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The recent advent and subsequent availability of sophisticated
computing systems have stimulated a concurrent growth in
mathematical modeling of physical systems of many tvpes.

Such modeling has played a necessary and even vital role in
the development of present-day technology, particularly

in relation to space exploration. One of the most interesting
areas in which modeling is presently being utilized is related
to physiological systems. Modeling of human body functions

is a relatively new area of scientific endeavor that is
interdisciplinary by its very nature, requiring expertise in
physiology, physical chemistry, system control and numerical
analysis. The human system consists of an aggregate of
subsystems, each one of which is itself complicated, integrated
so that the system as a whole maintains homeostasis. Each
subsystem may be viewed as a type of feedback control system
operating normally with negative feedback to restore stress
conditions to normal conditions.

There is no unambiguous division of body functions into
subsystems. In fact, any such division requires that the
subsystems so defined have large overlapping areas and thus
tend to be somewhat duplicative. In spite of this, it is
convenient to regard the automatic control systems of the
body as consisting of the cardiovascular system, the respiratory
system, the thermal reguldtory system, and the fluid and

electrolyte system. Such a division has been utilized by
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numerous researchers who have subjected these subsystems to
close scrutiny. The ultimate objective in human system modeling
is to produce not only reliable subsystem models but also an
integrated model with each subsystem acting in concert with
other subsystems simulating the entire dynamic system.

In this study report research in the area of modeling of
the fluid and electrolyte system will be briefly reviewed
and a model of this system which is adequate for a basic
description of the requi;ite physiological processes will
be presented. The use of this model as an individual subsystem
model and as a component of a more complete human model will
be discussed.

Models of the Fluia and Electrolyte System

Fluid and electrolyte balance in the human system are
controlled chiefly by the kidney acting in conjunction with the
endocrine and circulatory systems. The complete specification
of even an elementary model of this system requires that
several compartments be included. These compartments will
vary slightly from model to model depending on the approach
and objective of the researcher, but usually will include
interstitial, cellular, plasma, lymph, and kidney compartments.
The present state of physiological knowledge of the fluid and
electrolyte system is well summarized in several places

(1), (2), (3), (4), (5) and will not be reviewed here.
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The most detailed model of the kidney itself that has
been constructed is that of Abbrecht (6). This model inccrporates
the most significant features of the architecture of the
kidney and mathematically describes the functioning of the
basic units in order to see to what extent such a model can
explain the concentrative function of the kidney. The glomerular
filtration rate 1s treated as an input parameter and the
differential equations for transfer of water and solutes are
developed under the assumption that the primary driving
forces are the osmotic effect of the plasma proteins and the
active transport of one solute across the walls of the nephric
tupules. The resulting system of 20 to 30 ordinary differential
equations are of che form of a multiple point boundary value
problem of some complexity. Consequently the equations were
not solved numerically and the main use of this model is
conceptual in nature. Although interesting in itself because
of its complexity, the model developed has little applicability
in the area of overall fluid and electrolyte requlation.
Other models developed by Abbrecht in areas somewhat related
to renal dynamics include a mathematical model for the control
system for erythropoiesis (7), and a model of the patient-
artificial kidney system (8).

An extensive model of the nonequilibrium kinetics of
water and major electrolytes in the human body has been prepared
by Alvi and Lyman (9). This model, like the model of Abbrecht,

is conceptual in nature since the relevent system of differential
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equations is not solved numerically. The model considers
. water and four major electrolytes, Nat, k*, ca**, and c1~.
The body is divided into the following compartments: plasma,
red blood cells, interstitial fluid, intracellular fluid,
connective tissue fluid, transcellular fluid, and exchangeable
bone. The input comes from the gastrointestinal tract and the
output is regulated by the nephrons of the kidney. Active
and passive flux of each ion is considered across the various
types of membruanes that separate all the body compartments.
Much of the known physiclogy and physical chemistry of the
body is summarized by this model, but since a large number
of the relevant parameters are unknown and difficult o
determine the solution of the model equations would not be
an easy task. Some of the equations given seem to be used
out of context and there may be some question about the validity
of these equations. In spite of this, the model does summarize
a large number of facts about the fluid and electrolyte system
in the body and thus represents a useful contribution to the
literature.

Thomas G. Cleaver has developed a basic model of fluid
flow and electrolyte balance in the body (10) that is amenable
to numerical treatment. A modification of this model has
been prepared by White and Neal for use by GE and NASA-MSC

and a report is available (11) which details the physiology
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and numerical analysis used by the model. Basically, the model
is a three compartment model (plasma, interstitial fluid and
cellular fluid) considering the dynamic changes in the levels
of sodium, potassium, chloride and urea accompanying various
oral input water loads. This model is an excellent one on
which to learn how models work and what to expect from them.
It is nct large enough to be suitable for a model of long-
term regulation of fluids and electrolytes since autonomic
control is completely neglected and the circulatory subsystem
model is gquite crude.

