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A field and circuit thermodynamics for integrative
physiology. III. Keeping the books—
a general experimental method

IBeraLL, A. S. A field and circuit thermodynamics for integrative

physiology. IIl. Keeping the books —a general experimental method. Am.
J. Physiol. 234(3): R85-R97, 1978 or Am. J. Physiol.: Regulatory Integra-
tive Comp. Physiol. 3(2): R85-R97, 1978. —The ideas of Parts I and II of
this series are continued to complete the account of field thermodynamics.
Two space and time scales are discussed: that of single process fluctua-
tions, and the larger scale at which near-equilibrium conditions prevail.
Beyond that second larger scale, irreversible thermodynamic field proc-
esses can be seen. The basis for these two scales of thermodynamic
phenomena is explained through a novel, nonanalytic formulation (in
action space) that avoids the necessity to account for the detailed contin-
uum mechanics in geometric space. Instead, the scheme permits account-
ing for the field processes directly from statistical moments of the
fluctuations. The relations between mechanics and the statistical mo-
ments of fluctuations are introduced from the Einstein theory of Brownian
motion. Action is shown to be quantized at every hierarchical level. Since
there is an action-related time series succession of states at every
observational level, all the required thermostatic and irreversible ther-
modynamic transport relations can be obtained from such time series.
This new approach offers an experimental strategy that in principle
renders the thermodynamic relations computable from experimental
preparations. The strategy is then applied to biological systems, which
are noted to have communal organization, transport phenomena, conser-
vations, and spectra that are thermodynamic and functionally significant.
A six-step experimental approach is outlined. For illustration, eight
examples are given of fresh insights or solved problems arising from the
approach to living systems through field thermodynamics.

homeokinesis; fluctuations; network analysis; transport

SECTION 1. THE NETWORK THERMODYNAMIC VIEW
Space-Time Motion and Change in Systems

Aristotle defined physics as the science of motion and
change in systems. In Part I of this series (31), we
remarked that physicists and biologists use different
frames of references in contemplating movement and
change. But it is our contention that both animate and
inanimate nature can be viewed as “physics” from a
single frame of reference that will even include motion
and change in man, mind, and society. To achieve this
claim we have to emphasize that the interiors of the
living organism, as well as other entities, are made up
of fields of atomisms, and in these fields only three
movement-producing physical processes can be found.
These processes are wave propagation, diffusive trans-
port, and convection. All three lend themselves very
directly to the point of view of a field thermodynamics

and they are fundamental aspects of all natural phe-
nomena. But we will place our stress on diffusive
transport (e.g., of heat, mass, and momentum). That
process is the only source of irreversibility in thermo-
dynamics. In complex systems (whose internal physics
we have referred to as homeokinetic), in which the
internal field constitutes a complex factory system
whose processes show long time constants and lags, the
need to understand the internalized diffusive transport
is as critical as understanding diffusion in the more
rapidly changing externalized variables of simple point-
like atomisms. We have already tried to show how
diffusive transports, which lie behind understanding of
phenomena occurring in gases and liquids (38), even
apply to societies of cells, as well as societies of people
(34, 40). In the present article we wish to indicate what
the experimentalist, seeking a reduction to physics of
the dynamical aspects of a biological system, must

0363-6119/78/0000-0000$01.25 Copyright © 1978 the American Physiological Society R85

9002 ‘g 1snbny uo 6o ABojoisAyd-nbaidle woiy papeojumoq



http://ajpregu.physiology.org

R86

consider in the local field of a particular preparation.
Those considerations will be strongly focussed on diffu-
sive transports.

Morphologists and biochemists often take a static
view of living systems (e.g., seeing a bud of a vescicle
on a membrane in an eiectron micrograph; finding a
spot by the immunoperoxidase method). But, biochem-
istry is surely more than chemical anatomy, and mor-
phology without reflections on function is a pallid en-
deavor. On the other hand, whether or not they are
comfortable with dynamics, most biologists are never
far from thinking about processes—about motion and
change — about physics! But there is a paradox here: the
biologists seeking to describe functions may overlook
their obligations to identify physical process when it
comes to the specification for motion and change. The
abstract language and concepts used in physics to
describe function may seem both literally and figura-
tively “lifeless” to the biologist. The reason for the
paradox is easily found: physics and biology seem to be
considering wholly different aspects of nature. Consid-
eration of motion and change in physical fields seems to
involve a few abstract space-time processes, and a
stingy enumeration of players. In contrast, the biologist
may want to consider an apparently enormous chain of
specific relationships among glucose levels, catechola-
mine levels, proinsulin, insulin, Golgi apparatus, rough
and smooth endoplasmic reticulum, polyribosomes, se-
cretory granules, exocytotic vescicles, and insulin secre-
tion rates—all as part of the process of converting a
blood sugar level into an insulin response by the beta
cell of the islets of Langerhans in a mammalian endo-
crine pancreas.

Do these two views need each other, or have any
basis for merging? We believe that the answer is yes, if
we are ever to understand life more than in an empirical
fashion. Empirical description has had, and probably
always will have, great importance in biology—as it
does in other branches of science. The problem is to
explain what is described in a reductionistic fashion
that is parsimonious of principles and concepts. Empir-
ical description is not itself explanation, but only the
material that is to be comprehended by concepts. Read-
ers of the previous two parts of this series will know
that we believe that field thermodynamics provides the
basis for at least the first stage of the formation of
scientific concepts about function in any system, from
atoms to a universe of galaxies. (Even the subatomic
microcosm has thermodynamic characteristics, but
these have not yet been fully treated within physics
itself.)

Some Background Literature —
Whose Themes Do We Orchestrate?

The reader may find it of some interest to pursue a
line of reading that would highlight earlier attempts to
link a thermodynamic construct with both individual
organismic life and societal life. The selection is not
exhaustive; it is based on our tastes and experience.
Our thinking was significantly influenced by Sech-
enov’s lectures on the role of “vegetative” acts in animal
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life (53), Bernard’s classic study on experimental biol-
ogy (4), and Oparin’s study of the basis for life (48). We
have found Smuts’ holistic point of view reasonable and
provocative (55). Morowitz’ book (45), completed in 1968
under the same biophysical program (NASA) that sup-
ported our work (33), is based on a thesis with which
this series of articles is completely in accord, namely
that the flow of energy through a system, in a nonequi-
librium thermodynamic sense, acts to organize that
system. At the end of chapter 1, he offers a list of
references that is substantially similar to any selection
we could make to illustrate the physical literature that
encouraged and prepared us to tackle the connection
between life and thermodynamics. It includes writings
of Meyerhof (1924), Schrodinger (1945), Bridgman
(1941), Prigogine (1955), Katchalsky (1965), Elsasser
(1966), and Eyring (1941).

Most influential on the author in suggesting that
physics could stretch to biology was Gamow’s insatiable
quest for understanding nature by way of science, and
explaining it in ways that all might understand. Ga-
mow’s interests reached the subject of life (13, 14).

The dialogue that McCulloch carried out with physi-
cal scientists all over the world had one concern: “How
could science explain the functioning of the brain, and
the behavior of the organism?”’ That dialogue reached
out to touch the author. We have offered preliminary
forms of our answer (24, 37, 43).

