venous blood to the heart and produces an orthostatic

challenge to the cardiovascular system. Higher gravitational forces, in the head-to-foot direction,

are commonly experienced by Navy and Air Force personnel and astronauts for relatively brief

periods during high-speed maneuvering of sophisticated jet fighters and during launch and reentry

of manned space craft.

The reduction in venous return to the heart during gravitational stress results in a lowering of

cardiac output through Frank-Starling mechanisms, which can often lead to a decrease in blood

pressure. If cardiac output and blood pressure are not adequately maintained, reduced perfusion of

the cerebral circulation may lead to a loss of consciousness (syncope). This response in flight

could be catastrophic. Thus, the high level of interest by the military and NASA in understanding

gravitational stress responses and identifying physiologic situations and pharmocologic

manipulations which alter individual tolerance to gravitational stress is well understood.

The two primary mechanisms whereby adequate cardiac output and blood pressure are

maintained during orthostatic stress are by reflex activation of the autonomic nervous system and

by contraction of skeletal muscles in the lower extremities (the skeletal muscle pump). During

many types of orthostatic challenge, the skeletal muscles are inactive (i.e., passive head-up tilt,

lower body negative pressure [LBNP]) and acceleration stress in pilots and astronauts. To lessen

the pooling of blood in the lower body, flight personnel routinely employ compression trousers to

squeeze pooled blood back to the central circulation.

The second major mechanism that is engaged to compensate for reductions in central blood volume
and blood pressure is mediated through the autonomic nervous system. Baroreceptors are located
in the carotid and aortic blood vessels in the arterial circulation and are located in the heart and great

veins on the low pressure side of the circulation [20, 21]. These receptors respond to blood

pressure and blood volume changes and initiate reflex increases in heart rate, cardiac contractility,

and peripheral vascular tone.

This presentation will focus on only one side of the debate as to whether high levels of aerobic
fitness have a deleterious effect on tolerance to gravitational stress. This issue was raised in the

early 1970's as a result of two research publications. The first was work reported by Stegemann et
al. [31] who studied the carotid sinus baroreflex of humans with an airtight chamber that

surrounded the head and neck. The steady-state reflex changes in blood pressure that were

recorded 3 minutes after application of the head and neck stimuli, were attenuated in an athletic

group compared to a sedentary group of volunteers. A second report in the NASA literature by
Luft et al. [18] indicated that five endurance-trained runners were less tolerant to LBNP than five

nonrunners. These early research findings have stimulated a considerable amount of interest that
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has lead to a growing number of research efforts seeking an association between aerobic fitness

and orthostatic tolerance in humans. I will briefly review some of the more pertinent published
research information which suggests that there is no relationship between aerobic fitness and
orthostatic tolerance in humans.

Cross-Sectional Studies

Prior to 1970, the general belief was that orthostatic tolerance was greater in the athletic compared

to the sedentary individual. Research findings as early as the 1920's suggested that, in general,
athletes made better circulatory adjustments upon standing than did nonathletes [8, 33].

Supporting data were provided several decades later by Schvartz et aI. [28], who studied the

responses of 18 healthy subjects during head-up tilt testing. Syncope occurred in four subjects.

Retrospective analyses revealed that those who experienced syncope could perform fewer sit-ups

and pushups compared with 14 subjects who tolerated the tilt stress. These investigators

concluded that conditioning of the upper body muscles was important for maintaining orthostatic
tolerance. A subsequent study by these investigators in the early 1970's, included measurements

of peak oxygen uptake to better evaluate fitness levels [29]. Twenty-eight men were stressed by

passive standing and the frequency of fainting was noted to be less in the men who had higher

aerobic capacities than those who were less fit.

However, the early belief that cardiovascular fitness was associated with improved orthostatic
tolerance was questioned as early as 1940, when investigators were unable to find differences in

the orthostatic tolerance of athletes and nonathletes [1, 22]. A large number of the recently

published cross-sectional studies have failed to identify a significant statistical relationship between

endurance capacity and tolerance to orthostatic stress. For example, Klein et al. [15] reported on a

group of 12 athletes who, due to many years of intense physical training (long distance running,

bicycling, or ice skating), had about a 50 percent higher maximum work capacity than 12 healthy
students (_O2max 65 VS. 44 mLokg-lomin-I). The orthostatic tolerance to both a 20-minute, 90

degree head-up tilt and centrifugal (+Gz) forces were found to be identical between groups.

Similar results have been reported in cross-sectional studies on female volunteers undergoing
LBNP [ 14].

A somewhat different research approach was undertaken by Sather and colleagues [26], who

determined the tolerance of 18 men, ages 29 to 51 years, to progressive LBNP that was continued

until the onset of presyncopal signs (sudden hypotension or bradycardia) or symptoms (dizziness,
nausea, discomfort). Subjects were then classified into high-tolerance (n= 10) or low-tolerance

(n=8) groups. Retrospective analyses indicated that there were no significant differences between
the two groups when age, height, weight, percent body fat, total blood volume, and ¢¢O2max were

compared.

Similar results have been reported for 45 healthy women who underwent graded LBNP to 50
mmHg [11]. These women had peak aerobic capacities ranging from 23 to 55 mL°kg-lomin -1.

There were six women who developed signs and symptoms of impending syncope during LBNP,

but retrospective analyses indicted that their average #O2max values did not differ from those of the
39 LBNP tolerant females. These authors concluded that orthostatic tolerance was not related to

aerobic capacity.
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In summary,theseseriesof cross-sectionalstudiesonbothmenandwomenemployedorthostatic
stresseswith a presyncopalendpoint. Theseinvestigatorswere unable to draw a statistical
relationshipbetweenorthostatictoleranceindicesandaerobiccapacityasmeasuredby '_/O2max.

Convertino, Sather, et al. [6] applied multiple regression statistics to their previously reported data,

which had been collected from 18 subjects, to derive a prediction model for LBNP tolerance.

Numerous physical and physiological variables, including age, height, weight, _O2max, body fat,

blood volume, arterial pulse volume, thigh fluid accumulation index, thigh compliance index, heart
rate, stroke volume, cardiac output, mean arterial pressure, and peripheral resistance were included

in their analyses. '(¢'O2max did not correlate highly or significantly with the peak level of LBNP

achieved prior to onset of presyncopal symptoms. The best predictive model for LBNP tolerance

was achieved by including thigh fluid accumulation index, blood volume, and thigh compliance

index in the regression model. The accumulation of fluid in the thigh was a major contributor (82

percent) to the prediction model. Based upon this model, the more accumulation of fluid in the

thigh, the greater the predicted tolerance to LBNP. Blood volume provided a negative contribution

to the prediction equation such that individuals with larger estimated blood volumes were less
tolerant to the LBNP stress. Paradoxically, it is a well-known fact that blood volume is increased

in endurance-trained athletes [23].

A recent study by Ludwig and colleagues [17] employed a different statistical modeling procedure

in a retrospective analysis of 25 women and 22 men who had undergone centrifuge studies '_/O2max

ranged from 18 to 50 mLokg-Iomin -I. Two biostatistical modeling procedures (proportional hazard

and logistic discriminant function) were used to estimate the risk of gray-out during centrifugation.
Study variables included gender, age, weight, height, percent body fat, base-line heart rate, blood

pressure, _O2max, and plasma volume. Only age, gender, height, and plasma volume significantly
contributed to the risk equation. Tall young women with large plasma volumes were at increased
risk for orthostatic intolerance. Tolerance to gravitational stress was statistically independent of

aerobic fitness ('¢/O2max).

Longitudinal Studies

Several longitudinal studies have been carded out in which orthostatic tolerance has been carefully
assessed before and after an exercise training program. Cooper et aI. [7] determined the orthostatic

tolerance of 11 subjects to +Gz forces produced by centrifugation. These subjects were

randomized to two groups: six exercisers and five controls. The exercising group engaged in a

daily progressive running program for 3 months, while the controls were asked to avoid vigorous
exercise. At the conclusion of the 3 months, the exercising group had increased their endurance

capacity by 13 percent. Despite this, there were no significant differences noted between the two

groups in their ability to tolerate gravitational stresses.

In a recently published longitudinal study [16], eight young male students underwent a 10-week

aerobic exercise training protocol which consisted of alternating sessions on a treadmill and cycle

ergometer. This program resulted in a 21 percent increase in _O2max (45.7 to 55.2 mLokg-Iomin'l).

Subjects underwent a presyncopal-limited LBNP test before and after training which consisted of

progressive, 10 mmHg increases in LBNP until one of the following criteria was met: (1) a

systolic blood pressure <70 mmHg or (2) a decrease of systolic blood pressure of >25 mmHg,
diastolic blood pressure of >15 mmHg or heart rate of > 15 b/min in two consecutive 1-minute

readings. The increases in calf circumference and heart rate and the decreases in forearm blood
flow and systolic pressure produced by LBNP were not different after training. Three indices of
LBNP tolerance were derived: (1) duration of exposure to LBNP, (2) magnitude of negative
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pressure at onset of presyncope and, (3) cumulative stress, determined by summing the products
of the duration and pressure magnitude of each LBNP level. None of these indices of tolerance

were altered following the 10-week training program. These authors concluded that there was no

discernible adverse effect of improved aerobic capacity on orthostatic tolerance over a 10-week

training period.

There have been several other longitudinal studies on orthostatic tolerance in which exercise

training programs have been employed for as short as 8 days and for as long as 6 months [5, 9,

12, 27]. None of these studies have demonstrated an adverse effect of exercise training on

orthostatic tolerance. Only a few of these longitudinal studies included running as the sole type of

exercise training. Various combinations of running, bicycling, and weight training have generally
been employed.

There is an increasing amount of reported data that suggests that weight training may improve
orthostatic tolerance. This may be related to the ability of weight training to increase the muscle

mass of the lower extremities that could reduce venous compliance and thereby diminish caudal

blood pooling during orthostatic stress [4]. Strength training is also known to increase plasma
volume and to preserve baroreceptor reflex function [13].

To summarize these series of studies, it seems clear that in a random population there is no
relationship between _O2max and orthostatic tolerance. Secondly, longitudinal aerobic training

programs from as little as 8 days to 6 months do not adversely influence orthostatic tolerance,
despite significant increases in VO2max. And finally, strength training may improve orthostatic

tolerance. However, there are a number of limitations of these previously reported studies that I

have overlooked to reach these general conclusions. For example, in many of the reported studies,

the level of orthostatic stress was quantitated by measurements of calf blood pooling. This has

been done with a strain gauge or an impedance system placed on a lower extremity. These

measurements are in fact quite removed from the pressure sensing receptors within the thorax that

initiate autonomic reflex responses. It would seem that to best match stresses between groups, a

reliable measure of central hemodynamics such as central venous pressure or left ventricular end-

diastolic volume should be employed. Moreover, the fluid and electrolyte balance of research
volunteers has not been well controlled (if controlled at all). It is conceivable that the endurance-

trained athlete comes to the testing lab in a state of hydration that differs from that of sedentary

volunteers. Thirdly, the type of exercise employed to achieve aerobic fitness has not been well

controlled in the published cross-sectional and longitudinal studies. The degree of blood pooling
in the legs may be significantly influenced by the amount of muscle mass that surround and

restricts expansion of the venous bed [4]. The aerobically fit individual who participates in
bicycling, rope jumping, and weight lifting exercise may have a larger muscle mass in their lower

extremities relative to the leg muscles of the endurance-trained runner. Finally, the measurement of
aerobic capacity by _O2max may have inherent limitations. Up to 75 percent of _O2max is

determined genetically while only 15 to 25 percent may be influenced by exercise training.

In the next section of this discussion, I will focus my comments on the autonomic nervous system
and its role in orthostatic tolerance. Certainly the major mediators of acute cardiovascular

adjustments to gravitational stress are the arterial and low-pressure cardiopulmonary baroreceptor

reflexes [20, 21 ]. The arterial baroreceptor reflex modulates both cardiac output and peripheral

resistance to maintain blood pressure [20]. An adequate reflex response to gravitational-induced
preload reduction is essential for orthostatic tolerance. We have recently examined the cardiac limb

of the carotid sinus baroreflex in high-fit and sedentary subjects [2]. This was done with an

airtight neck chamber that fit about the anterior two-thirds of the neck. Brief controlled pressure
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pulses were administered to the chamber to reduce the transmural pressure at the carotid sinus

baroreceptor, and immediate heart rate responses were assessed. Steady state responses are
difficult to interpret because as the neck stimulus is maintained blood pressure increases occur.

This diminishes the transmural pressure change at the carotid sinus and also alters aortic

baroreceptor stretch, such that the net effect in the steady state situation is due to a combination of

opposing influences. We, and others [2, 25], have been unable to demonstrate a significant

difference in the immediate reflex cardio-acceleration that occurs during carotid sinus hypotension

in aerobically fit individuals, when compared to sedentary volunteers.

The arterial baroreflex regulation of vascular resistance has not been adequately compared in fit and

unfit humans. When high levels of LBNP are applied to reduce systemic blood pressure and

unload arterial baroreceptors, reflex increases in forearm vascular tone can be assessed by

plethysmography. In one study, which compared endurance-trained swimmers and
nonswimmers, no significant differences in reflex forearm vasoconstrictor responses were noted

[10]. However, when endurance-trained football players were studied, reflex increases in forearm

vascular resistance were reported to be greater than those recorded from sedentary controls [32].

In contrast, when LBNP was applied to individuals before and after a 12-week cycle exercise

program, baroreflex-mediated forearm vascular resistance increases were reported to have

decreased [34]. Finally, Raven et al. [24] reported that increases in peripheral vascular resistance

provoked by LBNP were less in high-fit compared with average-fit individuals.

The low-pressure baroreceptors are located at the junction of the vena cava and the right and left

atria, the pulmonary veins, and within the walls of the heart. These are stretch receptors that

respond to small changes in intrathoracic blood volume and initiate reflex alterations in splanchnic
and muscle vascular resistance to maintain arterial pressure [21 ]. The integrity of these receptors in

the endurance-trained athlete is not clearly known. However, there is reason to believe that neural

afferent traffic from these receptors may be altered in the endurance-trained state. For example, it

is well known that high levels of aerobic fitness are associated with elevations of plasma and blood
volume [23]. This may lead to chronic stimulation of the low-pressure baroreceptors and may alter

their discharge pattern. Moreover, ventricular mass is increased in endurance-trained athletes and

this may also alter the afferent profile from baroreceptors located within the ventricle. In fact, it
has been demonstrated that when the low-pressure baroreceptors of athletes are stimulated by head-
out water immersion, there is an attenuated diuresis and natriuresis compared with that noted from

immersed nonathletes [3]. This may be due to a blunted cardio-renal reflex or reduced

cardiopulmonary baroreceptor-mediated regulation of the renin angiotensin-aldosterone system.

These receptors can also be unloaded by application of low levels of LBNP to specifically reduce
cardiac filling pressures without lowering systemic blood pressure. There have been several

published reports in which the reflex vasoconstrictor responses of trained and untrained individuals
have been compared [19, 32, 34]. However, the study populations and research techniques differ

and the reported findings are at odds such that no firm conclusions can be reached at this time.

I will not have the time nor space to pursue the possible role of vasoactive hormones in the

response to orthostatic challenge in trained and untrained individuals. Changes in these vasoactive
hormones occur gradually during orthostatic stress and may play a role during prolonged

exposures to higher gravitational forces. However, they may not have an important role in the

acute orthostatic responses (first 5 to 10 minutes) in humans.

To summarize the current data on autonomic control of the cardiovascular system, it appears that

arterial baroreceptor reflex regulation of cardiac function is not impaired in the endurance-trained
athlete. However, it is less clear whether the reflex regulation of peripheral resistance, which may
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play an importantrole in orthostatictolerance,is alteredin theendurance-trainedathlete. Future
researchon this subjectshouldbedesignedto control for: (I) thetypeof exercisethatis employed
to obtainthe aerobicallyfit state,(2) the ageof the researchvolunteers,and(3) should include
specific assessmentof centralhemodynamicsduring gravitationalstress.Moreover,the stateof
hydrationof researchvolunteersshouldbecarefullycontrolledandquantitatedprior to initiating
orthostaticstresstesting.

In summary,theability to withstandorthostaticstressis a functionof thereflex responsesof the
autonomicnervoussystem and the degreeof pooling of blood in the lower extremities and
splanchnicregion. The data that I have reviewed in this publication strongly suggestthat
orthostatictoleranceis not linearlyrelatedto aerobiccapacity.Moreover,baroreflexregulationof
cardiacfunctiondoesnotappearto beadverselyinfluencedbyhigh levelsof aerobiccapacity.
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Introduction

As manned space travel has steadily increased in duration and sophistication the answer to a

simple, relevant question remains elusive. Does endurance exercise training (high intensity

rhythmic activity, performed regularly for extended periods of time) alter the disposition to, or

severity of, postflight orthostatic hypotension? Research results continue to provide different

views; however, data are difficult to compare because of the following factors that vary between

investigations:

• the type of orthostatic stress imposed (+Gz, lower body negative pressure [LBNP], head-up tilt);

• pretest perturbations used (exercise, heat exposure, head-down tilting, bed rest, water

immersion, hypohydration, pharmacologically-induced diuresis;

• the length of the training program used in longitudinal investigations (days versus weeks versus
months);

• the criteria used to define fitness; and
• the criteria used to define orthostatic tolerance.

Generally, research results indicate that individuals engaged in aerobic exercise activities for a

period of years have been reported to have reduced orthostatic tolerance compared to untrained

control subjects [9, 13, 15, 19, 22], while the results of shorter term longitudinal studies remain

equivocal [5, 12]. Such conclusions suggest that chronic athletic training programs reduce
orthostatic tolerance, whereas relatively brief (days to weeks) training programs do not affect

orthostatic tolerance to any significant degree (increase or decrease).

Our laboratory has established a primary objective to identify the alterations in blood pressure
control that contribute to training-induced orthostatic hypotension (TIOH). Although any aspect of

blood pressure regulation is suspect, current research has been focused on the baroreceptor

system. Reductions in carotid baroreflex responsiveness have been documented in exercise-trained

rabbits [6], reportedly due to an inhibitory influence from cardiac afferent (presumably vagal)
nerve fibers that is abolished with intrapericardiac denervation [7]. The purpose of this

investigation was to attempt to determine if similar relationships existed in men with varied levels
of fitness (using maximal aerobic power, _O2max, as the marker of fitness).

Methods and Procedures

Subjects

Volunteers were recruited from the Dallas-Fort Worth metropolitan area and local universities.

Each prospective subject was informed of the nature and purpose of each procedure and was asked

to provide written informed consent for the procedure. All procedures conformed to the
Declaration of Helsinki and were approved by the Institutional Review Board at the Texas College
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of OsteopathicMedicine. Screeningproceduresincludedaphysicalexamination,resting 12-lead
electrocardiogram,graded-exercisetest to volitional fatigue for determination of metabolic
responsesto exercise,_lO2max, and a resting echocardiogram. Subjects were classified according

diverse exercise histories. In the low-fit group, no subject engaged in regular exercise and all

reported that their present jobs did not require any great amount of physical activity. To the

contrary, all subjects in the high-fit group were trained athletes (competing in bicycle races) and

trained 4 to 7 days per week for 1 to 3 hours each day, and traveled at least 150 miles (and as much

as 450 miles) during a week of training. The mid-fit group encompassed elements of the low-fit
and mid-fit group. Six of the eight subjects were recreational athletes, of these subjects all engaged

in mixed modes of training (primarily running and weight lifting) approximately two to three times

per week. The other two subjects did not engage in recreational sports, but maintained lifestyles
that required some aerobic activity during the day.

Lower Body Negative Pressure (LBNP)

Venous return was reduced using graded LBNP distal to the subjects' iliac crests. Subjects were

exposed to levels of LBNP at -5, -10,-15, -20, -35 and -50 torr, with each stage lasting 10

minutes. Heart rate and blood pressure were monitored continuously from the electrocardiogram

and a radial artery, respectively. The final 5 minutes of the stage were reserved for assessments of

carotid baroreflex responsiveness. Electromyographic activity of abdominal and quadriceps

muscle groups was monitored continuously to ensure that each subject remained relaxed during the

LBNP protocol, and the protocol was terminated if a subject demonstrated signs of lipothymia

(derivation Greek: leipein - to fail, thymos - mind).

