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Abstract

Traditional muscle physiology undergoes radical changes in the setting of continuously
electrostimulated skeletal muscle utilization for biomechanical circulatory assist. Healthy
“transformed” working skeletal muscle never loses the characteristics germane to striated
musclefibers. It only undergoes amultiplicity of changes which are always dynamic in nature.
Thermodynamic parameters applied to the study of biologic phenomena have long provided a
unique approach for analyzing the physiology of the skeletal muscle cells. The laws of
thermodynamics, with their concepts of negentropy, entropy, and enthalpy, traditionally are
applied to the non-living world. However, after forty years of fundamental ground work by
Archibald Vivian Hill, other scientists have made it possible to utilize these concepts to study
the performance of complex living systems. This essay aims to shed some light and to add a
new perspective to the use of striated muscle so it may perform myocardial-1ikework efficiently
for prolonged periods of time. Understanding the basic principles of thermodynamics and
applying the concept to designing both stimulators and customized individual programs, may
prove beneficial to anumber of patients now undergoing cardiomyoplasty. and inthe futureto
others destined to receive muscle assisted cardiocirculatory augmentation procedures now in
the experimental stage.
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"Muscles are engines which, like the steam engine and
the internal combustion engine, use energy stored in
chemical fuel to generate mechanical movement.” Richard
Dawkins [13]

Historically, the biological behavior of the heart in re-
sponse to neurologic, biochemical, metabolic, pharma-
cologic, or electrical stimuli has been related to its
mechanical activity. Similarly, action potentialshavebeen
related to mechanical contraction of skeletal muscle, and
resting potentials to mechanical muscle relaxation. This
essay challenges the exclusive use of this mechanistic
concept in such a complex phenomenon as the muscle
functional cycle.

The application of thermodynamic parameters to the
study of biol ogi c phenomenaprovidesadifferent approach
to examining the physiology of the skeletal muscle cell.
Hill [16], Szent-Gyorgyi [23], and Weber [25] among
others, participated in a discussion on “The Thermody-
namics of Muscle” as early as 1950, at the International
Congress of Physiology in Copenhagen. During our last
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twelve years of research, we have learned that under-
standing the phases of the contraction/relaxation cycle of
the long-term, continuously electrostimulated, "trans-
formed" skeletal muscleutilizedfor cardiacassist, requires
an integrated concept of the multipl e facets of the dynamics
and function of the skeletal muscle cell.

Thermodynamics, a branch of the physical sciences
which studiesenergy anditstransformation, isparticularly
applicable to the study of bioenergetics, acritical aspect of
skeletal musclefunction. Mostthermodynamic studiesare
concerned with two forms of energy: heat and work. Three
unifying ideas form the core of the thermodynamic theory:
1) all matter has energy, and energy is never created nor
destroyed; 2) events tend to move predictably toward a
state of equilibrium; and 3) matter in astate of equilibrium
can be described by specifying alimited number of observ-
able characteristics.

Thelaws ofthermodynamicswereoriginally enunciated
for closed systems, thereby expressing self-sustained me-
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chanical or chemical reactions which could approach or
evenreachequilibrium.

In aclosed system there is no exchange of either energy
or matter with the immediate environment. According to
this, the universe, by being devoid of surroundings, would
be the only rea closed system. The universe possesses a
limited patrimony of order. Its tendency is to transform
potential energy into kinetic energy, to move from order to
chaos, from structuralization to dispersion. The universeis
burning itself out a little bit at the time. Ludwig von
Bertalanffy [1] defined all living organisms as open sys-
tems, constantly exchanging energy and matter with the
environment. For all we know, only living matter consti-
tutes a system capable of opposing, albeit transitorily, this
entropic tendency of the cosmos. Living systems are the
only ones capable of accumulating negative entropy,
negentropy, of going “uphill” from chaos to order, from
stabilitytoinstability, fromdestructiontocreativity. How-
ever, livingorganismsareunabletotransform entropy into
negentropy.

The concept of entropy (S), derived from the second law
of thermodynamics, constitutes a special and relevant pa
rameter. In 1864 Rudolph Clausius [12] described the first
two laws of thermodynamics. He also coined the word
“entropy”, from the Greek “transformation”. This concept
was introduced as a corollary to Clausius’ theory, and, in
avery simplified manner, can be defined as ““a thermody-
namic quantity that represents the fraction of the total
energy of a system that is not available for doing ‘'work.”
This usually occurs in a chemical reaction because that
fraction has been used to increase the random dispersion
of the atoms or molecules in the system in the form of heat.
It could be said that entropy is a measure of randomness
and disarray in a given system. As a system approaches
stability or equilibrium, the amount of entropic energy is
increased, and the system ceases to be vulnerable. Eventu-
ally, maximal or final entropy equals desth.