A very specific thread of encouragement for a ther-
modynamic view came from the parallelism of thought
and informal collaboration between the author and B.
Goodwin. (For the parallelism, see (15, 24).)

A few more references might include Lotka (44) who
introduced a “program of physical biology” that ad-
dressed irreversibility in an evolutionary context. A
much lesser known work is the interesting but incom-
plete attempt by Seidenberg (54) to suggest the need to
define a determinism of historical processes, under
human culture, in thermodynamic terms. His work
reaches out to a classic call by the historian, Henry
Adams (1). More recently, of course, the work of Prigo-
gine and his colleagues on dissipative structures, ap-
plied both to biological organism and society, has at-
tracted great attention. (See for example (51).) Thus in
the work of Morowitz (45, 46), Goodwin and colleagues
(15), Prigogine and colleagues (51, 52), Katchalsky and
colleagues (42, 49), Onsager’s (see a memorial issue
(12)), and ours (25, 40), to name a few investigators and
illustrate their work, there are concentrated efforts to
apply irreversible thermodynamics to the living system.

We have tried to accomplish some reduction to phys-
ics generally guided by a thermodynamies not only for
process, but even for form, in the following areas of life
sciences: metabolism (23), vascular organization (32,
35), osmosis (41), arterial pressures pulses (35, 57),
behavior (37, 43), overall physiological rhythm analysis
(8, 33), and social phenomena (30, 34). Although the
accomplishments are uneven, the approach is unified,
and the examples cited should indicate the potential
wide range of applicability of the method. We acknowl-
edge, but do not agree with, the views of Eccles and
Popper (see (3, 50)) that a description of the internal
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world (“World 2”) of an organism cannot be reduced to a
physical description. Our own tentative views, to date,
have been expressed elsewhere (6, 37, 43).

The Objectives for Explanation and Analysis

In this present article we shall use notions introduced
in this series to suggest to the experimental biologist
what he would have to do to provide a generalizable
physical description of the preparation of interest to
him, should he be inclined to do so. Of course, a biologist
is free not to attempt a physical description, or a
reduction to physics; but then he can hardly claim that
such reduction is impossible, a claim that we suggest is
more often made than tested.

A physical (thermodynamic) reduction of a living
system has three objectives.

1) To describe and account for (near) periodic proc-
esses that sustain the living organism in its various
operating modes. These can be characterized by a spec-
trum for each physiological state of interest.

2) To describe and account for aperiodic processes by
which a living system changes its mode of operation, or
accomplishes successive stages of self-construction.

3) To analyze unit processes.

The works of Morowitz (45) and of Prigogine and
Nicolis (52) and ours (40) serve as excellent background
to approach these objectives, in which the thermody-
namic description has been generalized to include both
internally complex (homeokinetic), self-serving, auton-
omous systems more explicitly. These self-serving sys-
tems have internal process times and delays character-
istic of complex atomistic systems with high bulk-to-
shear viscosity ratios, and they transform energy by
means of an internal flow field with many localized
factory operations that are fluid processes, as described
earlier (31).

These authors are concerned with defensible physical
propositions of great generality. But an excellent begin-
ning thought may be found in a theorem of Morowitz
(45). The theorem is: “In steady-state systems, the flow
of energy through the system from a source to a sink
will lead to at least one cycle in the system.” Developing
his theme further, Morowitz demonstrates how molecu-
lar order arises in systems undergoing such energy
flow.

Intrinsically that theorem permits us to begin to look
at organized systems. As the area of his interest,
Morowitz has very validly chosen the particular path of
outlining and organizing the primitive chemistry of the
life process (46). Ours persists on the path of a general-
ized kinetics and statistical mechanics.

Kinetic Space-Time Considerations in the Local Field

To set the scene for presentation of a method or
strategy of applying a specific form of the thermody-
namic approach to experimental biology, we shall pro-
ceed as follows. We summarize some of the general
thermodynamic notions introduced in Part I of this
series (31) and then, in SecTION 2, we show a new
formulation, first as it is applied to a simple system.
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Though this new formulation contributes little novelty
or convenience for simple systems, the novel approach
lends itself better to experimental applications in biol-
ogy than would a heavily analytic treatment. In sgec-
TION 3 we shall discuss applying the new approach in a
fashion that appeals more directly to the geometry or
morphology of biological fields, and shall indicate that
the formulation can be used to arrive at a computable
form for experimental thermodynamics.

The difficulty in providing a general thermodynamics
for internally complex atomisms (e.g., the organism, or
a single cell) is that they are not made up of homogene-
ous isotropic spatial extensions. They contain both
lumped and discrete subelements as well as field proc-
esses; they have many levels of coupling. They are
factories. Therefore a unitary set of continuous field
equations won’'t do as a description. The equations
would have to be broken up into too many segments.
Yet the equations do contain an accounting of the
essential physical processes that might be represented.
So, instead, we attempt to work our way from inside to
outside, from below to above. We start from the identi-
fiable repetitive elements in our field. In a physics for
biology, say for the cell, this might be the collection of
dissimilar organelles. We ascend to that level of subor-
ganization because we now know that the cell, as a
factory, operates through unit processes at the organelle
level. Similarly for the complex organism, its physics
might start from the recognition of organ systems
rather than cells, and within those the functional unit
of the organ is the elementary atomism. Professor E. H.
Bloch, using a wealth of anatomic background and
experimental material, has undertaken anew the pur-
suit of this atomism, still poorly defined in the complex
biological organism. He has explored the issue in the
liver (5). We have collaborated with Bloch on the
functional unit in muscle. (For a preliminary report,
see chapter 5 in (30).)

But we want to richly present the fundamental ideas
of the tactics and methods, rather than present a
detailed biological study. So we frame our discussion as
if we were dealing with a simple physical example. The
methodology, however, remains general.

To make the discussion concrete, let us begin with
consideration of a simple system —that of a near-ideal
gas in a container. In a simple system, its atomisms
either have no internal structure, or their internal
degrees-of-freedom quickly equipartition energy during
each translational collision. We start with a single
substance in a single phase. The atomisms are atoms
(or molecules) of a gas, and these atomisms are in
motion. They collide, and they may also exhibit longer
range interactions when they are not in contact. Such
interactions will be of the van der Waal type and they
account for deviations of the behavior from that of an
ideal gas. The confined gas has internal energy, mani-
fested as kinetic energy, that is derived from the radia-
tion field and from other sources (if any) available at
the boundary. (In strictness we should also include
quantum mechanical zero-point energy which can be
viewed as arising as a nonthermal source from the
universe outside (7).)
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In the development to follow, we shall refer to proc-
esses in two or more different domains of time and
space, basically in two. In a simple gas system, only a
simple specification is needed of these two domains. In
a gas we have an ensemble in which we can identify the
fluctuating, atomistic units that persist'in their fluctua-
tions for a large, indefinite number of collisions. We can
characterize the average fluctuations by two parame-
ters: the space parameter §,, which is the average
displacement between collisions, and the time parame-
ter 7,, which is the mean relaxation time between
collisions. Both parameters are computed as moments
of statistical sets. The domain of 6, 7,) is the smallest
space-time scale to be considered. The ergodic hypothe-
sis supposes that over any extended epoch of observation
of the fluctuations, we shall obtain the same values of
8, and 7,. An important aspect of fluctuations in the @,
7,) domain is that they provide a significant measure of
the full dynamic range open to the atomisms in the field
system. For example, the ratio 8,/r, is the velocity of
sound in the gaseous medium. In spite of the fact that
the actual macroscopic (stream) velocity of the mole-
cules is practically zero, the fluctuational velocity has
an enormous range; it ranges from 0 to a number of
times the velocity of sound.