Central Venous Pressure

Hydrostatically-dependent peripheral venous pressure was determined on a separate day using an
abbreviated version of the LBNP protocol outlined above using the dependent arm method of

Gauer and Sieker [ I0]. Central venous pressure was estimated directly by zeroing the transducer

to the subjects' mid-sternal line. In all experiments a prominent venous pressure wave form was

observed, and venous pressure could be rapidly increased by performing a Valsalva's maneuver or

passively elevating the subjects' legs.

Arterial Blood Pressure

Systolic, diastolic, mean, and pulse pressures were measured directly from a radial artery using a
1.1 mm OD, 3.2 cm Teflon catheter inserted by a collaborating anesthesiologist. Lidocaine (1

percent) was injected subcutaneously prior to catheterization to minimize discomfort. Blood

pressure was transduced using a Hewlett-Packard system (Model 1280C transducer and Model
78205 amplifier) and was monitored in real time by computer. The signal to noise ratio of this

system allowed us to resolve changes in pressure greater than 0.32 torr.

ip
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Carotid Baroreceptor Responsiveness

Carotid baroreflex control of heart rate and blood pressure was assessed using the rapid neck

pressure and neck suction protocol outlined by Sprenkle et al. [20] using a malleable neck collar
[8]. At least five trains with correlation coefficients between neck chamber pressure and R-R

interval in excess of 0.80 were obtained during each stage of LBNP for later averaging and

analysis. The neck pressure/suction system was controlled using custom software developed for a

laboratory minicomputer (Digital Equipment Corporation MINC-23, Maynard, MA, with

performance enhancements by Adcomp, Inc., Amesbury, MA). Beat-to-beat changes in blood

pressure and heart rate were determined from computerized analysis of the radial artery pressure
wave form and the ECG.

Data Analyse_

Carotid baroreflex stimulus-response curves using either R-R interval or mean arterial pressure as

the dependent variable were fit to a four-parameter logistic function described by Kent et al. [ 11]

using the equation:

R-R interval or mean arterial pressure A l* { l+e[A2(estimated carotid sinus pressure-

A3)II-I+A4

where:

A I = the range of the response (maximum-minimum)

A2 = a gain coefficient that is a function of carotid sinus pressure
A3 = the carotid sinus pressure required to elicit equal pressor and depressor responses

A4 = the minimum response of mean arterial pressure or R-R interval

Using this model, the operating, threshold, and saturation pressures for a baroreflex response can
be determined. Carotid sinus pressure was estimated for each heart beat in the stimulus train as the

difference of radial mean pressure and neck chamber pressure, assuming that neck chamber

pressures were fully transmitted to the carotid sinuses. The gain (i.e., slope) of the carotid-cardiac

and carotid-blood pressure baroreflexes was determined from the first derivative of the logistic
function. Maximum gain was calculated as the gain at the neck pressure equal to parameter A3, the

centering point of the function. This point corresponds to the steepest slope of the stimulus-

response curve. Mean arterial pressure or R-R interval data for the group during carotid baroreflex

stimulation at each stage of LBNP were fitted to the function using nonlinear least squares
regression (Statistical Analysis System, Cary, NC). Coefficients of determination (r 2) of the fitted

lines ranged from 99.80 to 99.99 percent. The interaction of cardiopulmonary and carotid
baroreceptors was then described by the relationship carotid baroreflex gain and central venous

pressure, as central venous pressure was reduced using LBNP [14].

Results

Subjects

Characteristics of the subject groups are presented in Table 1. The groups were well matched for

age, height, lean body mass, and resting blood pressure, but differed on several variables related to

aerobic conditioning.
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Table 1. Physical characteristics of the subject groups

LF fn=8) MF (n=8) HF (n=8) DIF

Age (yrs) 28.4_+ 1.1 24.6_-+0.8 27.4_+0.9 2

Height (cm) 179.1_+2.0 179.6_+2.3 181.1_+1.7

Weight (kg) 87.7-+5.1 78.2-+2.6 75.3_+2.1

LBM (kg) 68.0-+2.8 68.7-+2.1 67.3-+ i .6
Resting HR (beatomin -1) 68.9+2.9 62.2+1.8 58.2+2.0 1,3

SBP (torr) 139.6-+6.9 148.2+4.9 140.9+2.6

DBP (torr) 70.9-+4.1 69.4-+2.8 72.6_+2.5
MAP (torr) 92.2_+4.9 91.2+3.1 92.1_+2.5

EDD (cm) 4.8_+0.1(3) 4.9-20.0(4) 5.4_+0.1(6) 1,3
Blood Volume (mL-kg -1) 75.1-+3.8 97.2+9.2 117.0_+5.3 1,2

_O2max (mLokg-l.min -I) 38.9+1.5 50.9+1.4 67.0-2_1.9 1,2,3

I.

2.
3.

Significant difference between LF and I-IFgroups, p<O.05.
Significant difference between LF and MF groups, p<0.05.
Significant difference between HF and MF groups, p<0.05. Values represent mean +SEM. Numbers in
parentheses=n when n¢8. HR=heart rate; SBP=systolic blood pressure; DBP = diastolic blood pressure;
MAP=mean arterial pressure; EDD=end-diastolic dimension of the left ventricle; _O2max=maximal aerobic
power.

'¢¢'O2maxdiffered significantly between groups, as dictated by our screening efforts to define three

distinct subject groups. Other hallmarks of aerobic conditioning (resting and maximal heart rate,

heart size, and blood volume) were different between groups. As a whole, analysis of these

variables suggested that the groups presented distinctly different autonomic and morphological

characteristics associated with their training status.

Carotid Baroreflex Responsiveness

Results from logistic modeling of the neck pressure/suction data are summarized in Tables 2 and 3.
The carotid-cardiac vagal reflex, using R-R interval as the response to a change in carotid

transmural pressure, appeared to be enhanced by athletic training, since the A1 (range) parameter

was augmented in the high-fit group. As will be discussed, this conclusion may result from

inappropriate representation of the data using R-R interval.
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Table 2. Effect of fitness of carotid baroreflex control of R-R interval

ml

A2

A3

Threshold (tort)

Saturation (torr)

Operating Point (msec)
Maximum Gain (msecotorr- I)

Response at Threshold (msec)

Response at Saturation (msec)
Threshold-Saturation (msec)

LF (n=8) MF (n=8) _ DIF
397+27 463+32 565+54 1

0.1904__'0.028 0.200-2-_0.045 0.224+0.034

106.4+2.6 104.8+2.6 93.7+2.0

712__.21 773+20 835+25 1,2,3

93.9+3.3 89.7+3.1 80.5+4.5

118.9+2.4 119.9+2.7 113.0+4.5

818+23 897+24 1027+32 1,2,3

15.8+2.0 20.5+4.6 22.6+2.6

797+20 871 +20 954+33

1029+24 1138+20 1280-1_-33 1,2,3

232+16 267+18 326+31 1

I. Significant difference between LF and HF groups, p<0.05.
2. Significant difference between LF and MF groups, p<0.05.
3. Significant difference between HF and MF groups, p<0.05. Values represent mean +SEM. Al=maximum-

minimum; A2=gain coefficient; A3=entering point; A4=minimum response.

Table 3 suggests that a major difference between fitness groups lay in the ability to alter blood
pressure when carotid sinus transmural pressure was changed. The range of responses was

reduced significantly in the high-fit group compared to the other two groups. It is possible that this

alteration may partially account for the TIOH reported in other investigations.

Table 3. Effect of Fitness of Carotid Baroreflex Control of Blood Pressure

LF (n=8) MF (n=8) _ DIF

AI 20.8+1.9 24.8+1.9 16.2+1.7 1,3

A2 0.081+0.011 0.078+0.007 0.093+0.010

A3 95.9+5.0 110.9+3.7 88.8+3.1 2,3
/%4 106.6+2.5 102.4+1.7 100.3+1.7 1

Threshold (torr) 72.3+7.3 85.6+4.5 69.9+3.7 2,3

Saturation (torr) 119.6+3.7 136.1 +5.6 107.8+3.6 2

Operating Point (torr) 96.5+2.6 95.8+1.7 91.4+1.8
Maximum Gain 0.365+0.054 0.420-2-_0.034 0.340-2_0.036

Response at Threshold (torr) 102.2+2.4 97.1+1.8 96.9+1.6

Response at Saturation (torr) 90.2+2.3 82.8+2.6 87.6+1.7 2
Threshold-Saturation (torr) 12.04_- 1.1 14.3+ 1. I 9.4+ 1.0 1,3

1. Significant difference between LF and HF groups, p<0.05.
2. Significant difference between LF and MF groups, p<0.05.
3. Significant difference between HF and MF groups, p<0,05. Values represent mean +SEM. A l=maximum-

minimum; A2=gain coefficient; A3=centering point; A4=minimum response.
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Cardiopu!rnonary Receptor Modulation of Carotid Barorefl¢x Rcsponsivelaess

We hypothesized that reductions in cardiac filling pressure using LBNP would remove the

inhibition of carotid baroreflex responsiveness normally exhibited by cardiopulmonary
baroreceptors, leading to augmented carotid baroreflex gain.
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Figure 1. Gain of the carotid-cardiac (1A) and the carotid-blood pressure (1 B), stimulus-

curves when central venous pressure (CVP) was reduced using lower-body negative
pressure (LBNP). In A, gain was inversely related to CVP in the LF and MF

groups, Gain did not increase when CVP was reduced in the HF group. In B, gain
decreased in the HF group when CVP was reduced, whereas it was unchanged in the

LF group and increased in the MF group. The data suggest that an inhibitory
influence from cardiopulmonary receptors on carotid baroreflex responsiveness is not

removed by reducing central blood volume in the HF group. CSP=carotid sinus

pressure; MAP=mean arteriaI pressure; LF=low fit; MF=mid-fit; HF=high fit.

Figure 1 demonstrates that this relationship existed for the carotid-cardiac baroreflex in the low-fit

and mid-fit groups, and for the carotid-blood pressure baroreflex in the mid-fit group only. Reflex

gain consistently failed to increase, or actually decreased in the high-fit group during LBNP.

Therefore, we were unable to eliminate cardiopulmonary receptor inhibition in the high-fit group
by reducing central blood volume.

Discussion

We conducted this investigation to determine whether carotid baroreflex control of heart rate and

blood pressure was different in men with varied levels of fitness (defined as _rO2max ).

Furthermore, we hoped to determine whether any observed differences could be attributed to an

inhibitory influence from cardiopulmonary mechanoreceptors. Changes in this regulatory system
may potentially play a role in the changes in blood pressure regulation that are associated with

space-flight cardiovascular deconditioning. Therefore, this discussion is divided into three

sections: (1) carotid baroreflex control of cardiac chronotropism; (2) carotid baroreflex control of

vascular resistance; and (3) the influence of cardiopulmonary receptors on carotid baroreflex

responsiveness.
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Carotid Baror¢flex Control of Cardiac Chronotropism

Increases in carotid sinus distending pressure are well known to increase acetylcholine release at

the sino-atrial node, hyperpolarizing pacemaker cells, and slowing the rate of phase four

depolarization by reducing the permeability of leak membrane channels. The net result of this

effect is to reduce the sino-atrial node firing rate, or increase the time required to the next

depolarization. Based on this electrophysiologic point of view, some investigators have argued

that the carotid-cardiac baroreflex is most properly described using the time interval between

adjacent P waves of the ECG (or the analogous R-R interval) as a measure of the response to a

baroreceptor stimulus.

Two points emphasize the problems with what Rowell termed, "this fallacious scheme" [ 16]: (1)

The R-R interval scheme would indicate improved baroreflex responsiveness whenever heart rate

was reduced [16]. Figure 2 illustrates that the relationship between R-R interval and heart rate is

not linear; therefore, large changes in R-R interval are required to change heart rate by some

increment if the initial heart rate is low. (2) The contribution of the carotid-cardiac baroreflex to

maintaining blood pressure is more usefully described using heart rate rather than R-R interval,

since heart rate is directly proportional to cardiac output and hence blood pressure.
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Figure 2. Relationship between heart rate (HR) and R-R interval (RRI). The curve can be

described by the relationship HR (beat.min-l )=6OOOO/RRl (msec). Note that for a

given change in heart rate, the change in R-R interval will be greater if the initial heart
rate is low.

Other investigators have reported that changes in R-R interval during neck suction or neck pressure

are greater in endurance athletes [1]. When we expressed these data as changes in heart rate, no
differences were apparent between groups other than the reduction in resting heart rate normally

attributed to exercise training. Analysis of our data in this fashion revealed identical findings.

Figure 3a represents modelled curves of the carotid-cardiac stimulus-response relationship for the

three groups, using R-R interval as the dependent variable. The figure suggests, and statistical

analysis of the parameters describing the curve (Table 2) corroborates, that the range and gain of

the reflex is greater in the high-fit group. Figure 3b represents the same data using heart rate rather
than R-R interval as the dependent variable. It is apparent, both visually and statistically, that no

difference exists between groups other than the baseline heart rate.
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Figure 3. Carotid-cardiac baroreflex with the response expressed as R-R interval (RRI, 3A ) or

heart rate (HR, 3B). A was generated using the model parameters in Table I; B was

generated from the data in A and the conversion formula in Figure 1. In A the range

and slope of the curves are significantly different between groups, suggesting that the

reflex response is enhanced proportionate to fitness level. In B there are no

differences between groups in the slopes or ranges of the curves. Using this

analysis, one would conclude that the reflex response is not different between curves,

except for bradycardia proportionate to fitness level. LF=low fit; MF=mid-fit;

HF=high fit.

To summarize, although the changes in R-R interval due to neck pressure and neck suction were

greatest in the high-fit group, the changes in heart rate were not different between groups. We

concluded that the carotid-cardiac baroreflex plays no greater or more effective role in helping to

maintain the blood pressure of endurance athletes.

Carotid Baroref!ex Control of Blood Pressure

An unique aspect of this investigation was our ability to measure the blood pressure responses to

rapid changes in carotid sinus distending pressure. It is likely that changes in the regulation of
vascular resistance contribute more to alterations in orthostatic tolerance than do changes in the

control of heart rate, since vascular resistance can be changed more widely during physiological

stresses than can heart rate. For example, during exercise regional vascular resistance can decrease

by as much as 20 to 30 fold, while heart rate can be altered only 3 to 4 fold [16].

While a reduction in_carotid barorefiex, contro! of arterial resistance has been well documented in

endurance exercise trained rats [2, 23], only one published investigation has reported changes in

carotid baroreflex control of blood pressure or vascular resistance in trained men [21 ]. However,

the use of long pressure periods (3 minutes) that allows time for other mechanoreceptor reflexes to
act and the use of full head enclosure that may affect blood pressure regulating oculomotor reflexes

confound the interpretation of these data.

We sought to minimize these effects by examining the responses to rapid changes in pressure
applied to the neck only. Our major finding, that changes in blood pressure to standardized

changes in carotid sinus distending pressure, suggests that carotid baroreflex control of vascular
resistance is less effective in endurance trained men. This finding is similar to findings reported by

Stegemann et aI. [21], measurements of muscle sympathetic nerve activity during LBNP in
endurance trained men [18], and measurements of renal sympathetic nerve activity during

experimental hemorrhage in exercise trained rabbits [7].
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However, these data may be interpreted in an alternative fashion. If other baroreceptors

(presumably those in the aortic arch) responded rapidly enough to oppose the systemic blood

pressure swing we induced with rapid neck pressure/neck suction, then the decreased response we
elicited in endurance athletes could be due to increased activity of aortic baroreceptors, rather than

to reduced activity of carotid baroreceptors.

Recently Sanders et al. [17] suggested that aortic baroreceptors play a more dominant role in

regulating muscle sympathetic nerve activity, and presumably vascular resistance, than carotid

baroreceptors. Due to the anatomical location of aortic baroreceptors (i.e., relatively near the

hydrostatic indifferent point of the body), aortic baroreceptors would sense little change in blood

pressure in the transition from the supine to standing position. To the contrary, the upright posture
should reduce carotid sinus blood pressure some 15 to 20 torr by changes in hydrostatic pressure

alone; thus, carotid baroreceptors would seem better suited to sense a blood pressure error signal

resulting from a postural change. Therefore, a suggestion of improved aortic baroreceptor

responsiveness may be the hallmark of a baroreceptor system less able to sense changes in posture

and less able to prevent orthostatic hypotension.

Influences of Cardiac R¢ceptor_ 9n (_arotid Baroreflex Resoonsiveness

An inhibitory influence of cardiac receptors on carotid baroreflex responsiveness has been
documented in man and several animal species [3, 7, 24]. DiCarlo and Bishop [7] using rabbits

were the first to demonstrate that this influence was augmented with endurance exercise training,

since blockade of cardiac receptors with procaine injected into the pericardial sack restored the renal

sympathetic nerve response to progressive vena cava occlusion. We hypothesized that progressive
reductions in cardiac filling pressure using LBNP might alter cardiac mechanoreceptors such that

carotid baroreflex responsiveness was improved.

Figures l a and lb suggest that the low-fit and mid-fit groups responded as hypothesized, since the

gain of the heart rate or blood pressure baroreflex was inversely related to central venous pressure.

However, neither the heart rate nor the blood pressure baroreflexes were improved during LBNP

in the high-fit group, suggesting that inhibition was maintained despite reduced cardiac filling, and
that the inhibition was not due to an augmented blood volume alone.

The nature of this inhibition remains poorly known. DiCarlo and Bishop could not remove the

inhibition with reductions in cardiac filling pressure, lending support to our contention that

training-induced expansions in blood volume caused increased inhibition. Perhaps the cardiac
hypertrophy of endurance athletes stretched mechanoreceptive areas of the athletes' hearts in a

manner not eliminated by volume changes alone. This speculative hypothesis deserves further
examination.

Orthostatically-ind0¢¢¢l Lipothymia

Although the intent of this investigation was not to cause syncope, four subjects (two high-fit and
two low-fit) experienced lipothymia. Considering the poor baroreflex control of blood pressure in

the high-fit group, it is unlikely that similar physiological mechanisms precipitated lipothymia in

the low-fit and high-fit subjects. Blomqvist [4] proposed that orthostatic tolerance could be

broadly categorized according to adrenergic responsiveness and blood volume status. Based on
this framework, and the data presented previously, we suggest that the high-fit subjects

experienced a hypoadrenergic form of orthostatic hypotension, while the low-fit subjects
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experienceda hypovolemicform of orthostatic hypotension. (As Table 1 illustrates, the blood

volume of the low fit group, on a kilogram body weight basis, was more than one third less than

the high-fit group).

The operational implications of these different forms of orthostatic hypotension, and the efficacy of

countermeasures to ameliorate each form, are unknown. It is reasonable to hypothesize that a

variety of countermeasures are available that affect orthostatic hypotension, but that specific

countermeasures would act more preferentially on the hypovolemic or the hypoadrenergic variety.

We suggest that orthostatic countermeasures, like exercise, should be prescribed individually.

However, this approach will require future investigations to determine the sequelae of events that

precipitate lipothyrnia.
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Historical Perspective

Most of the solid state electronic engineering of the system now generally known as the Minnesota

Impedance Cardiograph was performed with the support of a 5-year contract, NAS9-4500, with

the NASA Lyndon B. Johnson Space Center, Houston, Texas. This contract ran from 1965 to
1970, W. G. Kubicek, Principal Investigator. In addition to the engineering design and

development of the hardware (Figure 1), the contract called for testing on both animals and human

subjects. This project also provided funds to construct twenty impedance cardiographs and place
them in selected research and clinical facilities for further evaluation. This, then, led to the First

Symposium on Impedance Cardiography, held at the NASA Lyndon B. Johnson Space Center,

Houston, Texas, June 2 to June 4, 1969. Twenty-four excellent papers were presented.