If an isolated skeletal muscle, or strand of convenient
size, were to be arranged in an insulated box so that a load
was to be lifted when stimulation was applied, each stimu-
lus would elicit two kinds of energy: mechanical energy
and heat. As work, mechanical energy is equal to the
product of the load and the distance shortened. The first
law of thermodynamics states that the sum of al energies
in a closed system must remain constant; therefore, the
occurrence of energy must be matched by the transforma-
tion of energy elsewhere. A loss of internal energy accom-
panies muscular contraction. It is possible both
theoretically and experimentally to measure the disappear-
ance of internal energy by measuring the changes in the
chemical composition of contracting muscles.

The net changesin internal energy (-AE) during muscular
contraction can be conceptualized as being equa to. the
chemical energy at the end of the contraction (E2) minus
the chemical energy at the beginning of the contraction
(E1). The following equation describes this change:

-AE=E2-El

In a closed system, such as the isolated muscle in the
example, the sum of energies liberated as heat (Q) and as
work (-W) represents the change in the external energy
(AE). The equation which describes the net change in
external energy during muscular contraction is expressed
asfollows: '

AE=Q-W

Parameters referred to in this equation can be measured
utilizing modern recording and anal ytical methods. Like-
wise, through determination of the concentrations of key
metabolic compounds at the beginning and the end of the
muscle's contractile cycle, the terms El and E2 can be
evaluated.

Heat produced or heat absorbed during the individual
chemical reactions provide a useful index of the energy
changes accompanying each reaction and are represented
by enthal py changes(AH). Enthal py (H) istheheat content
or chemical energy of a physical system. Enthalpy is in
itself a thermodynamic function equal to internal energy
plus the product of the pressure and volume. The net
changes of the concentrations of key metabolic compounds
determined at points E2 and El can be multiplied by the
enthalpy changes (AH) in the chemical reactions to ap-
proximatethefreeenergy madeavailable. Therelationship
between AE and AH is given by the equation

AE=AH+ PAV
where P is the pressure at which the reaction takes place
and AV is the change in volume that accompanies the
reaction. In musclephysiology, it ispossibleto assumethat
AE = AH, because muscular contraction takes place with
little or no volume change.

Should more precise estimates for E2 and El be required,
knowledge of the free energy changes (AG) which accom-
pany each chemical reaction would also be required. The
relationship between AH and AG is given in the equation

AH=AG+TAS

where T is the absolute temperature and AS the entropy
change. Considering that entropy changes are directly pro-
portional to the "disorder" or randomness of the system
under study, it seems to be most convenient to relate the
change in internal energy (AE) to the enthalpy change
(-AH), athough evaluation of -AE clearly requires that
certain assumptions be made regarding the relationship
between changes in metabolic concentrations and the en-
ergy made available.

Recently has been recognized that the myocardial cell
appears to be an unusual case of hybridism [6], obeying
different thermodynamic laws. In a similar manner a the-
ory may then be constructed to explain the functional cycle
of the long-term continuously electrostimulated skeletal
muscle.

Electrical activation aters membrane permeability to
extracellular calcium and also releases calcium stored in
the sarcoplasmic reticulum. Free cytosol calcium binds to
troponin which permits the interaction between actin and
myosin. Energy is provided by adenosine triphosphate
dephosphorylation. Shortening of the sarcomere implies
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the transformation of chemical energy into mechanical
energy and heat. Contraction is over when sarcoplasmic
reticulum calcium concentration has declined to zero. Dur-
ing contraction, themyofiber behavesas an isol ated system
that complies with the classical laws of thermodynamics,
which proclaim the principe of conservation of energy and
define the concept of entropy.

The opposite occurs during relaxation, myosin-actin in-
teraction is suppressed by the inhibitory effect exerted by
troponin. Calcium is taken by the sarcoplasmic reticulum
and extruded from the cell. For relaxation to take place,
work must be performed by pumping cal cium back into the
sarcoplasmic reticulum [5].

During relaxation, a fundamental change occurs when
the myocell opens and becomes a system that obeys a
different set of laws of non-equilibrium thermodynamics
for living systems. The distinct property that characterizes
living systems, is their capacity for self-maintenance and
self-reproduction.

Classic thermodynamics is applied to the non-living
world [14, 15]. With the increased use of recruited muscu-
lar power for biomechanical assistance [21] the challenge
biology faces for the XX1 century is to apply the discipline
of thermodynamics to the performance of complex living
systems. Bertalanffy [1], Lehninger [18], and Nicolis and
Prigogine [22], among others, have already led the way by
utilizing the theoretical instrumentsto make this possible.
With the aid of the information theory and cybernetics [26],
and the application of the theory of non-equilibrium ther-
modynamics of the irreversible processes in dissipative
systems, we can simplify our perception of complex sys
tems and create anew perspective of the functional skeletal
muscle cycle, thereby reaching a better understanding of
how continuously electrostimulated striated muscles can
be made to do cardiac work efficiently for unusually pro-
longed periods of time.