Then there is a second domain, of greater extent in
space and time than @, 7;). It is a minimum macro-
scopic scale, with parameters 8, and 7,, larger than 6,
and 7, respectively, at which the system is nearly at
thermodynamic equilibrium. In simple gases, the larger
scale is about 10 times the smaller (38).

The Local Source of Diffusion and Wave Propagation

We wish to examine the fluctuating atomistic entities
nested in §,, 7,) space. The atomistic entities in ©,, 7,)
space may be viewed as occupying their near-mean
state, on the average, in some regular array. Now let
the observer blink for 7, and examine the ensemble
again. It will not look much different from before. The
reason is that both the initial and final states are not
very far from equilibrium. What one will see is a change
in only a few entities, that will have exchanged location
or state with others. As we blink repeatedly, the ex-
change motions may have the character of the incoher-
ent motion of a random walk (prototypic diffusion) as a
few states are exchanged between entities outside and
inside some &, spaces, or the exchanges may appear to
have threads of coherent motion (wave propagation)
within a line of 5, spaces. These are the only two modes
possible at the scales of §,, 7,). As the space is extended
to ©¢, 7o), these exchanges are describable by transport
coefficients, whose measures are now constants inde-
pendent of the fluctuation time scale.

In a simple atomistic system, the quantized 6,, 7,)
space will be developed by the interaction through
collisions in the translational motion of the atomisms.
There will be no significant graininess within that
collisional process. On the other hand, in a complex
atomistic system, in which there is an entire complex
ring of factory processes within the atomism, the “day”
of the interaction will be the entire cycle of discrete but
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organized factory modes that go on internally. That day
and its scale wil! furnish the grainy §;, 7,) scale for
such complex atomisms. For example, in a cell, the
generation time is a most plausible time scale for ;. In
a complex organism, quite often the physical day-night
scale or the seasons of the year literally quantize the
“day” of the organism, as long as we only concern
ourselves with the life process, not the species reproduc-
tive cycle. Essentially all modal processes of the individ-
ual organism have been achieved on the average in a
day. The distinctions among systems closures will have
to be kept in mind. There is a thermodynamics of the
individual that need not be concerned with the more
extended social thermodynamics of the species. Never-
theless, we will address the problem of description as if
we were dealing with a simple system, but the time and
space scale has to cover the true fluctuating “day” of the
organism.

Global Convection

Competence for transport arises among the atomistic
entities from their collisional and dissipative interac-
tions. Although only the two modes of local processes
described above emerge from the local interactions—
diffusion as an incoherent process and wave propagation
as a coherent process at the ©,, 7,) scale, both essen-
tially at equilibrium at the ©,, 7¢) scale—nonlinear
convective processes may be seen to begin as convective
transports in the macroscopic field.

One notes that the equations of change describe field
processes that determine DF/D¢, where F is a summa-
tional invariant (31). Since the total change in time
depends both on space and time, in addition to 0 F/o¢ the
time-dependent component, there is a spatial-dependent
component V; 0F/ox;. It is that spatial-dependent com-
ponent which represents convection, the sweeping of a
velocity V; stream into a field against a gradient. The
process is macroscopic. It assumes the existence of a
gradient and of a cooperative ensemble. Neither of these
can be developed in less than §, 7,) space. (However, it
is not seriously possible to produce much convection at
this scale. The power required is too great.)

Comments on Time and Space Domains, and
Equilibrium

Part I of this series indicated that field thermody-
namics applies to systems globally removed from, but
locally near to, equilibrium (31). In the @, 7,) domain,
fluctuations cover the whole dynamic range open to the
system, whether or not the system in the large is at
equilibrium. In the larger ¢, 7o) domain the system
will always appear to be near equilibrium, whether or
not it is at equilibrium on any larger scale. At a scale
beyond (5, 7,) the global characteristics of a system,
including its convective transport have to be considered.
Globally a system will approach a uniform equilibrium
unless some inhomogeneity of a thermodynamic poten-
tial is present or it is driven by some external force.
Then at any domain larger than 6,, 7,), macroscopic
transport phenomena will be observed and will proceed
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according to the principles of nonequilibrium thermo-
dynamics.

Some discussions emphasize the far-from-equilibrium
global aspects of biological systems. We think this is a
misplaced emphasis in living systems if it neglects the
converse statement that near-equilibrium considera-
tions apply locally. Living systems are not explosive
systems, and they transform energy at modest rates.
They maintain local inhomogeneities by running engine
processes.

Elements of Thermodynamic Description —
Bookkeeping

In Tables 2 and 3 of Part I of this series the chief
elements of description from the point of view of field
thermodynamics were listed (31). Below we shall reca-
pitulate these points briefly, in the form of six steps
that would be required to obtain a complete bookkeep-
ing of the thermodynamic accounts for a system mani-
festing motion and change. Then, in SECTION 2, we show
how an experimental approach to that bookkeeping can
be conceptualized.

We can now turn to the bookkeeping necessary to
describe a simple system such as the gas under discus-
sion.

Step 1. Identify the persistent atomistic units of
interest (in this case atoms (or molecules) of the gas).

The experimentalist must always invest effort to
identify the atomisms. His identification may not be
perfect in his first modeling of the complex factory (e.g.,
of functional units) but will improve with increasing
study.

Step 2. Quantify the thermostatic potentials, includ-
ing those potentials that make up the equation of state.

Interaction in the ensemble is made up of supply
processes (e.g., distant radiation or stores) and dissipa-
tive processes. As a result an equilibrium state is
reached, locally, which is characterized by a time series
of fluctuations with a well-defined average space and
time scale. The ensemble will have a statistical distri-
bution function. That distribution function will be made
up of the statistically independent measures of summa-
tional or collisional invariants. For example, if there
are only three invariants, mass, linear momentum, and
energy, then the distribution function will relate to
these three invariants. That distribution function will
provide the measures for the three corresponding poten-
tials: density (mean number per unit volume), pressure
(mean momentum per unit surface area, independent of
orientation), and temperature (mean translational ki-
netic energy).

An equation of state follows from the following ele-
mentary consideration. The independence and inclu-
siveness of the measures of summational invariance,
associated with the atomistic fluctuations, means that
they are linearly associative (as a linear relation among
the mean fluctuations of mass, energy, and momen-
tum). But in addition the fluctuation of each summa-
tional invariant, conserved during collisions, samples
the entire dynamic range of the associated variable
(e.g., the mean square of the velocity fluctuation sam-
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ples the entire range). Therefore the difference equation
expressing the linear association can be replaced by a
continuous differential relation as long as the fluctua-
tion space and time scale are not invoked. That differ-
ential relation should then be integrable if the form of
the weighting coefficients is determined either theoret-
ically or experimentally. That integration provides the
equation of state as obtained for the local near-equilib-
rium region. It is extendable to all of the connected
region which is free of phase change.

