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PREFACE 

ThLs Memorandum concerns the general problem of 

computing the distribution 0 2  chemical species in a well- 

defined biological subsystem at steady state. As such, 

it is one of a series of studies by various authors (see 

bibliography for a partial listing) at The RAND Corpora- 

tion relating to the same area of biochemical research. 

In particular, we show here a mathematical method for 

computing the fluid and electrolyte distribution in simul- 

taneous subcompartments of the human body at rest and 

under various stresses. This amounts to a mathematical 

model of the subsystem which can be used, with specific 

reservations, to predict the results of clinical and 

laboratory experiments and to deduce the state of experi- 

mentally unavailable human subcompartments. 

Although several such mathematical experiments are 

discussed, the model described in this report should be 

regarded as an interim stage in the development of a 

sufficiently complex research model of the whole body 

fluid and electrolyte balance. 
* 

The coauthor, Dr. Gilbert B. Bradham, is a consultant 

to The RAND Corporation. At the time of this research, 
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Dr. Bradham was a National Institutes of Health Fellow at 

the School of Medicine, Department of Surgery, University 

of California at Los Angeles. Mow he is at the Medical 

College Hospital of the Medical College of South Carolina. 

P 

c, 



-V- 

This Memorandum presents a conceptual model and a 

mathematical method for computing the physiological fluid 

and electrolyte distribution for selected body compart- 

ments of an average, young, 70-kilogram human male. The 

mathematical procedure simulates the physiological sub- 

systems by incorporating a11 the known chemical reactions 

and electrochemical relations which seem necessary to 

establish the fluid and electrolyte distribution. Because 

the whole body is being considered, the relatively large 

number of cornputattons required argues that a computer be 

employed, 

The construction of the model and the mathematical 

background is given in heuristic form only, with reference 

to earlier papers for rigorous development. However, con- 

siderable detail is shown regarding the analysis of the 

computed results for a standard, steady-state, average, 

young, resting, 70-kg human male. Finally, the results 

of validation experiments, consisting of chemical stresses 

applied to the model, are discussed. In some cases, these 

results are compared with similar experiments in the bio- 

logical literature, but in others reference is made to a 

, 
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companion paper by G. B. Bradham, et al. ell, in which 

particular laboratory validation experiments are described 

in detail. The results of these experiments indicate that 

the model is a valid supplementary tool for research in 

the clinical and the research laboratory as well as in 

theoretical physiology. 
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I. INTRODUCTION 

*- 

In this Memorandum we present a conceptual model and 

a mathematical method for computing the fluid and electro- 

lyte distribution for selected body compartments of an 

average, 70-kilogram human male. We will deal principally 

with a mathematical model simulating the healthy, rest-ing, 

standard state. As will be shown, however, with adequate 

validation such a model can also be used to simulate the 

steady states which result from well-defined physical or 

chemical stresses. 
* 

Because we are dealing with the whole body simul- 

taneously, the relatively large number of computations 

required argues that a computer be employed, but in re- 

turn for the possible inconveniences thus engendered, many 

subsidiary benefits are derived. 'En addition to the 

determination of fluid and electrolyte species distribu- 

tion in a very large system, one has the ease of experi- 

mental variation and hypothesis testing; fast, inexpensive, 

* 
By the term "whole body," as used here, we mean, as in 

Moore [2, p. 193, the total of the "biochemical phases-- 
fluids and solids--which constitute.. . the whole body: a 
gross, intact, functioning and living unit." But, we will 
examine, for now, only a selected subset of the total body, 
certain subcompartments as detailed below. 
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and accurate computation; and flexibility of the model 

on either the macroscopic mass distribution or the micro- 

scopic chemical reaction level. 

It should be made clear at the outset that this mathe- 

matical model does not involve the degree of complexity of 

a total viable system. It is used, instead, to approximate 

the functions of certain systems by incorporating in one 

format all known or hypothetical chemical reactions and 

electrochemical relations which seem pertinent to that 

system--in this case, the fluid and electrolyte balances 

in the body. Further, the first approximate model need 

not be discarded when new details are added--it will merely 

grow in articulation, complexity, and, presumably, validity 

as hypotheses are tested, proven, and incorporated into 

the model. 

" L- 

An analytic model, just as a conceptual laboratory 

model, of a viable, homeostatic biological system is not 

as complex as the system and entails assumptions and com- 

promises. 

and defined for the model, but often the assumptions are 

difficult to clarify or may even be covert. 

discrepancy between the model. and the system may be signifi- 

cant, since it is a measure of the biological integrity 

and, hence, the usefulness of the model, 

Most such assumptions can be judiciously chosen 

The resulting 
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It is desirable, of course, to ameliorate the approxi- 

mations of the model to the system by improving the model. 