DeHaven and Shapiro have presented large-scale "chemical"
models of certain aspects of renal control of body fl ids
and electrolytes (12), (13). These models are of a considerably
different nature from most of the other models presented in
this report. The varicus body compartments (urine, plasma,
red cells, interstitial fluid, intracellular fluid, and plasma
gaseous phase) are considered to be homogeneous phases separated
by membranes which maintain fixed concentration ratios of
various chemical species in various phases. A total of 129
chemical species defined by 29 components plus antidiuretic
hormone are utilized in the most recent of these models.
The body is assumed to be in an idealized standard steady-
state condition and the chemical composition problem is
solved to obtain standard "equilibrium" constants or free-

energy parameters. Stress is introduced into the system
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by varying values of the composition of one or several species.

The chemical composition problem is then solved for the

"new" values of the concentration of the species using the
previously calculated standard free-energy parameters (by
minimizing the relevant functional numerically). Stress is
assumed to produce no change in the standard free-energy
parameters. Time is introduced by requiring that the input
to the plasma at time tg + h be exactly the output of the
urine at time tg. This model cunsiders no direct dynamic
simulation. This type of model is important because it demonstrates
clearly that very large chemical composition problems can be
handled effectively. The model may also be suitable for use
in certain types of experimental situations (which do not seem
to be clearly defined). Although chemical processes may be
dominant in these situations, there are many other situations
where the circulatory system, the neural system, and the
endocrine system act in concert with the intrinsic intraphase
and transmembrane chemical processes to regulate fluids and
electrolytes. It scems likely that a combination of a chemical
model like this one and a physical flow model like Cleaver's
(10), (11) would produce more useful results than either one
would by itself. This area merits serious study in the future.
A simulation of hemodynamics and fluid and electrolyte
balance in the body designed to give medical students an

interactive routinc capable of reacting, in a gross sense,
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like an average patient has been prepared by Dickinson (14).
This program produces data xelevant to a patient's condition
including statements made directly by the patient. The model
is not truly dynamic, but utilizes a steady-state analysis at
the end of four-hour intervals. The model accomplishes its
desired cbjectives, but the amount of emiricism included
in certain segments (as in urine output calculations) tends
to go beyond accepted physiology.

Electronic analogues of the renal electrolyte system
have been prepared by several researchers (15), (16), (17).
Each of these models provides a number of important conceptual
ideas on regulaticn of water and electrolytes, but each has
certain deficiencies which cause the models themselves to have
only limited direct applicability. The model of Koshikawa
and Suzuki (15) omits many of the components of long term
reguliation like the circulatory system. Levine's model (16)
leads to a set of simultaneous equations that was not solved
and so the model is mainly conceptual. Reeve and Kulhanek
(16) present a model which incorporates a thirst mechanism
but holds body solutes at fixed levels. The interaction between
the circulatory system and the fluid balance system is also

omitted. Thus the model does not tend o be of wide utility.
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An Adequate Basic Model of Fluid and Electrolyte Control

The best, most comprehensive model of fluid and electrolyte
control presently available has been constructed by Guyton
and co-workers (18). The relevant systems analysis has been
divided into 18 major systems that enter into circulatory,
fluid, and electrolyte controcl. The subsystems involved include
circulatory dynamics, capillary membrane dynamics, tissue
fluids, electrolytes and cell water, pulmonary dynamics and
fluids, angiotensin, aldosterone, and antidiuretic hormone
control, thirst and drinking, kidney dynamics and excretion,
muscle and non-muscle blood flow, autonomic control, heart
rate and stroke volume, heart deterioration, red cell and
blocd viscosity, non-muscle oxygen delivery, and vascular stress
relaxation. Most of the analysis was bhased on actual experimental
data and has been tested extensively. The model illustrates
guite clearly the importance ci considering the interaction
between various subsystems in predicting fluid volumes and
electrolyte levels. The system modeled and the mocdel itself
are extremely stable, so much so that the function cf any
single control mechanism can be in error by as much as *+50%
without significantly affecting the overall output of the
system. One of the most important features of this model is
that it is large enough to obtain this stability level.
Because of this stability, the model is adequate for predicting

the outcome of many experiments in spite of the fact that
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each subsystem is modeled in a gross sense only with many
minute details omitted.

Some of the experiments which have been performed with
thig model are simulation of the development of hypertension
in a salt locaded, renal deficient patient, simulation of congestive
heart failure, simulation of nephrosis, simulation of circulatory
changes during severe muscle exercise, simulation of unilateral
heart failure of the right or left side, simulation of the
effects of the removal of the sympathetic nervous system on
circulatory function, simulation of infusions of various types,
simulation of the effects of extreme reduction of renal function
on circulatecry function and others. The model performed adequately
in almost every case and represents an effective subsystem
model.

Propably the most serious weakness in the model is the
lack of a description of hydrogen ion regulation. Hydrogen
ion levels are controlled by the renal system, the buffering
system of the body, and the respiratory system acting together
and, in fact, are one controller of respiration (19). Thus,
the hydrogen ion control system should be included in a model
of circulatory and renal function if that model is to be used
as a component of a whole body model including respiration

since it is one of the main connecting links between the
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circulatory and renal systems and the respiratory system. The
basic knowledge required to simulate hydrogen ion control is
available and is summarized in several places (2), (20), (21),
(22) , (23).

Hydrogen ion control will be added to the presently
available Guyton model in order to produce a model which
conld adequately serve not only as a valuable subsystem model

but alsc could function as a component of an overall body model.

it
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