The equation of state is the summation, over fluctua-
tions, of the linear associative relation among summa-
tional invariants.

Then other potentials may be defined in terms of
these basic potentials (e.g., enthalpy, free energy). That
all of these process definitions cannot be done solely in
terms of mechanical variables is well known as the
basis for the thermodynamic description. A constructive
“explanation” has recently been provided (40). The net
effect is that translational energy is partitioned among
all atomisms in contact with the system by the measure
of temperature. A second ensemble measure, the poten-
tial of entropy, indicates the direction that such trans-
lational energy exchanges will take between atomisms
in contact. In both simple and complex systems, there
will be characteristic processes by which translational
energy appears to empower internal modes (21). Among
all the potentials that can be formed, only a limited
number from this set of potentials are independent. In
the case of the simple gaseous system under discussion
only two, say temperature and pressure, are independ-
ent (for a system with a fixed number of atomisms).

Step 3. Identify as deviations from the mean state the
slow, dynamic changes that may be occurring.

Such dynamic changes are described by deviator
equations of change, one for each summational invar-
iant. They deal with how the diffusive transport proc-
esses that result from the presence of spatial gradients,
or time-dependent inputs globally change the local
summational invariants. Transport is a small or slow
stream response to a stress. It is a strain rate or a
deformation rate on a scale that is large compared to
the atomistic mean free path, and long compared to the
time period of the individual fluctuations in the micro-
domains. A system of nonlinear partial differential
equations then describes both the (thermostatic) state
and change in the field. A complete derivation is given
in (22) for hydrodynamic systems. It includes chemical
reaction among its processes. The set can be extended
to include gravity, electromagnetic interaction, and
elemental nucleosyntheses.

Step 4. Solve boundary value problems of interest,
i.e., for whatever theoretical or experimental field is of
interest.

The mathematical physics of such equation sets is
richer than one might casually surmise. The issue of
the relative stability of more than one type of mathe-
matical solution reaches the current state of the art of
this mathematical-physical subject (see for example
(20)). Loosely speaking, three types of solutions seem to
exist: the dissipative decay to a steady state, including
the rest state (29), the emergence of inhomogeneities of
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pure form (examples, Bénard cells, von Karman vortex
streets, Taylor cells), or the emergence of a complex
spectrum of periodic processes that more or less tends to
resemble chaos. There may be an intermediate region
between the latter two. It is this richness of a possibility
of nondecay states that is of merit for biology.

Step 5. Put together a systems’ model.

After solving various boundary value problems, spa-
tially lumped engineering “network” approximations
can be derived. Thus, for example, for processes that
are temporally very slow, a container of fluid acts as a
simple mass-spring network with damping. (Part I gave
the criterion that permits a lumped-parameter view of
a system (31)). Large spatial gradients can lead to
maintained conductive paths that would be regarded as
“facilitated” systems processes rather than molecular
processes. Out of the local near-equilibrium regions, a
field or network of such conductive elements and proc-
esses can be pieced out. (There is no difference in final
results between (,, 7,) computation and continuous
computation.)

Most current attempts at biological modeling of inter-
organ processes (examine most of the papers in (36)) are
based on such engineering network approximations.
When viewed as scientific models, they fail to validate
the underlying atomistic processes that give rise to
their lumped compartment ad hoc assumptions. We
have in general avoided that path of description, be-
cause it overlooks or glosses over the fundamental
physiology of the processes. That fundamental physiol-
ogy was contained in how the essential elements in the
functional unit cooperated so as to produce the local
summational invariants, by internal diffusion, wave
propagation, and convection.

Neither the engineering network view, nor the ther-
modynamic view presented here succeed in reaching the
problem of organismic evolution and development. But
this thermodynamic view is open to such extension
(witness stellar and cosmological evolution), whereas
the hard-wired engineering view 1is not.

Step 6. Now identify the ring of modes of the system
(e.g., the cooperative behavior among the functional
units in an organ, or the cooperative organs in an
organism).

The abstract character of modes possible are still
diffusion, wave propagation, and convection, as men-
tioned above and in Part I (31), but now at a systems’
level. The modal behavior should be obtainable from
the engineering systems’ model, or intuitively by com-
prehending the interactions between local components
and the global system. Obviously the formalism can
often help the intuition, but is no substitute for the
Trtaition.

In applying the above six steps, there is surprisingly
little need to deal with a description by temperature
and entropy variables. They do not provide insight into
the salient role which local dissipative processes play in
the creation of structure and function. The equations of
change that describe interesting transport phenomena
do not require an explicit entropy-production equation,
though entropy production is implicit in them.

A. S. IBERALL

SECTION 2. A NEW FORMULATION FOR A SIMPLE SYSTEM

The bookkeeping requirements listed above might
seem to tax the experimentalist. To make thermody-
namic descriptions more susceptible to quantification in
the experimental laboratory, we offer here a novel
approach that will be illustrated by considering diffu-
sive transports and sustained fluctuations, the basic
phenomena of field thermodynamics, at the local level
in the case of a near-ideal gas. In seEcTioN 3 we shall
consider its application to biology.

In a near-ideal gas the sustained fluctuations are
dissipative because the interactions of the particles are
not perfectly elastic. These dissipative interactions lead
to a cooperative sharing, or “equipartition,” of energy
among and within neighbors in the ensemble. The
fluctuations can be sustained because they meet their
energy requirements by drawing from a common store
of potential energy at the boundaries. Such fluctuations
are exhibited as mean free path-relaxation time phe-
nomena at every level —one may presume even down to
quantum mechanical levels (7). It is important to realize
that dissipative interactions, as fluctuations, constitute
thermodynamic engines (25), and they can be regarded
as approximate limit cycles in a phase space (with
momentum-displacement coordinates). In such a plot
the areas enclosed by the limit cycle trajectories repre-
sent the action of the fluctuations (see below). The
trajectories are parameterized by 6, and 7, and the limit
cycle quantizes the action. The above description applies
whether or not an equilibrium is present globally, and
is true whether the limit cycle is quantized by quantum
mechanics or as some macroscopic engine process.

Mapping Geometric Space and Action Space

Action (A) is the product of energy x time. At the
fluctuation level (single mode gas, or more complex ring
of internal modes) action is given by

- m@*
=
That energy-time product itself (the metabolic power
passing through the atomism) can be used to define the
limit cycle trajectory in a conceptual action space. The
phase space in which the single mode or ring of modes
is to be presented may be momentum versus displace-
ment in the case of the simple system, or the ordered
sequence of fractional daily power per mode versus time
in the case of complex systems.

Our task is to indicate, now, following a simple
system, how one keeps track of the local results.

So let us assign each atomism to a cubic lattice within
which its motional fluctuations-can be-confined. This ie
a geometric space. If the sustained motions were con-
servative, one could imagine each atomism remaining
in its box by making elastic collisions with its neighbors
in a fluctuational cyclic fashion. (For gas molecules,
whose mean free path is larger than one such box, one
might have to picture three or more atomisms per box
so as to satisfy momentum constraints in the x, y, and 2
directions, or one can imagine a larger domain made up

A ()
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of mean free path size. But if we move on to the more
complex case of liquid densities, then a more complex
motion of a liquid molecule in its cell can be imagined
by which its motional fluctuations can be confined. And
finally if we move on to complex “homeokinetic” at-
omisms in which most of the action is internal we can
similarly imagine motion and change within the con-
fined space.)