But it is essenttal to emphasize the dependence of the model 

on reliable and detailed biological knowledge. The develop- 

ment of the model consists of fitting the system together 

piece by piece as the details are available in the bio- 

logical literature and then verifying the results against 

laboratory experiment. Eventually, the same experiment is 

run in both facilities and each should predict the results 

of the other. When they do not, it is because either the 

experirnents are not actually comparable or the biological 

data are invalid or inconsistent. 

The mathematical model is, in this sense, an idealized 

experiment, in which the stated conditions and assumptions 

always hold. In the laboratory, however, the requirements 

for a new hypothesis, for example, can be stated; but in 

the actual experiment, the necessary conditions may be 

difficult to attain or difficult to hold, especially €or 

extended periods. 

We deal here with such an idealized experiment, but 

one which has become sufficiently complex and sufficiently 

complete as to have clinical interest and research pos- 

sibilities. It will, however, be necessary to rationalize-. 



. 

analytically if possible-- the differences between the 

laboratory experiment and the model. 

The particular mathematical model considered (called 

"Whole Body 11") has shown sufficient promise and con- 

sistency to invite such clinical laboratory verification. 

In a companion paper, G. B. Bradham, et al. [l], of the 

University of California at Los Angeles School of Medicine, 

Department of Surgery, have discussed in detail the isotope 

method used and the comparison between the clinical labora- 

tory and this mathematical model when the same experiment 

is run in both facilities. An "experiment" consists of 

applying normally expected chemical stresses to the mathe- 

matical model and to nephrectomized (kidney removed) dogs. 

Nephrectomized animals were chosen in a deliberate attempt 

to minimize certain transient side-phenomena, as will be 

discussed below. The results of this validation are sum- 

marized in Sec. VI. 

Because of the inordinate complexity of whole-body 

laboratory experiments, much of the work in whole-body 

fluids and electrolytes has been pragmatic and empirical. 

The inaccessibility of some of the body compartments to 

direct measurement requires that rules of thumb be applied 

to account for rather complex phenomena--e.g. , intracellular- 
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interstitial GLbbs-Donnan relations; also, a detailed 

theoretical explanation is often subordinate to more gen- 

eralized but practical conclusions, A result is that the 

accumulated data and information are not necessarily re- 

latable by consistent hypotheses or uniform conditions of 

experiment. Of course, there are an unusually large number 

of detailed problems related to laboratory work in this 

area; standards and controls are difficult to establish. 

But beyond these factors, the data are generally unrelatable 

and variable owing to the absence of an abstract theory, 

or model, or view, that is sufficiently complex and de- 

tailed for the task. Too many factors in the whole body 

must be organized and interrelated at one time, We will 

propose a unifying model and method which is at once simple 

and yet can be adequately detailed and comprehensive, 



11. CONDITIONS ASSUMPTIONS, STANDARDS, 
AND OBJECT OF STUDY 

Conceptually, the body can be divided into various 

compartments, distinct in chemical content and yet related 

physically and chemically by communication across interven- 

ing membranes or other conceptual boundaries. Thus, we 

I. 

11. 

111. 

IV . 
v. 

will be concerned with the following compartments: 

The gaseous components of venous plasma; 

The interiors, but not the membranes, of the 
red cells taken together as a compartment; 

The plasma; 

The interstitial fluid; 

The intracellular fluid of the body cell mass 
taken together as a compartment, not including 
red cells. 

At this point, it is sufficient that the model be that 

of a nephrectomized animal; a kidney will be added later. 

The chemical content of the bones, the gut, the connective 

tissue, the neural and spinal fluid, and the muscle and 

red cell membranes, with which we are not now concerned, 

is taken to be constant, 

Each compartment is taken to be uniform and homogeneous 

throughout (by which is meant that the diffusion processes 

within the compartment are not material, and mixing is 
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complete). A body "cornpartrnent" is thus used in the sense 

of Moore f23 and Edelman [3,41 where, for example, the 

body is conveniently divided into functionally separate, 

though interdependent, subdivisions, as for total body 

water in Fig. 1. We will make a further subdivision of 

Fig. I by separating the interior of the red cells from the 

intracellular compartment, and, of course, we will add 

the pertinent chemical species to each compartment. 

The chemical compositions of the compartments I through 

V are, of course, variable with the state of the animal or 

the stress applied. We begin, however, with a standard 

reference state for the model which is well defined: a 

resting, young, male human. Later, during the laboratory 

verification experiments, we will refer to the clinically 

immobile, nephrectomized dog. The dog is a necessary 

compromise in order to investigate initially the quali- 

tative aspects of the response of the human simulation to 

I* 

t 

chemical stresses. 