Constant
Current

Oscillator
100 KHz

X/phi_nol Jo_

I

_ M/cro__ PhOnOcardiOqram

I

Voltage

Pick-up and
Detection

lw do
Z 0 &Z dt

1 : •
I / To External

ECG Input

J

Figure lm A schematic diagram of the main elements of the Minnesota Impedance

Cardiograph. From left to right, the constant current oscillator at 100 id-lz, 4 ma
(RMS). L=distance between electrodes 2 and 3 in cm, Zo-longitudinal thoracic

impedance between electrodes 2 and 3 in ohms, AZ=magnitude of impedance

change during cardiac cycle in ohms, dZ/dt--first time derivative of AZ in ohms per

secon_ ECG=electrocardiogram and finally, a phonocardiogram output.
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A separatecontract was negotiated by the NASA Center with Space Labs, Inc., Van Nuys,

California, to construct six miniaturized impedance units as shown in Figures 2 and 3. Testing of

one of the systems showed fairly good function (Figure 4). However, a satisfactory calibration

system was not incorporated into the design, making use of the device very difficult. One of these

units was used during space flight by Dr. William Thornton (NASA).

Figure 2. A photograph of one of the six miniaturized impedance cardiographs, patterned

after the circuitry shown in Figure 1. A satisfactory calibration circuit was not
incorporated into these units. These units were constructed by Space Labs, Inc.,

Van Nuys, California, about 1968.

Figure 3. A photograph of the unit in Figure 2 worn in a "cartridge belt"suspension.
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Figure 4. A photograph o,fthe laboratory arrangement,for bicycle ergometer exercise o,fsix

middle distance runners (4,000 meters) . From left to right, Dr. R. A. Tracy, a

runner in place on the bicycle ergometer with a ,face mask attachment for measuring

oxygen consumption rate, and the strip chart recorder with the impedance

cardiograph mounted on top with the technician ready to start the recorder, when
needed.

An excellent comprehensive review by Miles and Gotshall [1] on the subject, "Impedance
Cardiography: Noninvasive Assessment of Human Central Hemodynamics at Rest and During

Exercise," is most appropriate for this conference.

Scientific Observations of Importance during Exposure to Mlcrogravlty

Two major scientific achievements were made during our NASA contract. First, the derivation of

a stroke volume formula and second, the use of the first time derivative (dZ/dt) of thoracic
impedance change (AZ) during cardiac cycle to refine the stroke volume formula as widely used

today [2].

Later experiments on anesthetized dogs revealed that peak (dZ/dt) occurs simultaneously with peak

ascending aortic blood flow and that peak (dZ/dt) is directly proportional to peak aortic flow [3].

An example of a strip chart recording of (dZ/dt), phonocardiogram and ECG on a normal

individual is shown in Figure 5. In addition to use in computing stroke volume and cardiac output,

this recording to determine several systolic time intervals and contractility indices. It would appear
that these parameters would be of great importance if there is deterioration in cardiac mechanical

function during prolonged space flight.
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Figure 5. An example of a strip chart recording on a normal individual at rest. From left to

right, (Q-Z) interval in seconds=time from Q wave to peak dZ/dt. PEP preejection

period in seconds, VET=ventricular ejection time in seconds, QS2=total systolic

time interval in seconds, (dZ/dOmin in ohms per second, "0" wave=rapid

ventricular filling wave, (RR)=ime interval between two heart beats in seconds.

This recording illustrates the type of recording used to compute or measure the

various parameters shown in Figures 6 to 10.

It is generally accepted that when a normal individual changes from a standing position to supine

(at one g) cardiac output increases due to an augmented venous return from the lower parts of the
body. Table 1 illustrates the change in several parameters obtained by impedance cardiography

when normal individuals changed from standing to supine. Of special importance here is the
decrease in 7_<,in the supine position. This indicates an increase in fluid in the pulmonary vascular
bed.
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Table 1. Standing and supine data from 19 (8 female, 11 male) normal individuals, aged 21

to 54 years (Mean :_SD)

Standing Supine (1 to 2 rain)

SV 67 .*-17 123 ±30

HR 79 ±13 64 -*-12

CO 5.3 ±1.4 7.9 ±2.0

CI 2.9 ±0.8 4.3 ±1.2

dZdt 2.4 ±0.7 2.6 -,- 0.8

ET 230 -4-21 306 ±25

PEP 117 ±14 88 :t:10

Q-Z 157 ±15 142 -,-12
HI 15 -,-5.5 19 ± 6.5

Zo 29 ±3.7 26 ± 3.5

Zo/L 1.0 -,-0.17 0.9 -,-0.15

SV=ventricular stroke volume (CC), HR=heart rate in beats per minute, CO=cardiac output in liters per minute,

CI=cardiac index, CO/body surface area (M2)=CO/M2, dZ/dt=first time derivative of thoracic impedance change (AZ)

during cardiac cycle in ohms/second, (dZ/dt)min (Figure 5), ET=ventrieular ejection time in milliseconds, (VET

Figure 5), PEP=preejection period in milliseconds (Figure 5), Q-Z=time interval between ECG Q wave and peak

dZ/dt in milliseconds (Figure 5), HI=Heather index (dZ/dt)/(Q-Z) in ohms/see/see, 7-.0 thoracic impedance (ohms)

between electrodes 2 and 3 (Figure 1), Zo/L=ohms/cm.

SV=pL2/Z2o T(dZ/dt)mi n

where p=150 ohm cm, T=ejection time (see references 2 and 3), CO=SV-heart rate/1000=liters per minute

It would be reasonable to predict that immediately after reaching microgravity, the cardiovascular

response would be similar to a ground-based individual changing from standing to supine. Zo

Table 1 over an extended time, any adaptation to microgravity should be apparent.

If there is any tendency toward congestive heart failure during prolonged space flight, these

relatively simple measurements could be of great importance.

Response to Exercise of Well Conditioned Runners

An exercise study was performed on six well-conditioned middle distance (4000 meters) runners.

The primary objective was to determine if a special 6-weeks training program would improve their

overall cardiac function. A perusal of the results presented graphically in Figures 6 to 10 indicates
that the special training program had no effect on cardiac performance.
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weeks of special training.
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These data are presented here as an illustration of how impedance cardiography could be used in

relation to space flight and microgravity. Careful and repeated ground-based testing of the

response to appropriate exercise could be carried out to establish a pattern of response prior to

space flight. These baseline data could then be used for comparison, either for pre- and postflight

testing for short-duration flights or for onboard testing during prolonged space flight.

Summary

Impedance cardiography is here to stay. About 500 published articles, utilizing impedance

cardiography, are available. It is safe, convenient, noninvasive, and cost effective. It is the only

proven method available to NASA to monitor the various parameters, described here, related to the

intimate physiology of cardiac dynamics. In addition, changes in thoracic fluid volume can be

followed. If desired, peripheral circulation can be studied by impedance.

Cardiac output is the historic standard for measuring cardiac mechanical function. However,

changes in parameters such as the Heather contractility index (HI) may provide an early warning of

impending serious myocardial dysfunction before any changes in cardiac output occur.
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Introduction

It is now clear after more than two decades of space exploration that one of the major short- and
long-term effects of microgravity on the human body is the loss of bone. The purpose of this

presentation will be to review the data regarding the impact of microgravity and bed rest on calcium

and bone metabolism. I will take the position in this Socratic debate that the effect of microgravity

on bone metabolism can either be reversed or be mitigated.

As we begin to contemplate long-duration space flight, habitation of Space Station Freedom and
the Moon, one of the issues that will need to be addressed is whether humans need to maintain a

skeleton that has been adapted for the one-g force on Earth? Clearly in the foreseeable future a

healthy and structurally sound skeleton will be required for astronauts to shuttle back and forth

from Earth to the Moon, Space Station, and Mars. Based on most available data from bed-rest

studies and the short- and long-duration microgravity experiences by astronauts and cosmonauts,

bone loss is a fact of life in this environment. With the rapid advances in our understanding of

bone physiology is it now possible to contemplate measures that can prevent or mitigate
microgravity-induced bone loss. Will the new therapeutic approaches for enhancing bone

mineralization be useful for preventing significant bone loss during long-term space flight? Are

there other approaches such as exercise and electrical stimulation that can be used to mitigate the

impact of microgravity on the skeleton? A recent study that evaluated the effect of microgravity on

bone modeling in developing chick embryos may perhaps provide a new perspective about the

_impact of microgravity on bone metabolism.

Human Bone Disease: Historical Perspective and Concerns for the Future

Bone disease has afflicted humans almost since the beginning of time. As the industrial revolution

took hold in Northern Europe, rickets became an epidemic. This devastating bone disease was
eventually eradicated as significant health problem because of the appreciation of the beneficial

effect of sunlight in producing vitamin D in the skin [6]. During the past two decades osteoporosis

has become a significant health issue affecting more than 20 million elderly Americans and costing

$6 billion dollars that by the year 2020 we will begin the colonization of the Moon and travel to

Mars. This exciting new era in space exploration could result in a new bone disease caused by

microgravity. If we are unable to prevent or reverse microgravity-induced bone loss, this negative

effect on the skeleton could severely limit human aspirations to explore and colonize the universe.

As we initiate a program for long-term human habitation in a microgravity environment on board

Space Station Freedom and the Moon there remains concern about the acute and chronic loss of

bone mineral. Acutely the rapid loss of bone mineral in combination with microgravity-induced

hemodynamic changes could significantly increase the risk of kidney stones and soft tissue

calcification. Chronic unrelenting bone loss could compromise its structural integrity to such a

degree that when astronauts are exposed to the G-forces upon reentry into Earth's gravitational
field, micro- and macrofractures of the skeletal network could occur. In addition, since the entire

skeleton is unloaded in microgravity, it is possible that its three-dimensional structure is
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reorganized to such a degree that when astronauts return to Earth and initiate routine activity in a
one-g environment that micro- and macrofractures of the skeleton could occur as the body realigns
the framework of the skeleton to adapt to the forces put upon it by Earth's gravity.

The Effect of Bed Rest and Mlcrogravity on Bone Metabolism

The model that is most often used to evaluate the potential impact of microgravity on bone and
calcium metabolism is to unload the skeleton of healthy subjects by putting them at strict bed rest
[4, 9, 14, 20]. Schneider and McDonald [14] and Arnaud, Schneider, and Morey-Holton [1]
measured intestinal calcium transport 4 weeks before and 20 weeks during strict bed rest. They
showed the efficiency of intestinal calcium absorption gradually declined during the first 4 weeks
of bed rest and plateaued to about 50 percent of the original level during that last 16 weeks (Figure

1).

3O

z ==
.d

o

0
-4

I I I

0 4 8 12

WEEKS BEFORE AND DURING BEDREST

J

16

Figure 1. The intestinal absorption of calcium estimated from balance data in 19 to 47 healthy
subjects immobilized by bed rest for 16 weeks. Absorption was determined in
subjects consuming 1000 mg daily (reproduced with permission).

An increase in the mobilization of calcium from the skeleton may transiently increase the circulating
ionized calcium concentrations which in turn caused a decrease in parathyroid hormone (PTH)
secretion [1, 16]. A decrease in PTH secretion would result in the renal wasting of calcium
causing an increased urinary output of calcium (Figure 2). The decrease in intestinal calcium

absorption, that was most likely caused by a decrease in the PTH mediated metabolism of 25-
hydroxyvitamin D to 1,25-dihydroxyvitamin D, resulted in an increase loss of calcium in the feces
(Figure 2). This caused a negative calcium balance of approximately 200 mg/day during the last 16
weeks of bed rest (Figure 2).
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Figure 2. The excretion of calcium in the urine and feces, in milligrams per day, in 12 to 32

healthy subjects immobilized by bed rest for 20 weeks. Dietary calcium was kept
constant in these subjects at 1000 mg/d. Fecal calcium was corrected for time by

polyethylene glycol 4000 administered three times daily in a dose 500 mg. The

lowest panel shows the results of the balance study estimated from the intake and

e._retion of calcium in the urine and feces (reproduced with permission).

Urinary hydroxyproline concentrations were increased providing evidence that the increase loss of

calcium in the urine was partly due to an increase turn-over of the bone (Figure 3).
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Figure 3. The daily urinary excretion of hydroxyproline and calcium in the urine. Excretion

is shown as the percentage of increase from the ambulatory control period of 4
weeks in 14 to 40 normal subjects during 20 weeks of bed rest (reproduced with

permission).

Bone density measurements of the calcaneous from the bed-rest subjects showed a marked decline

in bone mineral density. A significant decrease in the calcaneal bone density was evident by 5 to 8
weeks and continued to decline at about the same rate for the next 20 weeks. Approximately 30

percent of the bone mineral density was lost by the end of the study (Figure 4).
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The results of these bed-rest studies have mirrored the observations seen in astronauts and

cosmonauts exposed to microgtavity. Rambaut, Leach, and Whedon [11] observed significant
increases in urinary calcium excretion in Skylab 4 astronauts (Figure 5).
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They alsofound a significantdecrease inca]caneous bone densityduring the 84-day mission on

board Skylab 4 (Figure6),
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Figure 6. Calcaneal mineral loss as a function of Skylab flight duration (reproduced with

permission).

Parfitt [10] analyzed the calcaneal mineral bone density in astronauts on board Skylabs 2, 3 and 4

and found a significant decrease of about 4 percent in the longest flights of 59 and 84 days. By

contrast no significant changes were noted in the cortical bone density of the radius and ulna in the
same astronauts. The Skylab astronauts experienced a negative calcium balance of about 200 to

300 mg/day. Parfitt's analysis of the Skylab 4 astronauts' calcium metabolism data also revealed
that they lost about 300 mg of calcium a day that resulted in a total body loss of about 18 g (with a

range of 10 to 22 g). Most of the loss was not due to a decrease in intestinal absorption of calcium;

it was caused by an increase in urinary excretion of calcium. Parfitt concluded that two-thirds of
the total calcium loss came from trabecular bone and one third came from cortical bone. Similar

observations have been made in cosmonauts. In Table 1 all of the cosmonauts had significant

decrease in the bone density of after 140 days in microgravity [i7].
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Table 1. Percentage change in mineral content of calcaneous in cosmonauts

Crew Flight Postflight Entire Monthly
Member Duration (days) Testing Day Flight Average

CDR 140 5 -3.0 -0.64

FLE 140 4 -19.8 -4.24

CDR 175 5 -9.8 -1.69

FLE 175 5 -3.0 -0.51

CDR 184 14 -9.6 -1.56

FLE 184 14 -4.4 -0.71

CDR 75 4 -0.9 -0.36

FLE 75 4 -3.2 -1.31

Physiologic Function of the Skeleton

In light of the observations just presented there is the possibility that a significant amount of

skeletal mass will be lost during long-term space travel. One of the questions that is worthwhile
asking is, "Do we need a skeleton?" Is it possible that we will ultimately evolve in microgravity

into protoplastic-thinking beings that do not require a skeleton? Some of the functions of the

skeleton are obvious. It protects our soft vital organs, provides attachment for our musculature

and permits us to be mobile in our terrestrial environment. A more subtle but equally important

reason for the evolution of a calcified skeleton is to provide a storage depot for calcium. As

vertebrates evolved in the fertile oceans they were bathed in calcium. When they left this

environment for terra firma they were confronted with a calcium deprived environment. They

needed to develop mechanisms by which they could efficiently utilize, assimilate, and store the

limited supplies of calcium that were in their environment. Vertebrates also developed elaborate
mechanisms to call upon these reserves at times of need.

Calcium plays an essential role in neurotransmission and neuromuscular function. In addition,

cytosolic calcium concentrations are carefully regulated and are responsible for a multitude of

cellular functions. Calcium also acts as an important second messenger to the cell. Therefore, I
believe that there is a need to maintain our skeletal structure if for no other reason than to act as a

storage site for calcium so that the body can call on this depot to maintain intra- and extracellular

calcium concentrations within physiologically acceptable limits.

Dynamics of Bone Formation and Bone Resorption: Strategies for Maintaining

Bone Mineral Density In a Mlcrogravity Environment

When bone formation rates are greater than bone degradation rates there is an increase in bone

mass whereas, when bone formation rates are less than bone degradation rates there is a decrease

in bone mass. Osteoporosis is a state whereby the bone matrix along with the bone minera! is lost.
Osteomalacia on the other hand occurs when there is loss of bone mineral with the maintenance of

the matrix [8]. Although it is well documented that microgravity causes a decrea_ in bone mineral
content it is not known whether the bone mineral matrix iS lost to the same degree causing

osteoporosis or whether the matrix is partially or fully maintained causing osteomalacia. If the

matrix is maintained in a microgravity environment then there is an opportunity to develop

therapeutic strategies to replenish the demineralized matrix. If, on the other hand, microgravity

induced bone demineralization causes the loss of the staging network (matrix) and calcium

P
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Figure 8. Mean calcium balance of the final week of study during untreated bed rest and in

eight physical interventions tried during bed rest (lower body negative pressure

[LBNP]) (reproduced with permission).
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Figure 9. Mean calcium balance during the final week of study during untreated bed rest and
in four biochemical therapies tried during bed rest (etidronate [EHDP]) (reproduced

with permission).

There is mounting evidence that both 1,25(OH)2D and parathyroid hormone not only enhance bone

calcium mobilization but also act as anabolic hormones to maintain bone remodeling activities.
Mature osteoclasts do not possess receptors for either 1,25(OH)2D or PTH. Instead it is now

believed that both of these hormones act on osteoblasts to induce cytokines that regulate

osteoclastic activity [6]. Additionally 1,25(OH)2D and PTH may mobilize stem cells to become

mature osteoclasts. Other factors that may play a role in the bone remodeling process include

TGF-beta and other bone growth factors. In some studies calcitonin has been shown to increase

bone mineral density, but in general it is believed to be an agent to inhibit the bone mobilization and

has little effect on the bone remodeling process. Of great interest is the possibility of activating

then depressing the bone remodeling activity. This has led to a new cyclic therapy called ADFR
(activation, depression, free period, repeat). Although preliminary results suggests that PTH

followed by 1,25(OH)2D3 or phosphate followed by 1,25(OH)2D3 may significantly increase

spinal bone density [15], Schneider and MacDonald [14] have reported that during bed rest

calcitonin, phosphate, or diphosphonate therapy did not significantly reverse the negative calcium

balance although some improvement was found in the group receiving high amounts of

diphosphonate. Recently Judge et al. [7] evaluated bone biopsies from four male volunteers after

17 weeks of bed rest and found a mismatch between bone resorption and bone formation, whereby

bone resorption continued or was increased while bone formation was decreased. Arnaud et al.

[2] evaluated bone biopsies from volunteers after a 2-week period of bed rest. After double

tetracycline labeling, it was found that bone formation rates significantly diminished in six
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subjects, was unchanged in one, and higher in one subject who was a swimmer (personal
communication).

Can Bone Cells Adapt to Microgravity?

Little is known about the impact of microgravity on bone cell activity. Can bone cells adapt to a

microgravity environment? Are bone cells addicted to gravity and therefore require gravity to
maintain normal bone remodeling activity? An insight into these questions has recently become
available as a result of a study on board STS-59. Sixteen fertilized chicken eggs at gestational ages
of 2 and 9 days were housed in a incubator and flown on board the Space Shuttle Discovery.
Control eggs of the same gestational ages were maintained in a similar incubator and exposed to the
vibrations and jostling to simulate liftoff and reentry. After the 5-day flight one-half of the eggs
from both groups were immediately sacrificed. The 2-day old embryos that were flight flown all
stopped developing and died within 24 hours, whereas all of the 2-day old control embryos
survived. The flight flown 9-day old embryos all developed similar to the control group. One-half
of the flight flown and control embryos had their bones evaluated. Preliminary results suggest that
the bone modeling process in the flight flown animals was no different from the earth controls
[19]. These results suggest that microgravity does not alter the bone mineralization process.
Therefore, it is likely that bone cells become adapted to gravity. Once exposed to microgravity
they decrease their activity. Thus, if we could understand what the signal or signals are that
microgravity provides to bone cells to limit their activity, it may be possible to reverse this action.
Alternatively it may be that if humans are born in a microgravity environment that their bone cells
would develop normally and a normal skeleton would evolve. As we contemplate exploring new
solar systems it may be that there will be a need for microgravity born astronauts to complete such
missions.