We want to keep track of these fluctuational motions
in action space. That abstract space, one cubicle per
geometric cubicle, presents the action taking place in
the geometric cubicle. For a simple gas molecule, occu-
pied only in translational motion, a suitable space is the
phase space of momentum versus displacement. The
total in-phase action is the area within the closed cycle.
For a more complex homeokinetic atomism, the phase
space of fractional daily power versus external clock
time can be used. In that space, the daily modes will be
tracked. The system exhibits a characteristic scanning
of its action modes, e.g., in a cell the cycle starting from
simple cell division (or reproduction) back to division;
in a mammal, the cycle from waking to waking; in a
species, the cycle from birth to birth. Again, the total-
in-phase action is the area within the closed cycle.

Insofar as the fluctuational motion persists, the dis-
tribution characteristics of the motion can be obtained
by averaging over the cubicle per “daily” relaxation
time through the various modes. This, for example, will
provide information about the local density of each
mass-species (e.g., as species composition of individual
mass atomisms), local “pressure” (i.e., momentum de-
livered on adjacent cubicles), their average free energy,
their average charge, and the average number of at-
omisms per unit volume (which is not precisely the
same as mass for species that live and die. Note that
one keeps track at the highest level of organization that
makes up atomisms in the system. Although we speci-
fied “one molecule,” “one cell,” “one individual,” it may
be a collection of such no longer identical elements, a
“heterarchy” of atomisms that make up the field sys-
tem. In a cell this could be the total of all subelement
organelles.).

The summational invariant character of the variables
being used shows itself in two ways. 1) We can see how
they make up the distribution function of the ensemble,
as we determine it from the individual action box. 2)
We can see how they make up the equation of state and
other thermodynamic potentials of the ensemble.

Since the fluctuations are large, they each sample
their dynamic space (e.g., the density in a fixed geomet-
ric box could fluctuate from no particles in it to being
quite crowded, even though the box averages one parti-
cle; the velocity can fluctuate from plus to minus a few
times the velocity of sound, even without making any
particular movement away from the geometric box). We
can characterize each fluctuation, not only by its mean
value, which gave the distribution function, but by its
next higher moment, the dispersion, e.g., the square
root of the variance. The characteristics of these mea-
sures are that they are statistically independent. Since
they are the only summational invariants, they are
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thus linearly dependent.

Since these fluctuations sample the entire dynamic
space, that linearly dependent relation, representing a
difference equation, can be integrated and it represents
the equation of state, as long as no shorter time than
the fluctuating cycle time is invoked. The cycle time
bears a definite finite relation to the total summed time
of all the relaxation modes (the “day” of the atomism).
Other potentials then follow from definition (e.g., given
UorT, and p, thenp, S, H, F, and G can be defined).

However, the sustained motions in the geometric
boxes are not conservative. The box walls are not
perfectly elastic, perfectly reflecting. After a character-
istic number of bounces the atomisms escape from their
boxes. The walls act as if they were “translucent.” Thus
one does not find a true closed conservative cycle. That
motion out of the geometric box is the prototype of a
diffusion, a lossy or dissipative process.

But the atomisms in the field are engaged in a
sustained collisional motion. They derive their lost
energy per cycle from the radiation field equilibrium (or
other sources, if made available through the bound-
aries) maintained at the wall boundary (e.g., as enclo-
sure or supply temperature). Although there is a ther-
modynamic loss associated with that service, at this
time we are not concerned with balancing the entire
universal account, only in describing the internally
sustained motion.

It is because that dissipative loss is made up, each
cycle, that the atomisms can be thought of as operating
in a limit cycle. Though on one hand, the individual
atomism may drift out of our geometric box (or one may
die, or interchange function with another), it is re-
placed. Thus in the action space, one actually sees
essentially sustained closed cycles of performance, even
though the actual geometric space is not closed.

The true action of concern to us, associated with the
“free” energy available above the mean, or in the
homeokinetic case, the mean daily power (e.g., 2,000
kcal/day for a human atomism, or some related specific
figure for a cell) times the day represents the net action,
or power-action available to overcome the dissipative
losses. It is that power which quantizes the atomism in
its action space. Note that the elementary kinetic the-
ory of a gaseous mean free path provides it with the
value v/C, the ratio of kinematic viscosity to propaga-
tion velocity. The kinematic viscosity represents the
lossy process of momentum diffusivity. Thus the sus-
tained mean free path literally emerges from a lossy
process.

So we observe how the statistical “mechanical” char-
acteristics are derived within the atomistic geometric
space which is mapped in a total or net action space.

Note that the basic step we have taken is to go from
the conceptual framework of the analytic formulation of
a force description —whether we precisely knew the
form of the force law or not—and transform it by
mapping into an action space in which we only have to
keep track, equivalently, of statistical moments of the
displacements, which were the effects of the forces. The
primitive form of that process was demonstrated by
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Einstein in his theory of Brownian motion, as Stokes-
Einstein diffusion. It was represented by the mean
square motional displacement as a function of time.

As Newton surmised, and Einstein underscored, we
are dynamically constrained, mechanically via forces,
only to the second derivative of displacement, and thus
mathematically to the concordant three moments.
These strictures apply equally to the thermostatics
(average time-independent processes) and the irrevers-
ible thermodynamics (time-dependent processes that
will depend on external forces or potentials).

Thus our thermostatics did not concern itself with the
loss processes by which the steady-state equilibrium
was maintained in the box. We said that if one imagined
a sustained motion in the geometric box (a closed cycle
in the action space), by which an invariant atomistic
player would continue to perform its cycle (e.g., mean
free path-relaxation time cycle, 6,,7,), or7, ands, = C/
7,, or related mean free path definitions from net lossy
“daily” power action), then one could obtain the ther-
mostatic potentials, e.g., its “daily” power, the external
time of its “day,” the materials and charges that it
processed (e.g., took in and put out), the matrix of its
action modes, its morphological life time.

On the other hand, the Stokes-Einstein diffusion
shows a random-walk variance in the motion of a
particle, that grows uniformly (e.g., spherically) with
time. The microscopic effect of such individual random
walks is exhibited as a relative directional diffusion
between particles 1 and 2 in a medium in which a
density gradient exists (whether of mass concentration,
temperature, or velocity). The diffusion appears now,
not as a random process but as vectored diffusion
according to a constant gradient. (Such connection is
shown by Eq. A1.60 in (41).)

Thus motional change out of the box can be assessed
by watching the time-dependent change, e.g., linear
change with time, among contiguous boxes. In 6, 7,)
space, the collection of boxes near equilibrium, one will
only find diffusions, wave propagations, and convec-
tions, although the processes may not be isotropic.

Summary

By abstracting real motion and change in geometric
space, through transforming them into motions in ac-
tion space, we can achieve a fresh view of thermostatics
and of diffusive transports. This approach relieves us of
the burden of dealing with the continuous differential
equations of Newtonian mechanistic analysis, with its
emphasis on idealizing detailed geometric paths of the
fluctuations. Instead we emphasize the statistical mo-
ments of the fluctuation process, derivable from obser-
vational time series.