Specifically, the principal sources for standard data 

were Spector, Handbook of Biological Data [53 and Edelman, 

Anatomy of Body Water and Electrolytes [3]. Many secondary 

sources, to which specific reference will be made as ap- 

propriate, are listed in the References. 
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At a finer level of detail, the compartments I1 
* 

through V are assumed for now to be osmotically equivalent, 

by which is meant that the effective concentration of total 

solutes is identical, or that the chemical activity of H20 

as a species is identical, in the various compartments. The 

concentration" of a species in the mathematical model is If 

always expressed in the mole fraction scale. 

Compartment I is an hypothetical compartment showing 

explicitly the partial pressures of gases in the venous 

blood. Since no gas phase actually exists, nitrogen is used 

to increase the sum of partial pressures to one atmosphere. 

The viable system with nonzero metabolism is an open 

thermodynamic system. If it were closed, or isolated, the 

laws of conservation of mass, or of mass and energy, could 

be applied directly. However, mass and energy flow through 

the viable system, necessitating for the present mathe- 

matical model, the imposition of a rather restrictive 

condition in order to bring to bear the power of the con- 

servation laws: namely, the condition that the system is 

at steady state. By the assumption of steady state, all 

flux rates for mass and energy through the system are 

* 
See p. 59, and also Moore [21, and Robinson [6?. 
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constant and there is a source of fuel for constant-rate 
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metabolism. Then, on a per-unit-of-time basis, the con- 

servation laws again apply. 

Some of the complexity of viable systems can be very 

troublesome to analyze, and not only in the clinical lab- 

oratory. Viable systems can very easily lead to intractable 

mathematical formulations. At considerable convenience, it 

is assumed here that a range of steady-state conditions 

taken in the neighborhood of the standard resting state 

can be simulated without detailing the chemical reaction 

or diffusion rates, or the specific mechanisms of the 

active membranes. For example, the "rate" or "level of 

activity" of the sodium pump is taken to be constant 

throughout the viable range (which includes the standard 

dosages in the clinical laboratory) ; also, the mechanism 

of the sodium pump is not of interest here, only its net 

effect. Thus, processes which surely are rate-limited 

have been approximated in a reasonable manner; e.g., by 

incrementing the intrinsic free energy constants or electro- 

chemical gradients, although these increments are not in 
' -' 

the present model a function of mass inputs, mass dis- 

tribution, or of temperature and pressure. 
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Finally, the modeled systems are not time dependent, 

sometimes a troublesome feature when attempting to relate 

results from the model with those from the clinical lab- 

oratory, especially for systems under stress. The mathe- 

matical model and computer program described here are not 

designed to trace the time transients induced in a living 

system by sudden stress, but only to simulate the new 

steady state that is the end result. This limitation is 

the reason for the nephrectomy, for example. The 

nephrectomized animal comes to a new steady state with 

regard to fluid balance after a period of 2-3 hours after 

an intravenous infusion. It is only the beginning and final 

states that we simulate here. 

Within the limitation herein described, it is possible, 

however, to compute the normal distribution of the fluids 

and electrolytes in compartments I through V, including 

the effects of Gibbs-Donnan, sodturn pump, constant flux, 

electrical and chemical gradients, differential solubilities, 

bicarbonate and hemoglobin buffering, and other chemical 

and electrochemical phenomena. 

though, involves millions of operations. Unless some 

Such detailed computation, 
L 

method is available to cope with computations of this magni- 

tude, a modeled system would be severely restricted and 
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highly approximate in order to bring it within the bounds 

af human comprehension and patience. It: is proposed here 

to make such detailed computations a routine matter by using 

a computer and to present the results in a form which shows 

easily the relation of the parts to the whole, and the 

whole as a conceptual entity--i.e., as a detailed mathe- 

matical description of the fluid and electrolyte distribu- 

tion. Further, it will be just as routine to add a chemi- 

cal stress, or to test, say, a new chemical hypothesis 

relating to the system, each time computing the new steady 

state and comparing it with the standard in order to de- 

termine the model's predictive response to the stress or 

the possible validity of the hypothesis. 



-13- 

111. BACKGROUND OF THE HATHEMATICAL HODEL 

*- 

The antecedents of the mathematical theory for this 

model are due to Gibbs K71, Dantzig, et al. [8], Clasen [93, 

and Shapiro and Shapley [lo], taken chronologically. Work 

in the literature which develops from a view similar to 

the present research may be reviewed in McLean [I13 who 

also mentions an earlier work by Borsook and Schott [12]. 

Dantzig [8! and DeHaven and DeLand [13] contain the de- 

tailed development of the earlier "respiratory" model, of 

which the present plasma and red cell compartments are 

elaborations; [S-IO, 133 contain the details of the mathe- 

matical structure upon which these models are founded. 