Conclusion

The likely physiologic events in calcium and bone metabolism that occur in a microgravity
environment are as follows:

. The unloading of the G-forces on the skeleton induce or inhibit a signal(s) that causes a
depression in bone formation and an acceleration in bone demineralization that results in an
increase in circulating ionized calcium concentrations.

2. The small rise in ionized calcium concentrations is recognized by the parathyroid glands,
which in turn decrease their secretion of parathyroid hormone.

3. The decrease in parathyroid secretion causes an increase renal loss of calcium into the
urine.

4. A decrease in PTH secretion also results in the depression of the metabolism of 25-
hydroxyvitamin D (25-OH-D) to 1,25-dihydroxyvitamin D (1,25[OH]2D) [5, 6].

The decrease in production of 1,25(OH)2D results in a decrease in the efficiency of intestinal
calcium transport (Figure 10). This cycle ultimately results in the continued wasting of the bone
mineral.
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prompts a proportional increase in the secretion of parathyroid hormone, which
enhances the mobilization of calcium stores from bone. Parathyroid hormone also

promotes the synthesis of 1,25(OH)2D in the kidney, which in turn stimulates the
mobilization of calcium from bone and its absorption from the intestine (reproduced

with permission).

We do not know whether microgravity in enhancing the mobilization of calcium from bone also
causes the loss of bone matrix. If the matrix is maintained there is a good possibility that

astronauts can stimulate bone mineralization in a microgravity environment during prolonged space

travel. If, however, gravity adapted bone cells are further stimulated during astronaut training to

become more dependent on gravitational forces then the acute loss of Earth's G-force could
accelerate the mobilization of calcium from the bones of astronauts. A detraining period of the

skeleton may be an alternative approach to limiting the total amount of calcium lost from bone

during exposure to microgravity.
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Introduction

Osteoporosis is of medical interest only because it increases bone fragility and risk of fracture, and

except for relief of symptoms, preventing fracture is the only purpose of intervention. To prevent
the first fracture, adequate bone density must be accumulated and conserved, but to prevent

subsequent fracture, bone density must be augmented so that the supportive function of the

skeleton can be restored [3]. Almost 50 years after the recognition of postmenopausal

osteoporosis as a clinical entity [1], not one of the many treatments that have been used has been

demonstrated to be efficacious in reducing subsequent fracture risk. My purpose is not to recite

this chronicle of disappointment, but to account for it in terms of bone biology, to consider some

possible exceptions, and to reiterate the importance of preventing damage to the skeleton rather

than belatedly attempting its repair.

Bone Remodeling and Bone Loss or Gain

The essence of bone remodeling in the adult human is the focal excavation and repair of

microscopic cavities on bone surfaces. The outcome of each remodeling episode depends upon the

balance between resorption depth, which is an expression of the collective work of a team of

osteoclasts, and wall thickness, which is an expression of the collective work of a team of

osteoblasts. It is an empirical observation that for most of adult life wall thickness on the endosteal
envelope is less than resorption depth, so that each remodeling episode results in a small loss of

bone [22]. There is only a brief window of time during which the osteoblasts needed for complete

repair must be recruited and assembled [26], and when each has exhausted its limited capacity for

matrix synthesis, the remodeling transaction is completed, and its outcome, like that of a completed
financial transaction, is irrevocable. It is in this sense that the loss of bone intrinsic to the

remodeling process on the endosteal envelope is irreversible.

Because of the delay between resorption and formation, there is a temporary mineral deficit

associated with bone remodeling, comprising bone matrix not yet formed and bone matrix formed
but not yet fully mineralized [16]. The magnitude of the deficit is proportional to the rate of bone

turnover, and averages about 2 percent of the total for the whole body, and about 10 percent in
regions of relatively high turnover such as the spine [23]. An increase in the frequency of

remodeling activation and consequent increase in bone turnover will be accompanied by a

corresponding increase in the reversible deficit and reduction in skeletal mineral content.

Conversely, a reduction in remodeling activation will be accompanied by a reduction in the
reversible deficit and a corresponding increase in skeletal mineral content. The reversibility of

bone loss resulting from increased turnover depends upon restoring bone turnover to its previous

level, that is the basis for almost all instances of an increase in bone density as an effect of

treatment in an adequately controlled study [23], or as a consequence of curing the underlying
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disease[28]. Bone gain by this mechanism generally continues only for about 6 months, and in
most patients will not restore bone density to normal.

Reversible bone loss depends upon the number of uncompleted remodeling transactions in

progress at a particular time, whereas irreversible bone loss depends upon the number of

completed remodeling transactions that have accumulated over some period of time. Both types of

bone loss occur in hyperparathyroidism. After successful surgical treatment of primary

hyperparathyroidism, the increase in cortical porosity is reversed but the rise in bone density

continues only for about 6 months and amounts only to about 10 percent of the total deficit [16,

20]. Cortical thinning, due to the cumulative effect of increased resorption depth on the

endocortical surface in conjunction with increased frequency of remodeling activation, is

unaffected. Even the large increase in bone mineral that results from the treatment of osteomalacia
has no effect on the cortical thinning that is due to the associated secondary hyperparathyroidism

[17]. Both types of bone loss also occur in estrogen deficiency, accounting for the different effects

on bone density of estrogen replacement, depending on its timing [10]. If begun before bone

turnover has increased, bone density remains stable with neither loss nor gain. If begun 2 years

later, when bone turnover is still high, there is an initial increase in bone density until the expected

plateau is attained. Finally, if begun 5 years later, when turnover has returned to normal, further

loss is prevented but there is no initial increase.

Other Possible Mechanisms of Bone Gain

During growth, cancellous bone is made by endochondral ossification and cortical bone mainly by

subperiosteal apposition. If osteoporosis occurs during the growth period, and its cause is either

amenable to treatment (as in Cushings syndrome), or subject to spontaneous disappearance (as in

idiopathic juvenile osteoporosis), the remaining potential for growth may allow restitution of an

almost normal skeleton [18], but this is no longer possible in adults. Endochondral ossification
necessarily stops after epiphysial closure, but periosteal apposition continues slowly throughout

life and may lead to a net gain of bone in subjects older than 90 years, in whom endosteal loss has

become very slow [5]. Periosteal gain can be amplified by an increase in frequency of remodeling

activation for any reason, but the gain is insufficient to offset increased endosteal loss [15].

Periosteal gain is amplified by exercise without endosteal loss [12], but the net effect is of only

modest magnitude. Physiologically excessive strain in response to biomechanical loading [21] and

prostaglandin administration [4] may both lead to rapid gain of laminar or plexiform bone at the

periosteum, but this would be cosmetically unacceptable, and if generalized, could lead to

compression of nerves as they run through cranial or spinal foramina.

Prevention of fractures is likely to require reversal of the normally inexorable loss of bone from the

endosteal envelope, for which it is both a necessary and a sufficient condition that wall thickness
exceeds resorption depth [22]. Sodium fluoride apparently bypasses the normal remodeling

sequence, with direct transformation of quiescent to forming surfaces, but the bone initially formed

is structurally abnormal, and in controlled trials vertebral fracture rate has not been reduced [8].

Furthermore, axial bone gain can be offset by appendicular bone loss. Coherence therapy has the

potential for adding bone if osteoclast recruitment can be increased and the new osteoclasts

constrained to erode shallower than normal cavities that can be overfilled by normally functioning

osteoblasts, but none of the assumptions underlying this concept have yet been validated [25].

Cyclic administration of human parathyroid hormone in conjunction with calcitriol has led to

impressive gains in spinal bone mineral in a few patients with idiopathic osteoporosis [31], but the
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cellular mechanismis unknown, and there have been no measurements of fracture rate and no
controlled trials with this form of treatment.

Architectural Aspects or Bone Loss and Gainuthe Necessity for Prevention

Rapid postmenopausal loss of cancellous bone is a reflection of increased resorption depth leading

to perforation of trabecular plates, disruption of structural connectivity, and disproportionate

reduction in compressive strength of the vertebral bodies [21]. The complete removal of a
structural element confers another dimension of irreversibility, since there is no longer a surface on

which the osteoblasts can build. Even the largest attainable increase in thickness of the structural

elements that remain will fail to restore normal connectivity, and so will fail to restore normal bone

strength [19]. It is probably for this reason that the increase in bone density produced by sodium
fluoride does not reduce the risk of fracture. It is conceivable that induction of osseous metaplasia

in the marrow, for example by the local instillation of bone morphogenetic protein [32], might

allow large discontinuities to be bridged, but uncontrolled proliferation of woven bone could

displace hematopoietic tissue, curing osteoporosis at the expense of causing aplastic anemia.

Many patients with postmenopausal osteoporosis have defects in the activation of bone remodeling
and in the recruitment and function of osteoblasts that may prevent adaptation to the initial bone

loss and contribute to bone fragility by compromising the detection and repair of fatigue

microdamage [24]. The sequence of rapid osteoclast-mediated bone loss and decreased
connectivity, followed by slow osteoblast-mediated bone loss and accumulation of bone of

increased age and liability to fatigue damage, occurs also in the osteoporoses of corticosteroid

excess, traumatic osteodystrophy and immobilization, and in some patients with intestinal

malabsorption and hepatobiliary disease [22]. But, even if the osteoblast dysfunction in these
disorders were of known cause and fully correctable by treatment, by the time that the first

spontaneous vertebral fracture had occurred, restoration of normal cancellous bone architecture

would still be impossible.

Prevention of estrogen-dependent bone loss by estrogen replacement therapy reduces the

occurrence of measurable vertebral deformations by at least 90 percent [9], so that the

abnormalities in bone remodeling described earlier will only rarely be of clinical significance unless
the initial osteoclast-mediated loss of bone is allowed to occur. These considerations establish the

cardinal importance of early intervention, long before the first fracture. For women, who should

not or will not take estrogen replacement therapy or who are unable to tolerate it, the discovery of
safe and effective substitutes, and for patients at risk for other forms of osteoporosis, the discovery

of new preventive measures, should become the most important focus of osteoporosis research.

For the immediate future, unless they are still losing cortical bone faster than normal, patients with

established spinal osteoporosis will continue to benefit more from advice than from medication.

Bone Loss and Microgravity

Application of these concepts to the skeletal problems of space flight is unclear because

correspondence between the effects of microgravity and any terrestrial model for microgravity has
not been demonstrated. The available densitometric and metabolic balance data from Skylab are

consistent with the known effects of prolonged bed rest [17], but for neither microgravity nor bed

rest have the bone remodeling mechanisms been adequately studied. The reversibility of bed-rest

induced bone loss [6] and the increase in biochemical markers of bone remodeling [11] indicate

that more frequent activation of bone remodeling and consequent increase in cell team recruitment

is the most likely principal mechanism [22], but the continuous decline in bone density for more

than 6 months [30] suggests an additional effect on differentiated cells. In immobilized monkeys,
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there is an increase in depth as well as extent of osteoclastic resorption [13] and in the rat,

microgravity leads to a profound depression of osteoblast function [14]. Limited data are

consistent with similar effects of bed rest in human subjects [7, 11, 33].

A temporary enhancement of the activity of existing osteoclasts or a temporary interruption or

retardation of the activity of existifig osteobiasts aie not inconsistent with complete reversibility,
but a persistent increase in the number of osteoclasts or decrease in the number of osteoblasts

recruited for each team would be more likely to cause an irreversible bone deficit [22]. To address

these uncertainties, persons returning from space flight of progressively longer duration must

undergo both sequential bone densitometry and bone biopsy after tetracycline labeling. This advice

has been disregarded since it was first given more than 10 years ago [17], but only when the

pathogenesis of microgravity related bone loss is better understood can preventive measures be
derived and the role of exercise be determined.
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Physical activity may have important implications for enhancing bone density prior to the initiation

of space flight, for preserving bone density during zero gravity, and for rehabilitating the skeleton

upon return to Earth. Nevertheless, the beneficial effects of exercise upon the skeleton have not

been proven by controlled trials and no consensus exists regarding the type, duration, and intensity
of exercise necessary to make significant alterations to the skeleton. The following sections review

our current understanding of exercise and osteoporosis, examine some of the methodological

shortcomings of these investigations, and make research recommendations for future clinical trials.

Cross-sectional Studies: Exercisers versus Comparison Subjects

The majority of studies that have compared individuals participating in habitual physical activity

with less active comparison subjects have found greater bone density in the former [1, 2]. The

finding of higher bone density values among athletes does not appear to be site or exercise specific

For example, in two classic studies Jones et al. [3] and Huddleston et al. [4] observed unilaterally

greater bone density in the playing arms of lifetime tennis athletes when compared with their
nondominant arms. However, a number of additional studies [5, 6, 7] have found similarly higher

levels of peripheral bone density regardless of the type of activity. Athletes also appear to have

greater spinal bone density whether engaged in activities that are weight-bearing [8, 9, 10] or

nonweight-bearing [10, 11]. Recent studies likewise found greater hip bone density among

athletes [10, 12]. While the bulk of these types of studies shows greater levels of bone density in

athletes, not all do [2, 13] and their cross-sectional nature suggests that selection bias may be

another reasonable explanation for these apparently positive findings.

Cross-sectional Studies: Fitness Predictors of Bone Density

In an attempt to explain the variability in bone density seen in normal populations as well as

athletes, a number of investigators have examined the predictive ability of objective measures of

physical fitness.
are some of the variables that have been assessed and related to standard determinations of bone

density.

Pocock et al. [14] and Chow et al. [15] observed that aerobic capacity was an independent

predictor of both spine, hip, and total body bone density. In the study by Pocock and colleagues

[14], aerobic capacity, in fact, was found to explain a greater amount of the variability in bone

density than either age or parameters of body mass. The findings of these first studies led some

investigators to conclude that participation in any activity that significantly increases aerobic

capacity will have a salubrious effect on bone as well. However, several subsequent studies have

failed to confirm these earlier findings. Bevier et al. [16] found that aerobic capacity was not

correlated with radial or spinal bone density in older women; however, in older men the

relationship was significant. A more recent study by Pocock and coworkers [17] showed that
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muscular strength had greater predictive value than aerobic capacity at the hip in women over the

entire age range.

Block and colleagues [10] did not observe a significant relationship between aerobic capacity and

bone density in either the trabecular portion of the spine or the hip in young men engaged in
rigorous aerobic or anaerobic physical activity. Lastly, Kirk et al. [18] observed a strongly

positive (r=0.509, p<0.03) relationship between aerobic capacity and spinal trabecular bone

density in sedentary women and female runners who were premenopausal; this relationship did not

hold up among postmenopausal women. One explanation for these equivocal findings is that

activity, per se, may have some impact on bone density but the mechanism may not be one where

the predominant factor is aerobic capacity. Athletic individuals have generally greater bone density

and generally greater aerobic capacity, but whether the two are uniquely related remains uncertain.

Investigations that have examined the role of muscular strength in predicting the variability in bone

density have consistently, although not without exception, found that this fitness parameter is an

important contributor. Sinaki and colleagues [19], Bevier et al. [16], and Pocock et at. [17] all
observed a moderately strong relationship between bone density at several sites and muscular

strength as assessed by varying methods. While Block et al. [10] did not find a significant

correlation between spinal trabecular bone density and back strength, they did observe a robust

relationship between the cross-sectional area of the paraspinous musculature and the density of

both the trabecular and integral portions of the thoracolumbar spine.

Several other parameters of physical fitness have likewise been found to be associated with bone
density including daily energy expenditure and determinations of body composition. Kanders and

colleagues [20] showed a moderately strong correlation (r=0.41, p<0.005) between average daily

energy expenditure as expressed in kilocalories and vertebral integral bone density. Results have

been somewhat mixed when body composition studies have been examined as possible predictors

of bone density. Pocock et al. [17] observed a positive association between body mass index and

femoral bone density in addition to it being a strong, independent predictor. However, Stillman

and coworkers [21] observedthat while females with ahistory of physical activity had greater bone

density, they were significantly leaner.

Prospective Studies

The limited number of prospective studies of the effects of various types of exercise programs on

bone density have yielded conflicting findings [1]. The majority of studies failed to show that

exercise of short duration can significantly enhance radial compact bone density [22, 23, 24, 25];

although in several of these studies, the nonexercising group showed significant losses over the

study period [25, 24]. Report of a long-term trial by Smith and colleagues [26] found favorable

results of a 4-year exercise program on radial bone density in women over a large age range.

Additionally, an earlier study by Smith and coworkers [27] reported a significant increase in radial

bone density among nursing home residents participating in a 3-year fitness regimen.

Prospective studies examining the benefits of exercise at ihe spine have been few in number,

although several controlled trials are currently underway. Krolner et al. [25] observed an

insignificant increase in spinal integral bone density among postmenopausal women engaged in a

physical fitness program; however, the posttreatment differences between exercisers and less active

control subjects was significant. Dalsky and colleagues [28], on the other hand, found a

significant rise in spinal integral bone density following 9 months of running exercise in

postmenopausal women, but could not identify a significant difference between intervention and
control women over this duration. _ ...... :....

176 EXERCISE AND OSTEOPOROSIS



In a review of the literature, Block et al. [1, 2] suggested that the disparate findings from

prospective studies may, in part, be due to serious methodological shortcomings. While

investigations of prospective design provide the only means of establishing valid relationships

between exercise and bone density accretion, good methodological rigor has not been adhered to in
most of the clinical trials that have been undertaken. Randomization is the best way to avoid many

of the biases that can lead to invalid results. Unfortunately, only one published study has utilized a

randomized design [29]; this investigation showed no effect of a generalized walking program on
radial bone density among a large population of postmenopausal women. Lack of randomization

in all other prospective trials renders their results suspect.

Several additional methodological flaws are evident in prospective investigations of exercise and

bone density and may have lead to invalid conclusions. No study accounted for extraneous events

and influences that took place between baseline and final bone density measurements (e.g., drug

and medication usage, dietary changes, additional fitness programs), no estimations were made of

the sample size or power necessary to detect "real" changes in bone density, questionnaire

instruments used to categorize subjects lacked appropriate validation, and no attempt was made to

identify charactedstcs of dropouts or to adjust statistically for the significant attrition that occurred
in several of the studies.

Certainly the lack of methodological rigor, coupled with the somewhat mixed results from the

published prospective trials to date, make it difficult to confidently recommend exercise as an
effective agent for building or maintaining bone density. Gains observed after initiating exercise

have not been nearly as impressive as those anticipated by extrapolating from the cross-sectional

studies of athletes and nonexercisers. Additionally, because no consensus has been reached on the

type, duration, or intensity of exercise necessary to make significant bone density gains, no clinical

prescription can be currently recommended. Lastly, physiological and practical considerations

must be given equal consideration when designing exercise programs. Recent research using

animal and in vitro models suggests that certain biomechanical actions may have the greatest benefit

for the skeleton. However, whether these theories can be translated into practical fitness program

remains to be tested. From a public health standpoint, an exercise program that provides only a

small benefit to the skeleton but can be adhered to by a large cross-section of the general population

has greater ramifications than a very specific regimen, with perhaps potentially large skeletal

benefits, that can only be adhered to by a select few.

Current Research Priorities and Conclusions

Exercise strategies have tremendous potential for affecting bone density and reducing the likelihood

of osteoporosis over a large age range compared to other possible interventions. For example,
fitness programs might be utilized in young adults to enhance the level of peak bone density (i.e.,

primary prevention). Additionally, either by itself or in combination with some other intervention,

exercise may be effective in reducing the rapid loss of bone that occurs with the cessation of

ovarian function at the time of menopause (i.e., secondary prevention). Lastly, fitness programs

might be used among the elderly population to modify risk factors for falls and fractures without

specific increases occurring necessarily in bone density (i.e., tertiary prevention).

Randomized, prospective trials need to be undertaken in a number of different age and sex

populations, examining the effects of different types and durations of exercise on bone density and

other factors associated with fracture. These rigorously designed studies potentially will rectify the

methodological shortcomings inherent in previous prospective trials. We believe immediate
research attention should be focused in two distinct areas: enhancement of peak bone density and

possible detraining effects on the skeleton. It is thought that the level of peak bone density is a
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support this hypothesis. However, Melton et al. [30] have projected from population-based data at

the Mayo Clinic that any alterations made to bone density among younger adults will have

significantly greater effects at reducing the risk of fracture than equivalent changes made among
older adults. In fact, their projections would indicate that even therapeutic interventions that have

large effects on the skeleton in the elderly will do little to reduce the risk of hip fracture.