It is not necessary to deal with a continuous set of
displacements, velocities, and accelerations in complet-
ing a description of local motion as diffusion, wave
propagation, or proper ensemble (stream) motion. As
Einstein’s development of Brownian movement ex-
hibits, the system is dynamically constrained in me-
chanical analysis by the forces acting on the local
ensemble and their effects on the derivatives of displace-
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ment. When we are near equilibrium (no net external
forces) the lowest moment of displacement approxi-
mates zero; the time series of the displacements sums to
zero. (Its time series diverges like the number series 1,
-1, +1, =1, +1, ... . The atom doesn’t seem to go any
place.) The marvel of the Einstein derivation of Brown-
ian motion was the decision to sum the second moment
of displacement, i.e., the square of the displacement, its
variance. By examining the equipartitioning of energy
with the underlying field atomisms, Einstein showed
that any isolated particle draws its sustenance (en-
ergy) from the apparent “noise” of the underlying at-
omisms, and so its mean square displacement increases
linearly with time. That is the essence of the Stokes-
Einstein diffusion process.

From its very nature, in which the fluctuating parti-
cle integrates the underlying motion, the Einstein fluc-
tuation model cannot hold down to a fraction of the 7,
time scale. By virtue of the integrating property, the
description of motion becomes asymptotically valid at
about the 2-3 7, time scale. Below that scale, a different
mapping with an appropriate kinetics must be used.
This appropriate kinetics in some cases might be kinetic
theory, or in some cases quantum mechanics.

The near-equilibrium physics, summarized above,
emerged out of little more than a Newtonian mechani-
cal outlook based on the physical forces of electromagne-
tism and gravitation, and a quantization of cyclic ac-
tion. Through it, by taking the field view, we do not
have to account for the instantaneous atomistic mo-
tions, but instead we transfer our attention away from
the detailed continuous motions in geometrical space to
the quantized action motions in action space. In this
transformation the underlying continuous motion gen-
erates a discrete time series of states. That result is the
key: it is from the time series of states that we extract
the various statistical moments. The discrete elements
of change are the fluctuations in 7, time. Any sustained
accelerational bias via persistent forces in this Newton-
ian mechanics can be associated with a higher statisti-
cal moment in addition to the Einsteinian diffusion.
But the lower statistical characteristics of all the quan-
tized action cycles at the atomistic level provide us with
a complete thermodynamic account consisting of the
distribution function, the various thermodynamic po-
tentials, and other constituitive relations for the ensem-
ble in the @, 7,) domain, without our ever having to
attend to individual fluctuational paths. Then in the
space-time scale beyond, only the remaining dynamic
constraints are relevant. This fact represents an enor-
mous simplification over the conventional analysis, and
provides a basis for an experimental approach to ther-
modynamics of living systems that would otherwise be
impractical (SECTION 3).

When a Stokes-Einstein fluctuation step is made, the
process is near thermodynamic equilibrium locally,
even though an individual fluctuation may be enor-
mous. In a liquid, the process is at equilibrium. The
underlying atomicities have been sampled for tempera-
ture, for density, for momentum. Each particle’s state
has been averaged through the ongoing actions of its
neighbors. Thus, the Stokes-Einstein process, step by

9002 ‘z 1snbny uo 6o ABojoisAyd-nbaidle woiy papeojumoq



http://ajpregu.physiology.org

INVITED OPINION

step, can be used for descriptions up to the limits of
thermodynamic descriptions. It is good to 2-3 7,. It can
be used to account for Burnett-type transport (16-19, 21,
22) as well as for the near-continuum and continuum
equilibrium of a Navier-Stokes description of fluid proc-
esses (41). We will make the point again that such
processes may be far from equilibrium globally, over a
large ensemble; yet locally, at time and displacement
scales not too far removed from @,, 7,), they are near
equilibrium. Why? Because individual fluctuations sub-
stantially sample the entire dynamic range and the
system is integrated over a collection of sample data
first up to and then beyond the 3, 7,) scale. The critical
issue, as with all such time series, is the choice for an
appropriate, finite scale to establish good statistical
measures. For complex systems, we require bookkeep-
ing only in terms of fluctuation numbers commensurate
with the largest relaxation time that maps major seg-
ments of the modal action space. However, we must
identify the modes. At this scale all of these fluctuations
that constitute engine cycle processes with underlying
subatomistic escapements appear “random,” but in
summation they make up the distribution function.
Then, at system’s scale beyond @, 7,), we can develop
the historical (time-dependent) process for the system
by a network engineering description (29).

SECTION 3. APPLICATION TO BIOLOGY

Up to this point we have been mainly concentrating
on a simple system, as if it were a near-ideal gas in
which translational degrees-of-freedom dominate the
expenditure of energy. But closely packed clusters of
liquid or plastic cells, or living cells carry out dissipative
processes within their many interior degrees-of-free-
dom, with translational motion being only a secondary
consideration. Most of our concerns are the coherent
ring of action modes among those essential actions
required for the system to persist. In fact, examination
of the caloric expenditure of an Escherichia coli orga-
nism shows that it spends about 85% of its energy just
maintaining itself. Similarly, with human beings we
find that the “basal” metabolic rate is likely to represent
more than two-thirds of the daily caloric expenditure,
even for active people. Therefore, we must now apply
the nonanalytic, time-series approach to the statistical
quantification of thermostatic and thermodynamic re-
lations, to encompass systems much more complex than
simple gases, especially homeokinetic systems. There is
no inherent difficulty in extending the thermodynamic
notions to a more general phase space of the modified
degrees-of-freedom, which now include both the inte-
grated fast external (e.g., translational) and slow inter-
nal (e.g., concentration, electric, or chemical potential)
variables. There is no longer any need to assume
equipartition of energy between external and internal
degrees-of-freedom. The scale 7, can now refer to the
cycle time of internal modes that is involved in the
major average repeated cycles of action in the living
systems, i.e., its “day.” Action would still be the energy
x time product (with an associated, virtual mean free
path in action space).
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A Metric for Complexity

By comparison to a human being, E. coli is simple. It
has perhaps a thousand genes (and proteins), and a
very limited repertoire of behavior. But there is no
denying that it is a complete self-serving, autonomous,
homeokinetic system, compared to which the nonideal
gas, discussed above, is trivially simple. A metric of
complexity would reflect the number of microstates
(dynamic states in phase space complexions), or inter-
nal action modes available to a system. By that metric
a monatomic gas would be the least complex of all
(noncrystalline) systems, a diatomic gas would be sim-
ple, an E. coli organism would be complex, and a single
human being would seem still more complex. A society
of human beings, paradoxically, is not necessarily more
complex than the individuals that comprise it and,
indeed, superficially lends itself at least as readily to a
field thermodynamic approach as does an individual
organism. The reason is this: field thermodynamics is a
statistical science; it deals with ensembles of individ-
uals, but not with the uniqueness of individuals. In
fact, it is only the common attributes required for
survivorship by individuals that contribute to the statis-
tical characteristics of an ensemble. Therefore, the
artistic view of the uniqueness of each created unit is
not encompassed in this statistical view. However,
human individuals viewed as atoms operating near
equilibrium in a statistical mechanical ensemble do
generate the political, economic, and historical proc-
esses that define cultures (30, 34).