In 1985 Carpentier [3] and Magovern [20] performed the
first clinical cardiomyoplasties and changed forever the
conventional functional picture of skeletal muscle. When
continuously electrostimulated in synchrony with the heart
beat, the skeletal muscle becomes apermanent intcgral part
of the individual's hemodynamic system. In cardiocircula-
tory, biomechanical assistance (cardiomyoplasty, aor-
tomyoplasty, skeletal muscle ventricles, skeletal muscle
driven mechanical assist devices), the selected skeletal
muscle, such as the latissimus dorsi, works continuously
along with the heart to supply oxygen and nutrients to all
the body, including themselves, and to remove waste.

Both heart and muscle require a constant input of energy,
ultimately derived from the sun's radiant energy. This
energy is stored in the cardiac and skeletal muscles and is
utilized at arelatively fixed temperature and pressure. The
heart functions as a pulsating pump in this self-regulated
system. It pumps blood (fuel) to the muscle flap which
functionsasadriving enginethat providesthermodynamic
mechanical assistance (work) to the heart. The heart in turn
keeps the cycle going [9] (Figure 1). This system has the

FUEL

OUTER ENEROY
&l

PUMP
HEART MUSCLE FLAP

ENGINE

HEAT
ENTROPY

WORK

Figure /. In biomechanical circulatory assistance, heart
and skeletal muscle are joined in closed-circle,
tandem fashion forming a symbiotic, binomial unit
with thermodynamically interdependent parts.
Failure in the cycle, at anv point, will wreck the
entire system.

unique property of transforming chemical energy into
work more efficiently than any man-engineered machine
[17].

The first physiological function to be studied in cardiac
and skeletal muscles was the alternation between mechani-
cal contraction and relaxation. This has long provided the
framework for physiological and clinical descriptions of
normal and abnormal functions [2, 8]. The mechanical
components of contraction form a subsystem in a highly
integrated mechano-chemical process, dependent upon the
energy-liberating chemical reaction that provides the
source of energy for such contraction. Today, the appro-
priateness of mechanically inspired terminology for the
events of myocardial and skeletal muscle contractions may
be scientifically challenged [10].

Both the heart and the electrostimulated muscle wrap in
a cardiomyoplasty situation may rightfully be conceptual-
ized as thermodynamic systems, with rhythmic and cyclic
contractility, even if itisautonomic in oneand artificially
imposed in the other. Both have an input and output of
energy that behave as dissipative structures. The phases of
their cycles correspond to acontinuous alternation between
states of uphill decreasing entropy during relaxation (ther-
modynamic activity towards non-equilibrium), and down-
hill increasing entropy during contraction (thermodynamic
passivity towards equilibrium). This entropy is greatest at
peak contraction when the system is furthest removed from
itsnormal thermodynamic non-equilibrium state. Entropy
isreduced again during the subsequent diastole and relaxa-
tion when the system regains its thermodynamic non-equi-
librium and excitability is restored.

. Like with the heart, many properties of skeletal muscle,
are related to these entropy changes [7]. However, there
are important differences between myocardial and striated
muscles. Skeletal muscle lacks, natural built-in insurance
against entropy buildup: the refractory period and the
application of the “all-or-none™ law that applies to the
entire ventricular mass in the heart, and onlv to the single
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separate fiber in any given skeletal muscle unit. As part-
nershiptimeaccumul ates, somecompensatory mechanism
(eg, intermittent stimulation with resting periods propor-
tionateto thework | oad) becomes mandatory for the skele-
tal muscle.

Equallyimportantisthefactthatthecoronary circulation
fillsindiastoleand arteriolar perfusion nearly haltsduring
systole, whereas in the muscle flap electrostimulated to
contract in systolic synchronism, vascular resistances in-
crease, in time, when aortic pressure is high and decrease
when is low, impeding optimal distal capillary perfusion.
Everything else being comparable, skeletal muscle dia-
stolic cardiac assist by counterpulsation, such as aor-
tomyoplasty or skeletal muscle ventricles, could improve
long-term muscle preservation by a more balanced mean
blood pressure than synchronized co-pulsation, by reason
of such difference in the blood perfusion phase.

The concept of vascular delay [4], anatomically very
important, has shown blood perfusion improvement to the
distal and mi ddlecaninelatissimusdorsi musclesegments,
and improved circumferential muscleforcegenerationand
fatigue rates when compared with the nondelayed con-
tralateral side [24]. These experimentslack long-term ther-
modynamic vision, therefore cannot predict the behavior
of chronically overstimulated skeletal muscles over a pe-
riod of several years.

The statement that conditioned skeletal muscle becomes
a suitable replacement of the myocardium [19], by virtue
of its electrically induced regrouping of fiber types, ne-
gates from its inception the thermodynamic differences
between the functional cycles of both structures. However,
the utilization of skeletal muscle recruited and trained to
assist cardiocirculatory function has become an inescap-
able reality and has proven to be a therapeutic modality
with a promising future for selected cases of end-stage
myocardial failure [11]. This novel, unorthodox use of
skeletal muscle as the engine of a continuously working
system requires our efforts to protect its thermodynamic
functional life.

We propound that the survival of the system, and there-
fore, the long-term success of the procedure, depends on
the long-term survival of the skeletal muscle selected to do
the work. '
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