Regarding the focus on detraining issues, one prospective study [28] suggests that any gains in

bone density made as a result of fitness training will be lost following the cessation of exercise.

This concept should take a research priority because of its particular relevance to long-term space

flight. Controlled trials should be undertaken to explore the specific detraining effects as a function

of age, sex, type and duration of exercise, as well as an examination of possible maintenance

programs that might be incorporated if bone density can be enhanced preflight.
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Introduction

Electrical stimulation has a long history of use in medicine dating back to 46 A.D. when the Roman

physician Largus found the electrical discharge of torpedo fishes useful in the treatment of pain
produced by headache and gout. A rival Greek physician, Dioscorides, discounted the value of the

torpedo fish for headache relief but did recommend its use in the treatment of hemorrhoids. In
1745, the Leyden jar and various sized electrostatic generators were used to treat angina pectoris,

epilepsy, hemiplegia, kidney stones, and sciatica. Benjamin Franklin used an electrical device to

treat successfully a young woman suffering from convulsive fits. In the late 1800's battery

powered hydroelectric baths were used to treat chronic inflammation of the uterus while electrified

athletic supporters were advertised for the treatment of male problems.

Fortunately, such an amusing early history of the simple beginnings of electrical stimulation did

not prevent eventual development of a variety of useful therapeutic and rehabilitative applications of

electrical stimulation. Over the centuries electrical stimulation has survived as a modality in the

treatment of various medical disorders with its primary application being in the rehabilitation area.

Recently, a surge of new interest in electrical stimulation has been kindled by the work of a

Russian sport scientist who reported remarkable muscle strength and endurance improvements in

elite athletes. Yakov Kots reported his research on electric stimulatioii 'and strength improvements

in I977 at a Canadian-Soviet Exchange Symposium held at Concordia University in Montreal.

Since then an explosion of new studies has been seen in both sport science [9] and in medicine

[13].

Based upon the reported works of Kots and the present surge of new investigations, one could be

misled as to the origin of electrical stimulation as a technique to increase muscle strength. As a

matter of fact, electric stimulation has been used as a technique to improve muscle strength for over

a century. Bigelow [3] reported in 1894, for example, the use of electrical stimulation on a young

man for the purpose of increasing muscle strength. Employing a rapidly alternating sinusoidal
induced current and a dynamometer for strength testing, Bigelow reported that the total lifting

capacity of a patient increased from 4328 pounds to 4639 pounds after only 25 minutes of

stimulation. In 1965, Massey et al. [11] reported on the use of an Isotron electrical stimulator that

emitted a high frequency current. Interestingly enough, the frequencies used by Massey et al. and
the frequencies used by Bigelow in 1894 were in the same range of frequencies reported by Kots a

being the most effective in strength development. It would seem the Russian secret of high

frequency electrical stimulation for strength development, then, is not a modem development at all.

Strength Improvement by Electrical Stimulation

Kots claimed that electrical stimulation could produce a stronger muscular contraction than that

possible via a maximal volitional effort. Such a claim attracted great attention in the exercise

science community where optimal strength development is believed to be produced by overload

training; that is, the muscle contraction must exceed some critical tension level for strength

improvement to occur. If electrical stimulation could indeed produce a supernormal maximal
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contraction and activate more muscle fibers than a volitional contraction, it could constitute a super

strength training technique. And, indeed, Kots presented data that 20 10-minute electrical-

stimulation sessions increased strength by 40 percent in athletes and also resulted in a decrease of
subcutaneous fat under the stimulated area. Such results were clearly in the realm of spectacular

and researchers hurried to study the new super training technique.

But, alas, the almost unbelievable claims made for electrical stimulation as a super training

technique were not reproduced by other researchers. As Nelson and Currier [13] noted in their

review of electrical stimulation as a strength development technique, peak torque developed by

electrical stimulation of muscle was consistently less than that produced by a maximal voluntary

contraction. If electrical stimulation was combined with a voluntary contraction, the torque

developed was less than that produced by the voluntary contraction alone. Although Nelson and

Currier did not identify the cause of the latter effect, it would be described by Russian
neurophysiologists as the well known Wedenski inhibition that occurs when two high-intensity

stimuli occur simultaneously. Certainly the notion of a supermaximal contraction and an enhanced

overload training effect simply was not seen.

An earlier review by Kramer and Mendryk [9] made note of the fact that different kinds of electrical
stimulators were being employed with different wave forms, pulse frequencies, and maximum

current capabilities. Many of the electrical stimulators lacked conformity with Kots' specifications

for a sine wave pulse, hlgh-frequency pulse rate to produce an anesthetic effect allowing high
current flow for maximum activation of muscle tissue, number of stimulations administered, and

single stimulation duration and rest interval. Specific details about the methodology employed

were not provided in many of the electrical-stimulation strength studies. It might also be added that

several electrical-stimulation strength studies employed incorrect statistical analysis techniques

making their reported results subject to question. Notwithstanding such acknowledged limitations

to any review of research findings, Kramer and Mendryk drew the only conclusion possible:
"...the available literature does not support claims made for the Russian technique of electrical
stimulation.*

Concern about the proper application of the Russian technique a well a use of a proper electrical

stimulator is justified before any final disposition can be valid of Kots' claims for electrical

stimulation. It is interesting to note, however, that Kots was involved in a study in which he

personally applied the electrical stimulation using his own stimulator [18]. The short-term effects

over seven sessions with proper protocols and proper stimulator showed that isokinetic knee

extension strength declined 13.6 and 17.6 percent in three female volleyball players and 16.7 and

3.1 percent in seven male football players at 24 deg/s and 126 deg/s, respectively. Only the
difference at 24 deg/s for males was statistically significant although it must be noted that the small

sample sizes of three and seven constitutes a serious deficiency for any statistical contrasts.

Significant atrophy of fast twitch muscle fiber area occurred in the males. Thus, the Kots regimen

not only failed to increase strength, it also failed to maintain strength in trained athletes. Both of

these failures refute specific claims Kots had made for the Russian electrical-stimulation technique.

The results of the Kots' involved study fail to provide any challenge to the conclusion that Russian

claims of electrical stimulation as a super training technique are dubious.
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Tonic Sensory Function of Electrical Stimulation

It would seem clear that the utilization of electrical stimulation as a means to increase strength is an

interior substitute for simple voluntary muscle contraction. As the Russian M. A. Cherepakhin [5]

noted back in 1977, electrical stimulation combined with physical exercisenisometric or

dynamic--was no better than the physical exercise alone. And the same is true for deconditioned

subjects (i.e., voluntary exercise is better than electrical stimulation for disuse atrophy). However,

electrical stimulation might serve a function as a deconditioning preventive when used as tonic

sensory protocol rather than as a strength training protocol.

Boris B. Yegerov [20] believed electrical stimulation might be used to combat some weightlessness

effects not confined to muscle strength loss. Noting that low-voltage impulses could reduce
vestibular vegetative reactions he stated that "...skeletal muscle under electrostimulation becomes

the source of a strong stream of afferent impulses to the central nervous system. We are entitled to

assume that the periodic repetition of such stimuli may counteract the vegetative reaction which

takes place under conditions of weightlessness."

Rehabilitation specialists know that the speed with which muscle atrophy occurs is so rapid that a

neural factor must be operative [10, 4, 17]. And it is also known that simple isometric contractions

in a casted limb significantly deters muscle atrophy [15]. But it has also been shown that electrical

stimulation, whether in combination with isometric contractions or alone, has a significant effect

upon disuse atrophy [16, 6]. Perhaps the most instructive study might be that conducted by Gould
et al. [8] who compared isometric contraction, control, and electrically stimulated groups of ten

subjects each who wore long-leg casts from groin to toes for 2 weeks. The electrically stimulated

group suffered significantly less thigh muscle volume loss than the other groups, retained its calf

volume (loss of 0.98 percent, nonsignificant) and actually increased in ankle dorsiflexion strength.
These results may be related to the beneficial effects electrical stimulation has been shown to have

upon muscle protein synthesis and quadriceps atrophy due to immobilization [7].

Thus, high intensity electrical stimulation may not be essential to prevent a significant portion of
disuse atrophy. There is even some limited evidence that electrical stimulation used as a tonic

sensory protocol could maintain performance quality of some kinesthetic sense tasks [2]. In our

own work using patterned electrical stimulation on stroke paralysis, thrice weekly sessions have
produced return of somesthetic sense in hemiplegic limbs as well as return of significant movement

capability in paralysis lasting up to 23 years. It would seem, therefore, that the investigation of

electrical stimulation as a tonic sensory protocol has been neglected in disuse atrophy studies and
may warrant closer scrutiny.
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Introduction

Voluntary exercise is the traditional way of improving performance of the human body in both the

healthy and unhealthy states. Physiological responses to voluntary exercise are well documented.

It benefits the functions of bone, joints, connective tissue, and muscle.

In recent years, research has shown that neuromuscular electrical stimulation (NMES) simulates
voluntary exercise in many ways. Generically, NMES can perform three major functions: (1)

suppression of pain, (2) improve healing of soft tissues, and (3) produce muscle contractions.

Low frequency NMES may gate or disrupt the sensory input to the central nervous system which

results in masking or control of pain. At the same time NMES may contribute to the activation of

endorphins, serotonin, vasoactive intestinal polypeptides, and ACTH which control pain and may

even cause improved athletic performances [1]. Soft tissue conditions such as wounds and

inflammations have responded very favorably to NMES. NMES of various amplitudes can induce

muscle contractions ranging from weak to intense levels.

NMES seems to have made its greatest gains in rehabilitation where directed muscle contractions

may improve joint ranges of motion [2]; correct joint contractures that result from shortening
muscles [3]; control abnormal movements through facilitating recruitment or excitation into the

alpha motoneuron in orthopedically, neurologically, or healthy subjects with intense sensory,

kinesthetic, and proprioceptive information [4]; provide a conservative approach to management of

spasticity in neurological patients [5]; by stimulation of the antagonist muscle to a spastic muscle

[6], stimulation of the agonist muscle [7], and sensory habituation [8]; serve as an orthotic
substitute to conventional bracing used with stroke patients in lieu of dorsiflexor muscles in

preventing steppage gait and for shoulder muscles to maintain glenohumeral alignment to prevent

subluxation [5]; and of course NMES is used in maintaining or improving the performance or

torque producing capability of muscle [9-11]. NMES in exercise training is our major concern in

this presentation.

Muscle Strengthening by Neuromuscular Electrical Stimulation

Maintaining or improving the performance or torque producing capability of muscle is our major
concern. Although resistance voluntary exercise has been the traditional method of improving

muscle performance (strengthen or increase torque), NMES has also been demonstrated to

strengthen muscle [9-11]. The object in strengthening muscle with NMES is to induce very
intense contractions with little or no discomfort. Pulse charge and frequency are stimulus

characteristics that need to be considered to meet the objective of strong contractions with little or

no discomfort. Pulse charge is comprised of pulse duration and amplitude. The optimal pulse

duration that feels comfortable ranges from 0.02 to 0.2 msec, while safe amplitudes range from 0

to 100 mA. Because electrical pulses are very short lasting, they are comfortable and their shape

does not seem to be a critical factor if symmetrical biphasic (rectangular or sine). Intense muscle

contractions that produce the greatest torque are induced at pulse frequencies between 50 and 90
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persecond.Subjectvariation exists and therefore no definite single type of stimulator, other than

line powered, or set of stimulus characteristics are associated with the least discomfort. Level of

contraction for muscle strengthening in any program has been reported to be 50 to 80 percent of

maximum voluntary contraction (MVC) effort. [9-11]. Strength gains are directly related to the

training amplitude of NMES. Strength training programs using NMES have usually employed ten

contractions per session ranging from 10 to 40 sessions.

The difference between success and failure using NMES for maintaining or augmenting muscle

mass and muscle torque during periods of joint immobilization or minimum exercise may be related

to the selection of specific stimulus characteristics. Experience at the University of Kentucky

confirms that. We hypothesize that a pulse or burst frequency and charge sufficient to induce

fused tetanic contractions equivalent to 50 percent of isometric MVC delivered for ten contractions

per session, three sessions per week for 6 weeks will improve muscle performance. Our

hypothesis should also be appropriate for work with astronauts and problems that they encounter

in zero-g conditions.

Our recent pilot study that assessed the ability of electrically induced contractions for preventing

muscle wasting and weakness during the first 6 weeks after reconstructive surgery for anterior
cruciate ligaments should serve as support for using electrically induced muscle contractions.

Method

Sixteen patients were treated sequentially after surgery. Patients numbered 1 through 3 served as
controls (n=3) and did not receive electrically induced contractions because of inaccessibility of

treatments as outpatients at out-reach facilities. Patients numbered 4 through 10 received

conventional NMES only (n--7), and patients 11 through 16 received the simultaneous combination

of NMES and magnetic stimulation (n=6).

All patients were operated on with the same arthroscopic assisted reconstruction technique of the

anterior cruciate ligament using the middle third of the patellar tendon. An orthotic device
maintained the postoperative limb in full extension to 5 degrees of flexion. All patients in this

study received physical therapy which progressed with each succeeding week.

Measurements

Torque measurements on patients 4 through 16 were made preoperatively to determine amplitude

of NMES for producing torque equivalent to 50 percent of isometric MVC. Torque was

determined by a Biodex dynamometer system. Starting with the ninth patient the protocol was

altered to accommodate comparisons between pre- and postoperative torque scores at 6 weeks, and

use of magnetic stimulation (a new mode of clinical therapy).

Thigh girths were measured on all patients in this pilot study at 12.24, 20.32, and 25.40 cm (6, 8,

and 10 in) proximal to the superior patellar pole using a plastic tape measure.
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Patients receiving the combined NMES and magnetic stimulation were asked to rate each mode of

induced stimulation with 10 crn visual analog scale (VAS).

Treatment

Patients 4 through 10 were treated with NMES only in the conventional manner. Patients 11

through 16 were treated by the combined NMES and magnetic stimulation (MES). A modified

Cadwell MES-10 magnetic stimulator (used for peripheral and cerebral nerve conduction studies)

with a 26 cm copper coil (designed for the thigh) was used in the study, and delivered a peak

amplitude of 1.5 tesla (15000 gauss) along the coil edges with a single cosine pulse form at 60

pulses per second. From previous experience this magnetic field is sufficient to produce torque

ranging from 8 to 82 percent of MVC of healthy subjects' quadriceps femoris muscle [12].
However, because of the subject variation in torque response to the peak amplitude of the magnetic

field, we decided to use magnetic field augmentation by combined magnetoelectric technique

reported by Bickford and co-workers [13]. This technique applies the conventional NMES
simultaneously with the magnetic stimulation to elicit contractions sufficient to produce 50 or more

percent of MVC. The magnetic field was superimposed and applied at peak amplitude

simultaneously with NMES for 10 seconds per contraction. A 10-second muscle contraction time
was used with the magnetoelectric stimulation rather than the previous 15 seconds with

conventional NMES only because of the coil heating (120 to 150 *F, 48.9 to 65.6 *C).

Results

The two NMES patients measured for torque at pre- and postoperative increased their knee torque

by a mean 24.7 percent during 6 weeks of treatment, while those receiving MES showed a mean

15.1 percent decrease. The mean torque loss among patients not in the study measured in our

clinic is 50 percent of preoperative MVC.

The mean percent of decreased girth 6 weeks after knee surgery for controls was 8.3 percent, 0.5

percent for patients receiving NMES only, and 0.0 percent for patients having IVIES.

The induced stimulation duration per treatment session varied from 0.04 hours/day (150 seconds)

for NMES only patients, to 0.03 hours/day (100 seconds) for MES patients. All patients receiving

induced stimulation were treated under the supervision of a physical therapist.

Patients receiving MES perceived differences between the NMES given during the hospital stay

(three sessions) and MES given during outpatient visits (15 sessions). The mean rating on the

VAS for NMES patients was 7.1 cm and that for MES patients was 3.7 cm.

Discussion

Patients from the NMES only treatment increased muscle torque during the 6 weeks postoperative.

Until the success of a few patients receiving NMES was demonstrated, postoperative torque
measurements at 6 weeks were believed to result in deleterious forces to the graft [14]. No torque

for the controls is available because of postoperative restrictions at the time of their rehabilitation.

Patients receiving MES lost torque as a group, although three of six patients contributed to the

loss. The torque loss in MES patients may have been attributed to the 10-second contraction

duration or 33 percent less induced contraction time than NMES patients, and the full knee
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extension position used in treatment of MES patients. The torque was tested with 10 degrees of

knee flexion, thus contributing to loss of torque-angle specificity.

Findings on girth measurements among our patients were within expected limits based on previous

experiences. Patients receiving NMES averaged far less muscle wasting than that reported by
others [15-17], while our MES patients displayed no muscle wasting 6 weeks after having major

knee surgery. The induced stimulation times of our patients were considerably less than reported

by others, yet our results merit attention when compared with other studies ranging from 1.5 [16]
to 17.7 [15] hours per day. The difference in results obtained in our pilot study and that of others

may be attributed to our aggressive stimulation regimen consisting of line powered units capable of

delivering ten-fused tetanic contractions that were equivalent to our greater than 50 percent of
MVC.

Another important finding in our study was the patient tolerance for intense induced muscle

contractions when using the magnetoelectric method of treatment. The patients' ratings on the
VAS showed that the MES method is more acceptable to their comfort than that of the conventional
NMES.

Conclusion

The data of this pilot study support the conclusion that both conventional NMES and the

augmented method of combining NMES with magnetic stimulation are capable of preventing

muscle wasting and reducing muscle weakness during the first 6 weeks after major knee ligament
surgery. The MES method is tolerated better by patients than the conventional NMES. Data are

encouraging to date for the MES method but our goal is the development and improved clinical

application of magnetic stimulation to replace the conventional NMES.
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Introduction /_ C]

As biomechanists interested in the adaptability of the human body to microgravity conditions, it
appears that our job is not only to make sure that the astronauts can function adequately in space

but also that they can function upon their return to Earth. This is especially significant since many

of the projects now being designed at NASA concern themselves with humans performing for up

to 3 years in microgravity. While the Extended Duration Orbiter flights may last 30 to 60 days,

future flights to Mars using current propulsion technology may last from 2 to 3 years. It is for this

range of time that the adaptation process must be studied.

Specifically, biomechanists interested in space travel realize that human performance capabilities

will change as a result of exposure to microgravity. The role of the biomechanist then is to first

understand the nature of the changes realized by the body. These changes include adaptation by
the musculoskeletal system, the nervous system, eardiorespiratory system, and the cardiovascular

system. As biomechanists, it is also our role to take part in the development of countermeasure
programs that involve some form of regular exercise. Exercise countermeasure programs should

include a variety of modalities with full knowledge of the loads imposed on the body by these

modalities. Any exercise programs that are to be conducted by the astronauts during space travel

must consider the fact that the museuloskeletal and neuromuscular systems degrade as a function of

flight duration. Additionally, we must understand that the central nervous system modifies its

output in the control of the human body during space flight and most importantly, we must prepare

the astronauts for their return to one g.

The science of biomechanics is interrelated with many other scientific disciplines that must integrate
their objectives to develop exercise programs to counter the effects of mierogravity (Figure 1).

Exercise

Physiology

[Human[[ Musculoskeletal IFactors Adaptation

_ BIOMECHANICS

I MusculoskeletalModelling I 1 NeuralControl ]

Anthropometry ]

I
I

f

Figure 1. Interaction between biomechanics and other scientific disciplines in the study of

movement in microgravity.
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anthropometry, human factors engineering, and musculoskeletal modeling. Interrelationships with

musculoskeletal adaptation include the understanding that the musculoskeletal system degrades as a

function of space-flight duration. The adaptation of bone to space flight, as documented by

Zernicke et al. [9], includes skeletal degeneration and the observation of a negative calcium

balance. Weight-bearing bones appear to be more sensitive to the effects of microgravity with

mechanical strength and stiffness reported to be markedly reduced as a result of exposure to

microgravity. In addition, there are certain geometric alterations in bone that are related to their

mechanical properties and there is an ongoing debate regarding in-flight vs. ground-based models

in the study of bone loss.