For those who wish to reflect upon a metric for order,
or organization, Morowitz has offered an interesting
approach (46), compatible with our Boltzmannian view
(41).

Communal Organization in Living Systems

The biological medium is more of a gel than possessed
of a pure crystalline or fluid character. The implication
of this fact is that when we view a morphological field
we must expect to find evidence of fluidlike —both
material and electric—communications among sur-
rounding neighbors (e.g., cells in an organ). Iberall and
Schindler (38) have concluded that communal organi-
zation in liquids, gels, or even in living cellular arrays,
begins with a coordination number of about 20 near
neighbors. An elegant article on amorphous solids (11)
lends support to this conclusion. Its findings indicate an
average packing ratio of 0.64 with peak occupation at r
= 1 and r = 1.75. Modeling these numbers as spheres
shows that 18 “spheres” cluster around a center. Quite
often detailed crystallography obscures that simple fact
that in mobile crowded media, all the close neighbors
tend to be involved before a Stokes-Einstein diffusion
step (a fluctuation) can take place.

Thus fluctuations tend to involve all the near neigh-
bors, which can be imagined to be arrayed 3 x 3 x 3, if
portrayed simply in a cubelike organization, or, in the
case of a cellular tissue, perhaps as a more nearly
spherical cell with six others in immediate contact, and
two (circular) sheets of seven cells each, one above and
one below the central cluster. The removal of one or two
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cells from such a close pack then permits liquidlike
diffusivity (38). More elaborate communal organization
occurs in the form of the functional units of organs and
tissues, the disparate cellular elements of organ unit,
vascular unit, nerve units, lymphatic unit, and involv-
ing also nerve control of the vascular unit. (We are
indebted to Professor E. Bloch for many useful discus-
sions of functional units (5).)

A functional unit is that cluster of elements of various
kinds that is just sufficiently organized to produce a
complete element of persistent function, characteristic
of the organ or tissue under examination. For example,
in the case of muscle the functional unit appears to
include the entire length of a bundle of muscle fibers,
their capillary blood supply, their lymph supply, their
afferent and efferent nerve supplies, and the autonomic
nerve supply of the arterioles. (Notions developed in
collaboration with Professor Bloch; see chapter 5 in
(30).)

The islets of Langerhans of the endocrine pancreas
are a clear example of a functional unit. The islets
consist of an ordered cluster of a-, 8-, and -cells capable
of releasing glucagon, insulin, or somatostatin, respec-
tively. (Other cells of unknown function are also pres-
ent.) These cells talk to each other, and receive both
sympathetic and parasympathetic innervation. They
share a common blood and lymphatic supply. The islet
is an atomistic factory station in the thermodynamic
field of glucoregulation processes. Islets communicate
with each other indirectly through their cooperative
influences on blood glucose and amino acid levels that
serve as inputs to all of them, and they are coordinated
by the neural supply.

In every case of physiological analysis, at any field
level, it is helpful to identify, at least approximately,
the elements of function —the functional units—and to
specify how they interact with each other as atomisms
in a field. The advantage of this approach is that it
forces structure and function to be considered simulta-
neously and according to the physical requirements of
the system. It is not a trivial fact that structure is
function, at all levels. Structure is always an expression
of the functions of energetic particles at different levels,
under conditions in which interactions are very strong.
At each succeeding level, new functions emerge from
the structures produced by lower level functions, gen-
erally involving weaker forces.

This outlook toward physiological analysis is based
on the premise that the autonomous operation of the
biological field under study is the concern of the inves-
tigator. Then the identification of the complete func-
tional unit and the use of the apparatus of irreversible
thermodynamics is necessary. On the other hand, many
investigators have more limited concerns. Their inter-
est may only be in identifying a particular unit process,
e.g., the role of calcium in synaptic transmission. While
identifying such unit processes creates most of the
excitement in biological research, that interest must be
distinguished from a different task, determining the
integrative function in the system. That interest re-
quires the thermodynamic view.

The complete thermodynamic view requires a knowl-
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edge of the unit processes (e.g., the functional units).
Conversely the thermodynamic view can point to miss-
ing unit processes or functions at every organizational
level in the organism (see for example (34) or (43)).

An important consequence of the communal organi-
zation of the atomisms of living systems is that we can
expect to find for them a @, 7,) domain in which near-
continuum transport phenomena can be observed. The
major difference between their complexity and that for
simple systems is that the 5, space derives from the
internal communal action. The three modes of transport
identified for the simple gas system (diffusion, wave
propagation, and convection) still characterize the
transports, but a large amount of the diffusion will be
internalized. Furthermore, these modes are easily
found in various living systems, as exemplified below.

1) Diffusion: exchange of oxygen and other small
molecules in capillary beds; thermal conduction of en-
ergy away from such heat-producing sources as muscle;
or the spread of population, pottery, metallurgy, farm-
ing among people (see, for example, discussion in chap-
ter 25, “How neolithic ideas spread” in (56) for illustra-
tions of cultural diffusion, dealing with both the popu-
lations and their artifacts; or see in particular (10)
which provides details on the spread of agriculture).

2) Convection: the circulation of the blood, internal
heat transfer in the body.

3) Wave propagation: pacemaker rhythms in the
heart, or uterus; wavelike coordination of locomotion
spreading from cell to cell in multicellular organisms,
or within a cell in single-cell organisms; population
waves spreading from Europe or reverberating within
the United States (as they are now doing from the West
Coast back toward the East Coast, refracting toward
the Sunbelt); the spread of revolution in France (vividly
depicted and elegantly documented in Lefebvre, The
Great Fear of 1789).

Wherever there are transport phenomena, field ther-
modynamics applies and tells us what we seek. After
we have found the transport modes, we can look for the
conservations underlying them. Below the atom, the
many conservations exhibited by so-called fundamental
particles are still in process of discovery. Above the
atom we have the conservations of mechanical systems
(energy, mass-species, momentum or action, charge).
For a species of organisms, we have population number
(not with the constancy of a physical conservation, but
similar in character. As an extended version of a
summational invariant, individual members of a spe-
cies behave as if they mean to persist in numbers. For
this they carry an elaborate genetic code and persist-
ently exhibit processes that replicate individuals). For a
modern human society we have value-in-exchange (a
concept that clearly dominates economic behavior and
is also of the character of a summational invariant). It
takes some deep reflection to realize that value-in-
exchange is in fact a thermodynamic variable that is
conserved in transactions, and that a social physics can
be built to include it (chapter 12 in (30); (34)).

Of all the transport phenomena, diffusion is the most
profound because it plays the unique role of local
dissipative exchange, the “arrow of time” for causality
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(29), which is at the heart of all scientific systems
analysis. But all three transport modes must be ac-
counted for in a complete thermodynamic description.
We recognize that biologists are usually focussed on
particular cases of transport but we want to emphasize
again the universality of transport phenomena. The
very generality of physics cannot guarantee what strat-
egies nature may have used in a particular case (unless
a great deal of detail is available), but it does guarantee
that transport will exist and will be of some general
form (diffusion, wave propagation, or convection). Even
the traces of ideas are subject to the laws of transport as
surely as if they were material. One man’s concept,
spoken or written or otherwise manifested, is another
man’s percept, and a transport, commonly diffusive, has
occurred between them.