Regarding the adaptation of skeletal muscle to microgravity, we must first review the various

factors that affect the muscle's ability to produce force. These factors include: (l) velocity of

contraction, (2) the type of contraction, (3) muscle length, (4) muscle architecture, (5) muscle fiber

type, and (6) the activation history of the muscle. As a result of several research projects, it

appears that antigravity extensors are most affected by exposure to microgravity [3]. Force

production in lower extremity extensors such as the vasti muscles, tricep surae muscles, and

gluteus maximus are markedly lower. It appears that lower extremity flexors, such as the

hamstrings and tibialis anterior, and upper extremity flexors and extensors are less affected.
Ground-based hindlimb suspension models and evidence from research on animals during space

flight indicate that slow muscle atrophies more than fast muscle, and that slow motor units may

increase their speed of shortening [3]. These latter two observations are consistent with general

observations made using disuse models in which slow fibers appear to be more affected than fast,
and that slow fibers increase their contraction velocity. In summary, the musculoskeletal system

appears to be markedly affected as a result of exposure to microgravity.

With the interface of biomechanics and neural control, our attention focuses on sensorimotor

integration. In review, we know there are certain muscle fiber types that are recruited in certain

ways as a function of the Size Principle [6] and that any electrical signal seen from the muscle (i.e.,

the electromyogram) typically precedes the initiation of force production in that same muscle [7].

Consequently, there is an orderly process to the recruitment of certain muscle types and there is a

delay between the excitation of that muscle and the actual mechanical output observed as muscle

force. These output parameters appear tightly coupled to sensory input and the various feedback

systems employed for motor control. Regarding motor control, the losses observed to date have

been in motor coordination, seasorimotor integration, and losses in the vestibulo-ocular system.
These result in disorientation in the astronauts, loss of balance and stability, and impairment of

sensory motor integration that may subsequently affect their ability to control the vehicle (i.e.,

Space Shuttle). Theories on central motor programs apply to this particular area, and use of

biofeedback in understanding the impairment experienced by the astronauts and, subsequently, in

training them to overcome these impairments, involves the coordination and integration of

biomechanical principles and neural control.

The integration of biomechanics and anthropometry focuses in the field of human factors

engineering. If, indeed, skeletal muscle and bone mass losses do approach 10 to 20 percent, one
must consider the effect of these tissue losses on actual body segment parameters (i.e., mass and

moments of inertia of the body segments involved). Any changes in these body segment

parameters have an ultimate consequence on musculoskeletal modeling in which the mass and mass

moment parameters are required for input to equations of motion. There has been a great deal of

work done on work-space design in the Space Shuttle environment as well as in space suit design

(i.e., reach envelops) the mechanical interface of the human with the vehicle, and tools designed to

enhance work output. Biomechanies play a significant role here since one must first understand
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the requirements imposed on the astronauts and the need to develop specific technology so that the

astronauts can carry out the various jobs required of them in microgravity.

The final link with biomechanics involves the field of musculoskeletal modeling. Musculoskeletal

modeling includes: (1) principles in inverse dynamics, (2) the use of optimization algorithms, and

(3) the use of forward solutions methods in which force may be directly predicted from

electromyography (EMG). These various types of modeling procedures are used in movement

analysis in one g and can, of course, be applied in movement in microgravity if proper mechanical

conditions are taken into account (i.e., loss of gravitational acceleration). The ultimate goal of

individuals in biomechanics as they interface with scientist's musculoskeletal modeling, of course,

is to develop predictive models of human kinetics and dynamics in microgravity [2].

It seems, then, that the role of biomechanics in the study of human performance in microgravity

involves interface with a variety of other scientific disciplines. It is the integration of the

techniques used in these various disciplines that must be coordinated in the study of human

movement in mierogravity. We must first realize the effects of mierogravity on the musculo-
skeletal, neuromuscular, cardiovascular, and cardiorespiratory systems. Our objective is to then

develop countermeasure techniques that will enable the astronauts to perform in microgravity and

return to the one-g environment. The use of predictive models to understand human performance

in microgravity requires knowledge of the degrading system losses (i.e., the effects of the micro-

gravity on bone and muscle) as well as knowledge of the loads imposed on the human body

exercising in microgravity. While biomechanics will play a role in, first, monitoring these forces

and describing the loads imposed during various tasks in microgravity, any countermeasure

program using principles in biomechanies must include information on the magnitude of the losses
in the musculoskeletal system. Any exercise program designed to counter the effects of

microgravity must: (1) employ principles in biomechanics to study the magnitude of loss in the

musculoskeletal system, (2) understand the nature of the loads imposed on the body, and (3)

recognize the need to monitor the system losses and develop the potential for one learning to

accommodate and adapt to the effects of microgravity.

Certainly, locomotion (i.e., walking) imposes the highest loads on the lower extremity extensors

that are the muscles most affected by mierogravity. It is conceded that the musculoskeletal system
will degrade. Results from the most recent experiments indicate this loss will proceed despite the

use of exercise programs. Consequently, the development of countermeasures to the effects of

microgravity must include knowledge of these losses and must be flexible enough to change

exercise regimens in light of these losses for the health and safety of the astronauts.

The procedures that I am going to describe in the remainder of this manuscript are procedures, in

principle, that can be applied to any exercise regimen used in microgravity. While I will use

cycling as an example, principles employed here could easily be used for activities such as

running, walking, rowing, or jumping. The first principle concerns the identification of loads

imposed on the human body by the environment. Identification of the orientation and magnitude of

ground reaction forces or any external reaction force in the environment is requisite to our
understanding of exercise as a potential countermeasure to mierogravity. In walking, we would

want to understand the orientation and magnitude of the ground reaction force as one proceeds

through the stance phase of locomotion. During cycling, we would want to understand the

orientation and magnitude of the pedal reaction force on both the right and left lower extremities. It

is clear in both cases that the orientation and magnitude of this force changes as one proceeds

through the stance phase of locomotion as well as through the power phase of cycling (from top

dead center to bottom dead center in the pedaling cycle). Cycling offers a more constrained

environment in which the trajectory of the lower extremities is more repeatable than during
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locomotion and can be controlled with respect to the magnitude of the external forces imposed.
The cycling task need not include a bicycle but may include any seated position in which the
astronaut will sit and pedal any circular coupling system similar to a bicycle chain drive system.
This cyclic alternation of the right and left lower extremity can be controlled with respect to range
of motion, speed and load imposed. One can envision a series of isometric contractions at various
crank angles or a continuous motion in which the velocity of the crank is held constant and the load
varied during the cycling pattern. Certainly, in this controlled environment, the forces imposed on
the lower extremity are, in general, considerably lower than those imposed during locomotion, but
at some point in an exercise regimen involving cycling, walking, and rowing, these lower forces
may be desirable.

When using any exercise regimen in microgravity, one must know how the human system
performs at one g. Information related to the cycling task shows that the pedal reaction force varies
from a minimum value at top dead center to a maximum at approximately 100 degrees of the
pedaling cycle [4]. The magnitude of this pedal reaction force then declines as one proceeds down
to bottom dead center. The magnitude of the joint reaction forces, while much lower than those
during walking, do change as a function of the pedal reaction force. Additionally, the muscle
moment patterns indicate there is a large hip extensor moment during the power phase that
approaches zero as the cyclist proceeds through recovery (i.e.,
cycle). The knee moment appears to be extensor during the early part of the power phase and then
changes to a flexor moment in the second quadrant ranging from 90 to 180 degrees of the pedaling
cycle. This flexor moment continues, although of lower magnitude, through early recovery. It
then switches to an extensor moment as the cyclist proceeds through the fourth quadrant up to top,
dead center. The ankle shows a continuous plantar flexor moment that is almost a mirror image of
the resultant pedal reaction force.

It appears that the tricep surae muscles are predominantly responsible for this particular muscle
moment at the ankle. Using optimization algorithms designed to calculate the magnitude and
direction of the muscle moments at hip, knee, and ankle in microgravity, we can see that the
muscle moment actually increases in magnitude and is similar in direction as one proceeds from
one g to microgravity (Figure 2).
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Figure 1 Muscle moments during the power phase of cycling (0 to 180 degrees) at the ankle

(A), knee (B) and hip (C) simulated using the gravitational fields of the Earth (one g),

Moon (0.16 g), Mars (0.38 g) and in space (zero g).
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when they move from ground-based models to microgravity above the surface of the Earth. Since

the muscle moment increases as one moves from one g to microgravity, further information is

needed as to the exact role played by the muscles during the cycling task in an exercise regimen in

microgravity.

The motor program of lower extremity musculature indicates that the single joint extensors are

relatively immutable during the cycling task [8]. That is, from subject to subject, the single joint,
hip extensors, knee extensors, and ankle extensors show a relatively constant activation pattern

during the pedaling cycle. It is currently felt that the single joint extensors provide the power to the

lower extremity and, subsequently, to the bicycle. This is quite similar to the loads imposed on the

lower extremity extensors during the walking cycle in which the ground reaction force during

stance imposes heavy loads on single joint hip, knee and ankle extensors. Cycling, to some

degree, is similar. Since the single joint, lower extremity extensors are most affected by

microgravity, one might ask the question as to which exercise is most useful in attenuating this loss

of musculature and force production capability. While walking may stress the lower extremity

extensors more than cycling, the loads imposed on the lower extremity also affect other tissues
(i.e., bone). If these tissues respond differently to the various loads, then I feel we must be ready

to show some flexibility in a countermeasure program so that loads imposed on the lower extremity

can be sustained by the degrading muscle and bone. One might further ask the question, if the

lower extremity extensors are immutable during cycling in one g, does this hold true in

microgravity? Certainly, the flexors are less affected by microgravity, and the rider may shift to

the flexors and pull up on the crank since gravity assisted propulsion no longer exists.

Exercise regimens, such as walking and cycling, can also be used to study musculoskeletal

mechanics. The use of cycling in The Human Biomechanics Laboratory at UCLA has been

extensive in the study of the human musculoskeletal system. We have current information that
shows the actual force production of the tricep surae complex during the cycling task in response to

three separate power outputs [5]. The information gained on parameters such as muscle force,

muscle EMG patterns, muscle length changes, velocity of muscle action, and joint moments as

well as joint moment arms, is useful input to predictive models of the musculoskeletal system. In

our laboratory, the cycling task has been used to study lower extremity function and can be used to

study musculoskeletal function in microgravity. With knowledge of losses of muscle and bone,
one can, from the information that we have recorded, develop predictive models for performance in

microgravity. For example, using the cycling task, we can develop an optimization algorithm to

predict function in the lower extremity. This algorithm can be modified by changing inputs as a

result of changes in tissue from exposure to microgravity. The changes in input parameters to this

model, with knowledge of requirements of imposed external loads, can prove useful in our

understanding of human performance in microgravity. The development of such a model may, of

course, be extrapolated to other tasks such as walking and rowing in which external loads are

imposed on the body and tissue changes are similar.

One final use of biomechanics concerns its interface with neural control and motor learning. We

have developed some techniques in our laboratory in which selected aspects of the cycling task can
be used as feedback to the subject to enhance their performance [1]. This feedback is critical for

updating the individual regarding the status of theirmotor output. Any task, whether it be rowing,

walking, jumping, cycling, or possibly just a single joint movement, can employ feedback

techniques to update the astronauts on their motor function capabilities. This type of information

could be very useful in monitoring the capabilities of the astronauts as a result of extended duration

orbits. We have studied the effects of feedback during single as well as continuous motor tasks,

and more information is being collected regarding the way in which the human body processes
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informationduringa continuous task. The nature of this feedback can enhance performance and be

used as a monitoring device for astronaut function in microgravity. One could envision that

knowledge of the forces required for an emergency egress, once the Shuttle lands on Earth and
returns the astronauts to a one-g environment, could serve as an acceptable baseline for continued

function in microgravity. These loads would be the lowest acceptable limits tolerated by the

degrading musculoskeletal system that would determine whether the flight continued. If we could

continuously update the astronauts through some form of exercise regimen and use some motor
tasks to provide information about their status, then we can best serve the safety and the continued

progress of the crew.

In summary, biomechanics can be employed in the study of human performance in microgravity.
Principles in biomechanics include integration with a variety of other fields to first identify the

magnitude of change in the human body as a result of prolonged exposure to microgravity as well

as in the design of flexible and adaptable exercise regimens that could be used as countermeasures

to the effects of microgravity. Principles in biomechanics as they relate to motor control can give

astronauts necessary feedback regarding the status of their motor function and can serve as a

diagnostic tool to indicate to the astronaut when they are reaching the lowest acceptable limits for

emergency egress upon return to one g. While cycling was the example used in this particular

discussion, certainly the principles employed in understanding this task and the possible use of this

task as an exercise countermeasure, can be applied to any other type of exercise regimen whether it

be locomotion, jumping, rowing, or single joint, flexion/extension actions.
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Introduction

The Space Transportation-Shuttle (STS) Programhas greatly expanded our capabilities in space by

allowing for missions to be flown more frequently, less expensively, and to encompass a greater
range of goals than ever before. However, the scope of the United State's role and involvement in

space is currently at the edge of a new and exciting era. The National Aeronautics and Space

Administration (NASA) has plans for placing an orbiting space station (Space Station Freedom)

into operation before the year 2000 [18]. Space Station Freedom promises to redefine the extent of

our involvement in space even further than the STS program.

Space Station crewrnembers will be expected to spend extended periods of time (-30 to 180 days)

in space exposed to an extremely diverse and adverse environment (e.g., the major adversity being
the chronic microgravity condition) [18]. Consequently, the detrimental effects of exposure to the

microgravity environment is of primary importance to the biomedical community responsible for

the health and well-being of the crewmembers.

Space flight and microgravity exposure presents a unique set of stressors for the crewmember;

weightlessness, danger, isolation/confinement, irregular work-rest cycles, separation from

family/friends, and mission/ground crew interrelationships [7]. A great deal is beginning to be
known about the physiological changes associated with microgravity exposure, however, limited

objective psychological findings exist. Examination of this latter area will become of critical

concern as NASA prepares to place crewmembers on the longer space missions that will be

required on Space Station Freedom [5]. Psychological factors, such as interpersonal relations will
become increasingly important issues, especially as crews become more heterogeneous in the way

of experience, professional background, and assigned duties.

In an attempt to minimize the detrimental physiological effects of prolonged space flight and

microgravity exposure, the United States and Russian space agencies have taken steps to imple-
ment various countermeasure programs. One of the principle countermeasures used by both

nations is exercise during space flight. The purpose of this paper is to present a brief overview of

the major research findings examining the psychophysiological changes associated with micro-

gravity exposure, and to address the potential role of exercise as a countermeasure in affecting

these psychophysiological changes.

Psychophysiology is concerned with the mind/body interaction. It can be viewed as a general

systems approach to human behavior that integrates findings from different disciplines [4, 9, 11,

18]. In discussing the psychophysiology of microgravity exposure, several important factors

complicate and hinder attempts to address the nature and scope of this issue. These include:

• Sample size. To date only 250 astronauts/cosmonauts have flown in space.
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• Extensive u_;e 0f countermeasures;. Prophylactic and therapeutic use of countermeasures has

undoubtedly masked some of the direct effects attributable to microgravity.

• Limiteql research focus. Until recently, biomedical research has focused on physiological rather

than psychology.

• Limited accessibility to data. Most of the space missions involving prolonged exposure to
microgravity have been conducted by Russia. Therefore, findings have been available to United
States scientists on a limited basis.

• Limited capabilities for scientific observation. Biomedical observations have been restricted by

the operational constraints imposed on most Space missions, and also by the time spent in space.

After reviewing the literature it becomes apparent that Russia is the leader in the area of

psychological assessment and evaluation of crews during space flight. This is for two basic

reasons: (1) it has been a major point of the Russian's to include a professional "Psychological

Support Group" as an essential component of their mission control unit, and (2) the Russian's
have allowed behavioral scientists to take an active, integrated role in the research focus of their

missions [5, 20]. Furthermore, Russia has logged a much greater number of sustained man-hours

in space than the United States (see Table 1). This has allowed Russia to study the psycho-

physiological effects of prolonged exposure to microgravity and space flight extensively [16]. As
noted however, access to this substantial data base that Russia has amassed on human function

during prolonged manned space flight has been limited. Hopefully, with the changing political

climate, more of the Russian information will become available and be incorporated into the United

States scientific community.

Table 1. U.S. and Russian Space Program Summary

U.S. Program Days in Space

Mercury a 1
Gemini 4-8

Apollo 6-13
Skylab 28-84

Apollo-Soyuz 9
STS 2-7

Russian Program Days in Space

Vostok .,:2

Voskhod 1-2

Soyuz 1-185

Salyut 16-237

Psychological Findings

There is little objective psychological data on the effects of prolonged microgravity exposure.

However, the limited reports available suggest that the psychological consequences of exposure to

space flight and the microgravity environment can be classified into affective, behavioral, and
cognitive responses. Although presented separately, these responses are closely related and in

most cases not independent of each other.

Anecdotal information from space missions of the United States and Russia indicates that the

affective states of crewrnembers become dramatically altered in space. Specifically, increased

levels of anxiety, boredom, irritability, hostility, and anger have been reported in astronauts and
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cosmonauts [18]. These affective states seem to be linked to mission length, as their frequency

and intensity increases during longer intervals in space [16, 20].

These affective changes can and have presented potential compromises to the successful outcome

of missions. This is illustrated especially by the incidences of elevated levels of hostility and anger

that have been frequently reported in prolonged space missions [1, 7, 20]. On several Russian
missions, cosmonauts note in their diaries that interpersonal hostility begins to develop about 30

days into the mission and grows continually worse. This has lead to withdrawal from one another

and a minimizing of interaction. The increasing hostility, however, has not been experienced

amongst crewrnembers alone. Hostility has also developed between space crews and ground-

control crews. A frequently cited episode occurred on Skylab 4 where mission scientists and

ground control disagreed on work schedules. This led to increased tensions between the groups

which resulted in a work slow-down in space. Considerable measures were taken in order to bring

about an agreeable adjustment in schedules so mission operations could continue (an open, frank

"bull session" between the crew and ground control occurred) [2, 7]. Furthermore, on several of

the extended Russian missions (>100 days), the cosmonauts have even reported feeling relieved

when communications with ground control were interrupted and even desired at times to disrupt

communications themselves [2, 7].

Behavioral

Many of the behavioral changes found coincide with the altered affective states noted above.

Those commonly reported lethargy and fatigue, decreased motivation, and inappropriate

psychosoeial interaction [1, 2, 7, 14]. Additionally, psychosomatic symptoms and sleep
disturbances have occurred in some crewrnembers [18]. These last two changes are of particular
interest.

There is the now famous psychosomatic incident involving Russian cosmonaut Valeri Ryumin

during the 175-day Soyuz 32 mission. Ryumin was constantly afraid during the first half of the
mission that he would get a toothache while in space. During the latter part of the mission, while

asleep, he dreamed he had a toothache. When he awoke his tooth actually did hurt [1]. Similar

complaints and incidents have been noted on other missions [1, 18, 20].

Historically, sleep disturbances have been a common complaint on most space missions [6, 16].

Throughout the Gemini, Apollo, Skylab, and STS programs, crewmembers have reported
difficulty in establishing appropriate sleep/wake cycles. Some of this disruption may have been

due to mission operations, comfort limitations, design problems, and physiological

accommodations to microgravity. However, Russian reports would also suggest psychological

factors play a role. The frequency of cosmonaut's reporting sleep problems is greatest during early

and late phases of a mission, when crew anxiety levels are likely heightened due to the demanding

events at hand [18, 20]. Currently, there is no evidence that these sleep changes significantly

impair performance [18]. However, one-g based sleep deprivation studies have substantially

PSYCHOPHYSIOLOGY OF EXERCISE 207



shown reductions in psychological and physiological performance as chronic fatigue develops [3,

181.