If we seem to make an apotheosis of transports,
perhaps irrelevantly but not irreverently, we offer the
image on the ceiling of the tomb of Ramses VI, in the
Valley of the Kings. There, in surviving, splendid color,
is a vivid picture of the transport of the sun god Ra
through the intestines of the goddess Nut, who swallows
him at every dusk, and carries him in her bowels
through the twelve stages of the night, to recycle him at
each dawn, born again, and ready to being a new day
9.

The Experimental Approach

To achieve a rich thermodynamic description of the
experimental field of observation the biologist will need
to carry out the following steps.

1) Specification of the atomisms and ensemble of
interest.

Table 1 suggests some examples of atomistic units
and their ensembles, or clusters, that may seem appro-
priate for thermodynamic description. Each ensemble,
or cluster, is part of a field at a given level in which

TABLE 1. Some biological fields
for thermodynamic description

Relevant Ensemble, Cluster, Factory

Atomistic Units Stations —in the Field of the Same Level*

1. Polyribosome 1.
. Mitochondrion 2.

Rough endoplasmic reticulum

Clusters of mitochondria at sites of trans-
ports or syntheses

Colony of . coli

DNA, and the constellation of RNA's,
and enzymes that accomplish synthe-
sis, repair, excision, readout, etc.

Functional unit of liver (with blood sup-
ply. neural supply, bile duct, Kupfer
cells)

Extensors and flexors of thigh

Whole musculoskeletal system and motor
control system

Cluster of digestive tract organs, exo-
crine and endocrine, with their infor-
mational connections through hor-
mones and nerves

The committee as a body

[

3. E. coli organism 3.
4. DNA 4.

>

. Hepatocytes 5.

6. Quadriceps muscle 6.
. Extensors and flexors of thigh 7.

Y

8. Liver as organ 8.

9. Admissions committee member (e.g.. 9.
of a medical school}
10. The Admissions committee 10. The faculty, student body, administra-

tion, and the applicant pool

* These are putative fields. Further consideration of particular cases would almost
certainly lead to a redefinition of the field. The very act of deciding on the field highlights
thermodynamic issues very effectively and stimulates a deeply meaningful consideration of
what it means to relate structure and function.
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many different station or factory processes are located.
The image is that of a pinball machine (25). It can
immediately be seen from Table 1 that the guidelines
for identifying the true thermodynamic field and all the
relevant players and factory departments for an ensem-
ble of atomistic units are not obvious. In the case of the
ideal gas the atomisms are all alike materially, though
at any instant they vary energetically, and there is no
difficulty in specifying the atomism or the ensemble
field. What about the case in which atomisms in a field
seem to be of different kinds? A thermodynamic field
need not be homogeneous, isotropic, or of single sub-
stance and simple phase. In the biological case we have
inhomogeneous, anisotropic fields of many different
atomisms at many levels. The field of a eucaryotic cell
has a great number of organelles that cooperate in
producing its integrative function. A large number of
alternative operating states of the kidney or liver have
to be reviewed in determining what are their irreducible
functional units. Depicting the circulations in a city or
the conflict of polities in a civilizational web may
complete the required images. The thermodynamic de-
scription must be arrived at with great care in all such
cases, but, fortunately, the description may not be very
complicated in its essentials even when the field is
variegated. The fundamental notions of fluctuations,
interactions, conservations, engine cycles, spectral
properties, and transport modes still serve as the basis
for the thermodynamic bookkeeping. If they are ac-
counted for, the system will be described adequately in
a physical sense. It is not trivial to define a thermody-
namic field competent to support integrative function.

2) The time series of fluctuations must be deter-
mined.

Because the fluctuations will usually be manifesta-
tions of engine cycles, a statistical spectral analysis
represents a first approach (23, 33, 47). Zero frequency,
low, middle high, and very high frequency domains can
be described. For example, neurons of the locus ceruleus
twinkle at several hundred times per second; parts of
the thalamus respond, and the signals forwarded to the
neocortex cause it to cycle in alertness, in oral behavior
modes, in dreaming (REM) sleep, and NREM sleep,
involving 90-min episodes, 24-h periods, and probably
even still longer periods. Here the thermodynamic field
is that of the brain structures involved in activity and
alertness or their opposites.

3) Diffusive processes must be identified.

We refer here to a Stokes-Einstein type of process
occurring on the ,, 7,) scale appropriate to the at-
omisms in the field. For instance, a major news event
may diffuse and propagate through the various polities
and communities of human beings before, during, and
after the very high frequency wave propagation by
radio and television. In the case of word-of-mouth inter-
actions, mean free paths and mean times between
contacts can be found, and they parameterize the proc-
ess. We deliberately chose a communicational example
in which human beings were the atoms to illustrate a
diffusive phenomenon, to make certain that the reader
understands that diffusive transport is not limited to
molecules. It is a generalized phenomenon. However, it
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is necessary to study whether the geometric field is
involved in isotropic and homogeneous fashion or, as is
more usual in living systems, inhomogeneously and
anisotropically. One notes that the field of the living
system is remarkably organized with potentials that do
not particularly exceed 70 mV, 25 Torr, a few degrees
Celsius.

4) Other transport modes must be identified.

These are wave propagation and convection. To illus-
trate: axoplasmic flows in neural nets should lend
themselves well to thermodynamic description. What
are the characteristic time and space parameters? What
are the atomistic units in the dendrites, axons, and
soma (microtubules?)? What is the transport mode
(diffusion, convection, or wavelike propagation?)? What
is the energy source? What is the spectrum?

By integrating over experimentally derived data, an
empirical determination of coefficients for all of the
exhibited transports, propagations, and convections can
be obtained, according to the technique outlined in
secTiON 2. Both wired nets (facilitated paths) and fields
will be found.

5) A summarizing description for the field should be
generated.

Having identified atomisms, fields, transport modes,
and spectra, and the statistics of fluctuations, we can
now concentrate on the quantities that are conserved in
the interactions and their more global changes. (Note
that structure itself and its persistent function is con-
served, through maintenance!) Now we are prepared to
close the books. From all these qualitative and quanti-
tative specifications a summarizing field thermody-
namic description must emerge, in three parts: a) the
thermostatic description, b) the irreversible thermody-
namic description, and ¢) the engineering network
description. We ask that the fundamental physiology of
state and rate be identified and developed before the
common analytic processes, generally invoked by sys-
tems biologists and biomedical engineers, is applied
(36).

At the present state of description, we do not believe
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Correction to Part |

Volume 234, November 1977
Volume 2, November 1977

Page R171: A. S. Iberall. “A field and circuit thermodynamics for integrative
physiology. I. Introduction to the general notions.” Page R176: delete V, from

Eqgs. 8 and 9, which should now read

Si= _[P+}\ Dt

S,= —Ps

]

Dinp

B

9

Page R180: reference 21 should read; Waddington, C. Toward a Theoretical
Biology. 2. Sketches. Chicago, Ill.: Aldine, 1969. (Discussion by H. Pattee, p.

268-284.)
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