Cognitive

Perception seems to be affected on a transient basis with microgravity exposure. Illusory

sensations have been noted upon experiencing weightlessness, such as overturning or inversion of

the body and movement of objects in the visual field [2]. The genesis of such sensations is not

fully understood. Possible explanations for the origin of these phenomena lie in vestibular system

dysfunctions, space sickness, or psychological manifestations. Whether it is any one of these

possibilities or several acting in a synergistic fashion remains to be determined.

An interesting event occasionally reported by crewmembers has been labeled time compression [2,

18]. The phenomenon involves an altered sense of time and is manifested in a perceived slippage

between performance and scheduled time-lines [2]. It probably evolves from excessive mental

work-load, information overload, and cognitive processing involving inferences, judgment and
decision-making [2, 13, 18].

These cognitive disruptions, while slight in nature, increase the mental effort demanded of an

individual performing a task in space. The accumulative effect of this increased demand could

have negative consequences during extended space flight.

Physiological Findings

There are numerous physiological changes associated with exposure to microgravity and space

flight, which are summarized in Table 2 [21]. Many of these physiological changes warrant

significant discussion; however, within the scope of the present paper only those changes of

primary interest to psychophysiology will be addressed.

Table 2.

Facial puffiness

Altered posture

Decreased bone density
Decreased red cell mass

Orthostatic intolerance

Decreased leg volume

Decreased urinary ADH

Increased angiotensin I

Increased urinary aldosterone
Increased catecholamines

Decreased submaximal exercise capacity

Decreased strength of different muscle groups

Vestibular difficulties

Decreased body mass
Decreased blood volume

Decreased plasma volume

Cardiac deconditioning
Variable reflex times

Decreased plasma osmolarity
Increased cortisol

Increased growth hormone

Increased serum enzymes
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Neuroendocfirl¢ - Metabolite

Throughout both the United States' and the Russian space programs, biochemical markers of
stress have been assessed in crewmembers. Elevations in urinary catecholamines and cortisol as

well as plasma ACTH, growth hormone, cortisol, catecholamines, and aldosterone have all been

reported [8]. Additionally, elevations in select serum enzymes (creatine phosphokinase, lactic acid

dehydrogenase, and gammaglutamyl transpeptidase), also indicative of stress responses, have

occurred. The changes in these stress markers has been extremely variable and the data have been

compromised by technical difficulties and/or mission constraints. Additionally, it is known that a

general population exhibits a great deal of interindividual variation in the biochemical responses to

stress and the astronauts-cosmonauts are no exceptions [18].

The most consistent and significant elevations in these neuroendocrine hormones and enzymes

have typically occurred before and after flights while in-flight values have been relatively stable [8,

18]. The time course of the changes would seem to correspond to heightened levels of anxiety
reported by crewmembers at these critical points in missions. These findings also suggests that

some degree of stress accommodation may be occurring during the missions (i.e., in flight).

Cardiovascular

Typically, in one-g experimentation, the monitoring of cardiovascular vital signs provides useful

information concerning the psychophysiological status of an individual [3]. It is questionable

whether this may be the case in space as many factors induce cardiovascular changes which
compromise the interpretation of the data (e.g., gravitational changes). Historically, there have

been consistent findings of elevations in resting heart rates, and in some incidences blood pressure,

observed before, during, and after missions [6, 15, 16]. Other than anticipatory rises pre- and

postflight, however, these changes do not seem to be reflecting vigorous stress responses.

Furthermore, in-flight changes, if any, are likely due to the cardiovascular adjustments
accompanying exposure to the weightless environment (e.g., cephalic fluid shift) [15, 16].

Circadian Disruptions

The psychophysiological aspects of the circadian cycle are of particular importance to space flight.

As noted earlier, sleep disturbances are frequently reported during space flight. This alteration of

the sleep/wakefulness cycle can disrupt many physiological systems which are rhythmic in nature

(e.g., endocrine) [13, 18]. Evidence indicates circadian disruptions can lead to a

desynchronization of the body's biological clock and play a role in the development of some of the
affective and behavioral problems discussed earlier (e.g., mood shifts, lethargy, or fatigue) [2, 13,

18]. Our understanding of the underlying mechanisms of circadian rhythms is still quite limited,
but environmental cues seem to play an important role in the process. In space, environmental

cues are extremely limited, therefore the level of desynchronization becomes exacerbated. Mission

length may also play a factor in the extent of desynchronization. Several cosmonauts from the

extended Soyuz missions (>175 days) report a greater number of sleep disruptions during the latter

half of their extended missions [20].
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The Role of Exercise

Traditionally, the role of exercise as a countermeasure in space has been entirely physiological in

nature, however, an alternative role may exist. That is, the use of exercise as a psychological

countermeasure to challenge the negative psychophysiological changes associated with space flight

and microgravity exposure.

Physiological Countermeasure

It is well established that during prolonged space flight, significant detrimental changes in certain
physiological functions of the human body take place [16, 21]. In particular, biomedical research

indicates that muscle atrophy, cardiovascular deconditioning, and bone demineralization have

occurred in Russian and American crewmembers [15, 16, 21]. These changes appear to be the

physiological consequences of exposing the body to microgravity and a reduction in the typical

level of Earth-bound activity. The extent of these detrimental adaptations seems to be a function of

space-flight duration.

Both the United States and Russia, in an attempt to minimize these detrimental adaptations to

space, have implemented in-flight exercise programs. The extent and nature of the exercise

programs have varied tremendously from nation to nation as well as within space programs. To

date, the work by biomedical scientists suggests that the use of exercise as a physiological

countermeasure seems most promising [16]. However, this research is still in its infancy and

many questions remain unresolved. To address this issue, NASA has established the Exercise

Countermeasures Project (ECP) working group. The ECP has been given the following charge:
...implementing a preventive health care program for flight crews that will: (1) offset the

physiological and operational effects of adaptation to microgravity; (2) ensure effective functional

return to Earth; and (3) increase the rate of postflight readaptation.

Over the next few years the ECP working group will attempt to fulfill these objectives, and should

therefore provide valuable information to the scientific community as to the effectiveness of

exercise as a physiological countermeasure.

Psychg]o6cal Countermeasure

The use of exercise as a psychological countermeasure has been examined in several one-g studies,
but apparently not so in space. The Earth-bound studies suggest that vigorous exercise is

associated with positive, beneficial psychological changes to participants. Both affective and

behavioral changes have been reported [4, 10, 11, 12, 17].

Specifically, an increased sensation of well-being and positive mood shift occurs after acute bouts
of exercise and the effects seem to persist for 2 to 5 hours (10). These subjective states have been

objectively quantified with psychophysiological data. For example, Profile of Mood States
(POMS) scores show reduced levels of state anxiety and depression following exercise.

Concomitantly, lowered heart rates, blood pressure, and catecholamines have been observed [10,

11, 17]. Exposure to chronic exercise (i.e., training programs) has produced similar effects.

Participants in such training programs have persistent reductions in state anxiety and depression, as

well as increases in self-esteem [10]. Also, it is well established that exercise training produces

210 PSYCHOPHYSIOLOGY OF EXERCISE



accommodationsin the neuroendocrine system result in reduced physiological stress responses

(e.g., catecholamine, heart rate, blood pressure responses) to external challenges [4, 17].

Potentially, these positive psychological effects of exercise have important implications for space

flight. Exercise could become an additional tool for the behavioral scientist to use in working with

crewmembers. Specifically, exercise could be used as one mechanism for inducing positive
affective states in crewmembers, and/or play a role in behavioral coping strategies during the

prolonged space missions [19]. This potential is based upon the assumption that the positive
psychological effects of exercise found in a one-g environment are applicable to microgravity,

since no space based research exist. The validity of such an assumption is uncertain, but warrants

the attention of the scientific community and presents a unique opportunity for future research.

Recommendations, Future Concerns, and Conclusions

As NASA enters this new and exciting era of space exploration, it is vital that a firm commitment to

continued physiological research exist. However, it is equally important that an expanded role be
given to the psychological research community. The United States has lagged far behind Russia in

this area. The first steps in this direction seem to have been taken with the establishment of the

Biobehavioral Research Group at the NASA Johnson Space Center. In light of the information

that is becoming available, it seems only logical that NASA's future studies examining man's
capacity and ability in space, should be of a more integrated nature and take on a

psychophysiological approach.

In the focus of exercise as a countermeasure to microgravity exposure, some key issues that need

to be addressed in the future are: (1) does exercise in space induce the same positive psychological

changes as found in one-g studies; (2) what type or mode of exercise will be the most effective in

producing positive psychophysiological responses in space; and (3) what is the optimal exercise

prescription in space? This last issue is especially important as an inappropriate exercise
prescription can lead to an undertrained or overtrained states in the crewmember. Undertraining is

associated with physical deconditioning (e.g., decreased cardiovascular and muscular function)

which could led to an augmentation of the detrimental physiological effects of microgravity

exposure. Conversely, overtraining induces some severe psychological and physiological changes

(see Table 3) which could tremendously exacerbate the psychophysiological perturbations of

microgravity exposure [4].

Table 3. Psychophysiological Changes Found in Overtrained lndividuals

Apathy

Lethargy

Appetite loss

Weight loss

Lymphadenopathy
Gastrointestinal disturbances

Muscle soreness

Sleep loss
Mood changes

Increased depressing

Increased anxiety

Increased fatigue

Regardless, both conditions (under and overtraining) are inappropriate training stimulus and are

representative of extremes which should be avoided.
In conclusion, some of the existing research suggests exercise may be an effective countermeasure

for dealing with some of the psychophysiological responses to space flight and microgravity

exposure. Many questions, however, remain to be answered, as well as identified, which presents
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exciting new avenues of research for biomedical scientists to pursue in the future.
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SUMMARY

This is a summary of presentations and conclusions from Socratic debates made at the September

26-28, 1989 workshop dealing with exercise as a countermeasure for physiological adaptations to

microgravity. This workshop was sponsored by the Exercise Physiology Laboratory at the NASA
Johnson Space Center. This review includes the conclusions from the Socratic debates on the

issues of the use of electric stimulation, the relationship between fitness and orthostatic tolerance,

the role of eccentric exercise in testing and training, and the reversibility of microgravity induce
osteoporosis. The impact of biomechanics on the development of exercise countermeasures, the

role of psychophysiology and exercise in microgravity, the use of exercise detraining as a model of

microgravity, practical considerations for exercise and osteoporosis, and the practicality of exercise
impedance cardiography also were presented for discussion.

Eccentrics in Exercise

The use of eccentric exercise for the prevention of degradation of muscle performance, was

discussed by Drs. Clarkson and Ariel. Dr. Clarkson presented arguments in support of the
hypothesis and Dr. Ariel presented the opposing viewpoint.

PRO: Priscilla Clarkson, Ph.D.

Dr. Clarkson presented a brief review of the literature on testing and training with eccentric
contractions. Eccentric contractions were defined from physiological and performance based
assessments.

• Training that involved eccentric contractions (wholly or in part of the training regimen) showed

significantly larger improvements in strength than those programs that did not included this
type of contraction.

° Dr. Clarkson reviewed some theories for the increase in muscle strength that accompanies
exercise training.

CON: Gideon Ariel, Ph.D.

Dr. Ariel presented the argument that there are no net differences between eccentric and concentric

exercise training programs.

Dr. Ariel suggested that as the neuromuscular process of a contraction during eccentric and
concentric actions are identical, the muscular performance outcomes also are identical.

Based on the similarity of the changes in performance for both concentric and eccentric actions

and the greater risk of muscle injury during eccentric contractions, Dr. Ariel suggested that

training only be prescribed using concentric actions.

Electric Stimulation in Exercise Training

The use of electrical stimulation for the prevention of degradation of muscle performance was

discussed by Drs. Currier and Kroll. Dr. Currier presented arguments in support of the hypothesis
and Dr. Kroll presented the opposing viewpoint.
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PRO: Dean Currier, Ph.D.

Dr. Currier presented results from a research study comparing the effectiveness of the electric
stimulation to controlled conditions.

• Neuromuscular electrical stimulation (NMES) and NMES augmented with magnetic electric

stimulation were "...capable of preventing muscle wasting and reducing muscle weakness..."

in patients recovering from surgery.

• The patients had a better tolerance for magnetic electrical than the NMES therapy.

CON: Walter Kroll, Ph.D.

Dr. Kroll presented a brief review of the literature on the use of electrical stimulation. His
conclusions are summarized below.

• Electric stimulation as a strength trainer for healthy subjects has been shown to have equivocal

results and maybe "...an inferior substitute for simple voluntary contraction."
• Electric stimulation at lower frequencies is proposed as a way to help maintain tonic sensory

function.

Bone and Microgravity

The reversibility of microgravity induced osteoporosis by pharmacological intervention was

discussed by Drs. Holick and Parfitt. Dr. Holick presented the arguments that were in support of

the hypothesis and Dr. Parfitt presented the opposing viewpoint.

PRO: Michael Holick, M.D.

Dr. Holick presented a review of literature supporting the hypothesis that "...the effect of

microgravity on bone metabolism can either be reversed or mitigated." The question of the

maintenance of the viability of the bone matrix was discussed.

Dr. Holick suggested that "If the matrix is maintained there is good possibility that astronauts
can stimulate bone mineralization.., during prolonged space travel."

Dr. Holick also cautioned that if "...gravity adapted bone cells are further stimulated during

astronaut training to become more dependent on gravitational forces then the acute loss of

Earth's g-force could accelerate the mobilization of calcium from the bones of astronauts. "

CON: Michael Parfitt, M.D.

Dr. Parfitt stated that his purpose was "...not to recite this chronicle of disappointment, but to

account for it in terms of bone biology, to consider some possible exceptions, and to reiterate the

importance of preventing damage to the skeleton, rather than belatedly attempting its repair."

• Mechanisms of bone gain were discussed. One mechanism dealing with the reversing of bone
loss was based on an increased bone turnover. Dr. Parfitt suggested that bone gains by this

pathway continues for approximately 6 months and generally does not restore bone density.
° Dr. Parfitt presented the argument that complete removal of structural elements (perforation of

trabecular plates) can confer "...another dimension of irreversibility, since there is no longer a
surface on which the osteoblasts can build."
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Orthostatic Tolerance and Exercise

Endurance training has been suggested as a degradation factor of orthostatic tolerance. Endurance
training was generally characterized by _O2max. The association between fitness and orthostatic

tolerance was discussed by Drs. Ebert and Pawelczyk. Dr. Ebert presented arguments in support

of the hypothesis and Dr. Pawelczyk presented the opposing viewpoint.

PRO: Thomas Ebert, Ph.D.

Dr. Ebert presented a review of the literature on the relationship between endurance trained

individuals and their degree of orthostatic tolerance. He had three main conclusions.

• The arterial baroreflex is not impaired in endurance trained subjects.

• The relationship between the reflex control of peripheral resistance and endurance training is

less clear and warrants further study.

• Orthostatic tolerance is not linearly related to aerobic capacity _/O2max.

CON: James Pawelczyk, Ph.D.

Dr. Pawelczyk presented results from a research study that compared the carotid baroreflex

response to lower body negative pressure among three groups of subjects classified by fitness

levels (_O2max). The authors of the paper examined the hypothesis that higher "...fitness
(_,rO2max) results in a form of orthostatic hypotension..." and that this was due to changes in

carotid baroreflex responsiveness. The authors concluded:

• The results show "...that there is no improvement in carotid baroreflex in endurance-trained
men."

• They also reported that high fit "...men were less able to regulate blood pressure when carotid

transmural pressure changed."

lndirect Cardiac Output Monitoring during Exercise

William G. Kubicek, Ph.D.

Dr. Kubicek presented a brief historical perspective and the possible use of impedance

cardiography as a tool during space flight for the evaluation of resting and exercise cardiac outputs

and contractility. He also stated that "It is the only proven method available to NASA to monitor

the various..." cardiac parameters.

Biomechanics of Microgravity

Robert Gregor, Ph.D.

Dr. Gregor suggested that the "...exercise countermeasures program should include a variety of

modalities with full knowledge of the loads imposed on the body by the modalities." The
assessment of these loads in normal and microgravity environments should be assessed through

biomechanical techniques. Dr. Gregor also recommended that the biomechanical principles related

to motor control may provide the astronaut with a "...tool to indicate when they are reaching the

lowest acceptable limits..." of operationally based performance.
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Psychophysiology in Microgravity

Anthony Hackney, Ph.D.

Dr. Hackney presented the psychophysiological impact of microgravity and suggested a tentative
role for exercise as an affector for the stress related problems. Dr. Hackney suggested three key

issues that should be addressed by NASA: "...(1) does exercise in space induce the same positive

psychological changes as found in one-g studies, (2) what type or mode of exercise will be the

most effective in producing positive psychophysiological responses in space; and (3) what is the

optimal exercise prescription in space?"

Detraining Application to Microgravity

Edward Coyle, Ph.D.

Dr. Coyle put forth the hypothesis "...that the alterations in physiological function upon transition

from normal gravity to microgravity may share similar trends to the process of 'detraining'." His

research paper compares changes in _/O2max heart rate, cardiac output, stroke volume, and

histochemical alterations in muscle after subjects detrained for up to 84 days.

Osteoporosis and Exercise

Jon Block, Ph.D.

Dr. Block reviewed the relationship between exercise and osteoporosis and suggested a role for

exercise over a large age range. Exercise programs for young adults to help increase bone density.

Exercise for women approaching menopause to reduce the rapid loss of bone and exercise for the

older subject to modify risk factors for falls and fractures without directly affecting bone density.

Dr. Block suggested that the effects of detraining from ongoing fitness programs to evaluate the
effect on bone "...should take a research priority because of its particular relevance to long-term

space flight."

tl
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LOCOMOTION IN REDUCED GRAVITY : AN OVERVIEW

OF 50 YEARS OF RESEARCH

B.L. Davis & P. R. Cavanagh, Center for Locomotion Studies,

Penn State University, University Park, PA. 16802, U.S.A

A major goal of research in the area of space physiology is to understand the many

facets of musculoskeletat adaptation that occur once an astronaut is weightless. Early
research concentrated on determining whether or not a person could maneuver in one-

sixth gravity, how much oxygen was required while performing simple tasks and

•..'_,,_h,?r _r not artificial gravity levels were neces_ry in a rotating _pac, _t_ti.:,_-_

More recently other facets of locomotion have become important foci of research - such
as bone stresses and strains during activities of daily living in space as well as

opnmal modes of exercise during extended missions.

It has long been accepted that to study these issues some earth-bound methods of
simulating zero gravity are required. The reasons for this stem from both the cost of

performing experiments on board spacecraft and the infrequent nature of orbital

mi_4ions. The result has been a plethora of methods which are not widely known, to

first negate the effects of gravity and second, to reintroduce "gravity-like" forces

-:p_axning the range from 0 to 1 g. Techniques in the former category include the use of
aircraft, water immersion, cable suspension and elevators. Methods of achieving

"gravity-like" conditions have included the use of centrifuges, modified flight paths
in the case of aircraft, magnets (to increase traction between the feet and ground), and

;nclined walkways that allow a component of the gravity vector to be effective.

Although many of these techniques predated some major advances in the field of

gait analysis, some very interesting data were collected while subjects walked, loped,
b_),'.nded and ran in these most unusual circumstances. Information regarding ground

reaction forces, EMG profiles, joint angles and oxygen consumption rates was gathered

and analyzed to obtain a deeper understanding of reduced-gravity locomotion. Other

aspects that are crucial to understanding the mechanics of this process include the

questions of traction, balance and impact forces. These will be reviewed with an aim

to providing a consolidated picture of 50 years of research



COUNTERING SPACE ADAPTATION WITH PATTERNS OF

EXERCISE FORCE, VELOCITY, POWER, ENERGY AND G's

J.A. Mastropaolo, Trisphere Institute of Sports Medicine,

Huntington Beach, CA 92647

The purpose was to devise a system to analyze the elements

of exercise in 1 G in order to counter space adaptation. As a

pilot study, an optical encoder was used to transduce the

movements of a stack of weights. The error from the encoder

was -0.16%. The error in the timing circuit was -0.02%. A cubic

was fitted locally to the data points by least squares with a

computer program dubbed CUBIC. A test program, TESTX,

according to an equation (yielding sinusoidal force, parabolic

power), generated times and displacements, gave these to

CUBIC, then compared CUBIC's derived elements with those

calculated mathematically from the equation. For 50

determinations at 20 ms intervals, the mean difference (SD) for

force was 0.066 (1.687) N, velocity 0.000 (0.001) m. s -1 power

0.029 (0.923) W, energy 0.024 (0.037) J and G's 0.000 (0.006). For

each element, an array of weights lifted provided a family of

curves or patterns. The hypothesis was that if the element

patterns were simulated in space, then those functions would

remain intact to return to 1 G. The methods seemed adequate

to test the hypothesis.
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NORMALIZED BONE MASS AND STRENGTH IN E_ZRCISING

OOPHOI_CTO)_ZEDAND SHAH OPERATZDHATS.
D.C. Sutton. M.H. Perlmuttsr. J.H. Zoller. M.T. Madsen.

EoR. MYers+. W.C. Haves*. M.M. Jaweed. Thomas Jefferson

University, Philadelphla, PA and +Harvard Medical School,

Boston, HA,
Our aim is to describe the response of bone mass and

strength in normal and oopborectomized(OX) rats from
running, mwlmz_J_g, and weightliftlng. Spra_ue Davley rain

exercised 5 days/week for 12 weeks. N_btr,c_J testing and

single photon absorptiomezry(SPA) data was analyzed by two
way ANOVA followed by Fisher least si_nlficant difference.

ANOVAa: p exercise p oophorec_o_y p interaction
HIP: ULT FORCE .002 <.001 NS

SPA NS <.001 NS

FEMUR: ULT FORCE .001 .037 NS
SPA .023 NS NS

NS

.003
LUMBAR 6: ULT FORCE .029 <.001

BODY WEIGHT <.001 <.0_i*

sham parameter > oopborectom7 except

Conclusions: l)Exercise increases bone strength similarly

with and without ovarian function. 2)Swimming and lifting

weEe greater than controls. 3)Exercise blunts but does not
reverse the e_verse effects of OX. 4)The effec_ of incraaeed

body weight load on the hip etrenqt._ in OX sam to

overpower any adverse effect of OX on mineral loeb in the

hip. (SuppoSed in part by an OREF research grant |88-475).



BONE DENSITY AND NUTRITIONAL CHANGES OF A COMPETITIVE POWER UFTER
FOLLOWING DECONDITIONING THEN CONDITIONING OVER A FIVE MONTH
PERIOD, A CASE STUDY. ILT. Kssr, R.C. Hamdy, K. Whalen. East Tennessee State

University & Veterans Admln. College of Medicine, Johnson City, TN 37614.* (presently
at) NASA, Johnson Space Center, Exercise Countermeasures Project, Houston 13(,
77258

Intro: It is currently believed that bone remodels in response to the forces that It
receives. This case study Investigated changes that occurred to bone mineral density
(BMD) and bone mineral content (BMC) when heavy weight training was abruptly
discontinued followed by a period of rest then recondItioning. Total body scans were
measured by a DP-4, Lunar Dual Photon Absorptlometer at the onset of detraining
(OD) during onset of retraining (OR) and at the end of the continuous training period
(CT). Both detraining and then training lasted 2.5 months. Dietary calcium (Ca),
magnesium (Mg), phosphate (1=O4) and protein (P) were analyzed from 5 months of
7 day dietary records, totalling (77 days). The BMC, BMD and dietary Intake responses
ere shown below:.
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From the beginning of OD to the end of the continuous training ET period, BMD
increased (+1.98"/,), BMC increased (+.88%) while Ca decreased (-49%), Mg
decreased (-44%), PO4 decreased (-42%) and protein decreased (-40.%). In conclusion:
It appears that BMD may be enhanced in a 2.5 month period, If the bone recelvss
adequate forces as produced during power weight training. Dietary changes In all
observed Indices were similar and reduced over the same period but were adequate
to support bone remodelling.
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THE EFFECT OF EXERCISE TRAINING AND PLASMA
VOLUME EXPANSION ON RESTING CARDIAC

DIMENSIONS. S. J. Montain, J.D. Beltz, and E.F. Coyle.

Human Performance Laboratory, Department of Kinesiology,
The University of Texas, Austin, TX 78712

The purpose of this investigation was to measure resting cardiac

dimensions before, after 10 weeks of endurance training and following
10 weeks of resumed inactivity under conditions of normal and expanded

blood volume.(PVX). Seven subjects participated in the study. Plasma

volume was expanded by intra-vcnou:, :n:asion using 500 ml of 6%

Dextran TM. Cardiac dimensions were measured in the supine position
using M-mode echocardiography. Left ventricular end-diastolic

dimension (LVEDD) tended to increase with training and decrease

towards the untrained baseline with detraining. However, the changes in
LVEDD were not significant (P > 0.05). PVX increased LVEDD 1.1-1.9

mm (P < 0.05) independent of training. In addition, PVX tended to
decrease posterior and septal wall thickness (P < 0.10 and P < 0.06;
respectively). The effect of _ning and PVX on LVEDD are summarized
below (me_): .....

LVEDD (ram)
Untrained Trained DetraineA

Normal 49.9+1.8 50.5+1.7 50.1+1.8
PVX 51.0+_2.6* 52.2±1.9" 52.0+_2.5*

The data suggest that training may alter resting cardiac dimensions.
Furthermore, the results provide evidence that PVX increases LVEDD to
similar levels in the untrained, trained and detrained condtion.

Supported by the American Heart Assoc.- Texas Affiliate



SEASONAL VAJ_IAT:ON IN PLASMA VOLUMZ CHANGES DURING SUB_5%XI_J%I

£XER.'._SE AT 20°C A_D 35"C J.W. Agnew and D.A. DuBose US _y
Research Znstituue of Environmental Medicine Natick, MA.

Hypovolemia has been i consistent response of exposure to the

m_cro_ravity encountered _zlng space flight. Factors which

predispose astronauts to a •_aue of hypDhydration are still no_
clearly understood. This present study has exsmlned plasma volume
¢_anges durln9 cycling exercise at 40% VOm, in two dlfferen_

a_zent conditions in the Spring and Sum_er. Seven tale subjects
(x age-lB.7 SD 3.7, X VOm_,-45.94 _.kg "] SD 4.49) exercA|ed in an

environmental chamber _Antained at 20"C, PJ_ 40% end 35"C, P_ 90%

on _wo separate occasions separated by at least one week in the

Spring and again in _he Summer. At each condition the subjects

exercised twice for 45 man, resting for 15 min in between. Blood
samples were collected at 20 man prior to entering the chamber, at

20 man and 45 min during each of the two exercise periods, and
flnal1¥ at 60 min after leaving the chamber. Hematocrlt and

hemoglobin mea•urements were used to determine the positive (+) or

negative (-) t change in plasma volume (%PV). As expected the
-%pv was significantly greeter while exercising at Ta-35"C than
while exercising at Ta-20"C (P<.003) during bo_h seasons. While

there was no significant overall seasonal response in %PV, the key
finding wi_h these preliminary data was _hat the -%PV durlnq the

Summer _esu at Ta-20"C was significantly less (P<.05) during all

sampling periods, with the exception of the initial 30 mln of
• xercise, when compared to the Ta-35"C test Sn _he Su_er. We also

observed a slgnifican_l¥ less -%PV (P<.05) An the majority of

sampling periods _f the Ta-20"C tes_ compared to both Spring

cat, ions. These data suggest that a gree_er heat tolerance in
the Summer months, po•sibl_ due _o •easonal temperature change

and/or actlvi_y Zevel varla_ion, mediate either an elevated
transvascular colloid osmotic pressure or Ancreaaed interstitial

fluid pressure while exercising An • cool envlror.sent. This

adaptive response i$ not _ufficient, however, An preventing fluid
filtration into _he extrevascular •pace while exercising in a hot,

h_mid environment. ,= ..

W
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,_ ....r • _A,_PI RADIALISISOI,_RIC FOilCE 0b_fPb'f OF ,_,_I_I_SORp '_ "_'_""

(=_.,L) :TUSCLE I:: ..C_b_L FZL_LZ SUBJECTS.

:. Jaweed, G.J. Xerbison and J.F. Buchta.

2.e_abilitation ::edicine, Thomas Jefferson

Philadelphia, PA 19107

Department of

University,

it is generally assumed that IEZ[G output is directly

relatc_ to isometric force during voluntary contractions.

l:owever, the e::istence of this relationship is questionable

during _mscle fatigue and recovery. Fourteen 22-28 year

old, fe_::ale volunteer health professionals were tested once

weekly for a period of 4 weeks for the _:G output of the

ZC2L with the :[icolet Viking during voluntary contractions.

The pre-trained subjects performed single, 6-second

isorletric contraction to generate 2, 4, 6 or 3 _:g-F on a

Penny and Giles force transducer, followed by a 100,% maximum

voluntary contraction (I_C). The inter-subject variability,

as determined by percent coefficient of variation (%CV) was

83.1, 64.1, 59.8 and 50.0 for 2, 4, 6 and 3 Kilogram Force

output, respectively. _le mean force and its IEIG for the

subject population was 9.6+1.4 (% CV=14.6) Kg-F and

407.1+160.4 _' ' •_ (.oC_=39.4) microvoit respectively. In 75% of

the subjects, the IEIG remained the same or declined between

8 Xg-F and the :NC of the subjects. It is proposed that

I_IG can not be correlated with force output beyond 80% :'_C.

(Supported in part by a NASA Grant NAGg-133)
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TITLE: INTRASUBJECT VARIABILITY IN FORCE PRODUCTION

OF THE RIGHT QUADRACEPS MUSCLE DURING ECCENTRIC

ISOKINETIC LOADING AT 30 DEGREES PER SECOND.

AUTHORS: A.H. Dubin, M.D., D. Diamant, B.S.,

G.J.Herbison, M.D. Thomas Jefferson Univ. Hospital

Ithe The purpose of this study was to determine
intrasubject coefficient of variation during

eccentric isokinectic loading at 30 degrees per
second. Six untrained healthy subjects between the

ages of 21 and 28 were enrolled in the study. The
maximal peak torque of three trials per day for
eight days was used in the determination of the

intrasubject coefficient of variation. The co-

efficient of variation for days one through three
and days four through eight were compared to deter-
mine a possible learning effect. The results of the

study showed that the average peak torques for the
six subjects ranged from 626 Newtons to 990 Newtons
There was no difference in the coefficient of

variation comparing days one through three with

days four through eight. (10% & 10% respectively).
In conclusion, the average intrasubject coefficient

of variation of the right quadraceps during

eccentric isokinetic loading at 30 degrees per

second was 10% for days one through three and four

through eight respectively. Secondly the results

of this study suggest that there is no learning
effect when comparing days one through three to
days four through eight. These results have
important implications in the use of eccentric

isokinetic evaluation of exercise detraining and
its application to space flight.
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RESEARCH ISSUES IN ESTIMATING BODY DENSITY: PROBLEMS WITH
BIOELECTRICAL IMPEDANCE.

A previous paper (Jackson I984) outlined the problems and
procedures of estimating body composition from anthropo-
metric methods. The purpose of this paper is to extend
the generalizability and validity issues raised in the
paper and apply them to bioelectrical impedance methods of
measuring body composition. Published bioelectrical impe-
dance equations with functions of estimating fat-free
weight and body density were applied to the data of 82
women and 52 men. Hydrostatically measured body density
was the dependent variable of this analysis. The cross-
validation correlations between impedance estimated and
hydrostatically determined body density were low, below
0.76, which was similar to what was obtained with body
mass index. Multiple regression analysis was used to
examine the independent relationship of the radio of
Height2/re_istance in combination with body mass index.

The HeightC/resistance was combined in a multiple regres-
sion equation with body mass index, the Height2/resistance
regression weigh L was low and near zero while the body
mass index regression weights were over three times larg-
er. This showed that height and weight and not bioelec-
trical impedance were the major predictors of body densi-
ty.

Jackson, A.S. Research design and analysis of data proce-
dures for predicting body density. Medicine and Science

in Sports and Exercise. 16:616-620, 1984.



SLOWERKINETICSOFOXYGENUPTAKEIN SUPINETHANIN UPRIGHT
EXERCISE. R.L. Hughson, G.D. Swanson, C. Borkhoff, H.
Xing, and G.C. Butler, Univ. of Waterloo, Waterloo, Canada,
and Univ. Colorado HSC,Denver, CO.

Cycling in the supine posture (S) has been used as an
analog of the space environment to simulate the removal of
the normal head to foot gravitational vector. 8 healthy
men completed exercise tests in both the upright (U) and
S postures. An incremental ramp exercise test was used to
measure VO_peak. The values were greater in U (3798±181
ml/min) than S (3439±149ml/min, P<O.05). Step changes in
work rate from 25 W to 105 Wto 25 W were used to assess
the kinetics of the VO_response. Both for the step-on and
step-off change in work rate, the total lag times for the
U tests were faster than for S (31.7±1.3 vs. 42.0±3.1 s;
34.7±1.1 vs.38.g±1.4 s). The effect of this slower
response in S was a significantly greater oxygen deficit
(531±120 ml 02) than U (403±56 ml). Kinetics of CO2
production (VCO_)were not significantly different between
U and S (55.2±3.B vs. 66.3±5.2 s). But VCO_kinetics were
slower than those of VO2. Removal of the normal
gravitational vector alters the cardiorespiratory response
at the onset of exercise. Because many activities are
nonsteady state, the slower kinetics of VO2 and the greater
oxygen deficit in S implies increased reliance on high
energy phosphate stores and anaerobic glycolysis for energy
production. The present results will be discussed in the
context of observations made during the Skylab missions.
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C_CTERiZING BREATH- BY- BREATH PSEUDORANDOM BINARY SEQUENCE

(PRBS) GAS EXCHANGE AS A SUBMAXIMAL INDEX OF EXERCISE DETRAIN-

ING, G. Swanson, R. May, B. Dietrich & R. Hughson, Univ. of

Colo. HSC, Denver, CO, & Univ. of Waterloo, Waterloo, Canada.

Dynamic submaximal exercise tests yield estimates of gas
exchange kinetic parameters and offer an alternative to other

non-invasive methods of assessing exercise detraining, such

as maximal oxygen uptake tests. The PRBS input, in which the

work-rate is switched between two levels in a random fashion,

is scheduled to be used on the D-2 mission with Spacelab for

assessing exercise detraining. However, the present methods

of Fourier data analysis are contaminated with a large breath-

to-breath (B-B) variation because B-B gas exchange is simply

determined by the volume of gas inspired minus the volume of

gas expired (in-out algorithm) without compensation for B-B

changes in pulmonary stores. In contrast, we present a method

that combines a Fourier series expansion with an alveolar ex-

traction gas exchange algorithm that by design minimizes the

B-B variation. This extraction algorithm yields estimates of

the Fourier frequency response coefficients as well as estimates

of effective lung volume and effective pulmonary blood flow

and their standard errors. The procedure is demonstrated using

the ground based data from 8 subjects. The In-out algorithm

is unable to distinguish among subject's high frequency response

characteristics. In contrast, using the extraction algorithm

we are able to show differences among 3 of the 8 subjects.

This s,_ggests the extraction alEorichm has more utility for

detecting differences between subjects and between pre and

post flight conditions for the same subject. Furthermore,

it yields estimates of effective lung volume and blood flow.



TITLE: ELECTRICAL STIMULATION: POTENTIAL

APPLICATION TO EXERCISE DETRAINING.

AUTHORS: R. Noble, M.D., G. Herbison, M.D.,

W. Rollei, B.S., A. Shah, B.S.

Thomas Jefferson University Hospital
A muscle contraction of 20% of maximum

voluntary contraction (MVC) reportedly prevents

loss of strength of trained muscle. Detraining may
be prevented by muscle contractions elicited by

electrical stimulation (ES) if a contraction equal
to 20% of MVC can be obtained and the associated

discomfort is tolerable. PURPOSE: To determine

the force of contraction obtained by ES and if

tolerance to ES developes. METHOD: The force of

contraction of the right quadriceps of 6 subjects
was measured during one session under the following

conditions: i. Voluntary Contraction (VC) 2. ES 3.

VC & ES 4. Ipsilateral VC & contralateral ES to

the quadriceps. In a second experiment, 6

different subjects underwent ES to the quadriceps
on 5 consecutive days. Force of contraction

obtained by ES was measured daily. RESULTS: The

force of contraction obtained by ES was 14% of MVC

(CV = 140 %) in the first experiment. In the second

experiment, the force of contraction was 17% of MVC

(CV = 106 %) on Day i and 38% of MVC (CV = 70%) on
day 5, an increase of 216% (CV = 76%). CONCLUSION:

The force of contraction obtained by ES is greater

than 20% of MVC and tolerance to the pain of ES

developes over time.

NASA-JSC



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-O188

Publicreportingburdenfor thia collection of information is e=tlmetedto average 1 hourperresponse,includingthe time for reviewing in_ructionll, =eerching exietingdata ecurces, gathering
and maintaining the date needed,end completing and reviewing the collection of Information. Send commentsregardingthia burdeneetimeteor any other aspect of this collectionof
information, including=Jgge_tions for reducing this burden,to We_ington HeadquerteraServices,Directoratefor information Operationsand Reporta,1215 Jefferson Davis Highway, Suite
1204, Arlington,VA 22202-4302, end to the Office of Managementand Budget.PaperworkReductionProject(0704-O18B), Walhington , DC 20503.

1. AGENCY USE ONLY (Leave Blank) /2- REPORT DATE 13. REPORT TYPE AND DATES COVERED

] Feb/94 I Conference Publication

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Workshop on Countering Space Adaptation with Exercise: Current Issues

6. AUTHOR(S]

Bernard A. Harris, Jr. and Steven F. Siconolfi, editors

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Medical Sciences Division

Lyndon B. Johnson Space Center
Houston, TX 77058

9. SPONSORING�MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Washington, DC 20546-0001

8. PERFORMING ORGANIZATION

REPORT NUMBERS

S-755

10. SPONSORING/MONITORING

AGENCY REPORT NUMBER

CP-3252

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified/Unlimited

Available from NASA Center for AeroSpace Information
800 Elkridge Landing Road
Linthicum Heights, MD 21090
(301) 621-0390 Subject Category: 52

12b. DISTRIBUTION CODE

1 3. ABSTRACT (Maximum 200 words)

Exercise countermeasures have been a part of long-duration space flight for both the U.S. and Russian programs. In this
regard, the Exercise Countermeasures Project (ECP) sponsored a workshop entitled, "Countering Space Adaptation with
Exercise: Current Issues." The workshop proceedings represent an update to the problems associated with living and working
in space and the possible impact exercise would have on helping reduce risk. The meeting provided a forum for NASA
scientists, engineers, and technicians to discuss and debate contemporary issues in exercise science and medicine as they relate
to manned space flight with outside investigators. These outside investigators are experts who have performed investigations
relating to exercise and its effect on the deconditioning process before, during, and after space flight or its analog. This

meeting also afforded an opportunity to introduce the current status of the ECP science investigations and inflight hardware
and software development. In addition, techniques for physiological monitoring and the development of various microgravity
countermeasures were discussed. This document is a collection of the papers presented, abstracts submitted, and Socratic

debates held at the NASA Johnson space Center.

14. SUBJECT TERMS

Weightlessness, Biodynamics, Orthostatic tolerance, Space flight stress, Cardiovascular system,
Exercise physiology, Osteoporosis, Deconditioning

17. SECURITY CLASSIFICATION
OF REPORT

Unclassified

NSN 7640-O1-280-5500

18. SECURITY CLASSIFICATION

OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION
OF ABSTRACT

Unclassified

15. NUMBER OF PAGES

245

16. PRICE CODE

20. LIMITATION OF ABSTRACT
Unclassified/Unlimited

Standard Form 298 (Rev 2-89)
Prescribed by ANSI Std. 23g-18
298-102

_t

J