Although the later elaborations described here are naturally 

more sophisticated than that of C8, 133, it will not be 

necessary to repeat here a11 the earlier rigorous arguments 

and justifications; e.g., the mathematical conditions for 

a unique solution, the effects of carbamino reactions and 

buffering on the dissociation curve for hemoglobin, or the 

important theorems on multiplicative systems. Instead, we 

wish to present a convincing argument that the thermo- 

dynamics and chemical phenomena which determine fluid and 

electrolyte balance are properly incorporated in the present 

. 



For the same substance in two compartments we may 

write 
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model. This will proceed from some basic chemical defini- 

t ions. 

For a species X in an ideal solution in a single 

phase or compartment, the partial mole free energy may be 

written (see Eq. (6), p. 20) 

j 

where 

th No = Free energy parameter of the j species; 
j 

th x = Moles of the j species; 
j 

A th x = Mole fraction of the j species; 
j 

R = Gas constant; 

T = Absolute temperature. 

(%)= "3. + RT tn Cj, , k=l, 2 
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where k designates the compartment name or number, 

now, the two compartments can communicate with each other 

via, say, a semi-permeable membrane or phase interface, we 

can speak of mole fraction gradients with respect to a 

substance across the membrane. 

may have the same partial mole free energy in each com- 

partment--viz., 

If, 

In particular, a substance 

but this does not imply equal mole fractions since the 

free energy parameters for the species X may not be the 
j1 

Thus, we may have j2' same as for the species X 

where the left side, and hence the right side, is not zero. 

If the chemical system is closed and Eq. (2) holds 

for every substance in the system and there are no intra- 

phase reactions, the system is said to be in equilibrium. 

For open systems, as most: biological systems are, the 
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situation is much more complicated. An open system can 

never properly be said to be in equilibrium, but if it 

is in a steady state it may be approximated by appro- 

priately defining additional restraints and by modifying 

the free energy parameters of an equilibrium model. An 

example of such a restraint is the sodium pump, an active 

transport process where work is done on a certain substance 

in a biological cell, creating a mole fraction gradient of 

the substance across a membrane. In such a case, we in- 

cvement mik, the free energy parameter, by an amount 
sufficient to provide the steady-state gradient, 

the standard free energy parameter, is the total work, 

except for the pressure volume work, done on or by the 

substance in bringing it to the present thermodynamic state. 

Usually, this quantity is not measurable in absolute terms, 

but can be computed or measured relative to some standard 

state. Generally speaking, we choose the state of the 

species in the plasma compartment to be the standard state. 

Here, No, 

In addition to mole fraction gradients which may de- 

rive from simple osmotic phenomena, biological cells usually 

have an electrical potential acting on the charged particles 

in and near the cell. An electrical potential will create 

an ion gradient across the membrane given by 
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* 
where z is the valence of the ion substance x F is one 

j j' 
Faraday, and E is the specific ion potential. 

When both a chemical and an electrical potential are 

present, as in the Gibbs-Donnan phenomena, we have, for 

ideal solutions, 

"j 2 

which determines the mole fraction ratio for the substance 

X. across the membrane. 
3 

There may be other forces acting on the species of 

this system as well--e.g., pressure, temperature, but we 

assume here that pressure and temperature are uniform 

throughout the system. In order to make this assumption 

plausible, one need only consider the red cells floating 

in the plasma medium where it is unlikely that the disc- 

like red cell membrane would support an appreciable pressure 

gradient, even though the volume of the red cell may change 

ten or twenty per cent. In actuality, probably neither the 



pressure nor the temperature are uniform throughout; for 

example, there are pressure gradients in capillaries, and 

the temperature of the interior of a cell may be higher 

than at the surface. 

At this point, the interpretation of the right side 

of Eq. (5) is of considerable interest, because it details 

the difference between the energy states of the same sub- 

stance on opposite sides of a membrane. The left side is 

the log, of the corresponding ratio of mole fractions of 

the substance. Therefore, we have the opportunity to 

examine experiments in which, as a result of work being 

done on the species, changes result in the free energy 

states and, hence, in the mole fraction gradients for the 

substance between the compartments. Thus, for example: 

a) Consider a system of two compartments separated 
by a semi-permeable membrane at equilibrium. Under 
osmotic forces only, but with zero hydrostatic 
pressure at equilibrium, the ratio of mole fractions 
across the membrane for each substance is one. 
The left side of Eq. (5) is zero and no work is 
required to move an infinitesimal amount of sub- 
stance to either compartment; the right side is 
also zero. 

b) The ratio of mole fractions is still one for the 
permeable species even if the membrane is imper- 
meable to some uncharged species or even if the 
impermeable species have an equal electrical charge. 
However, under the conditions of unequally charged 
impermeable species, or hydrostatic forces or a 
rigid membrane, then the Gibbs-Donnan relations 
appear, Under these conditions, work is done on 
the charged species and the right side of Eq. (5) 
is not zero. 



-19- 

c) Under the influence of electrostatic forces only, 
the left side will not in general be zero and the 
right side will yield the specific ion potential, 
as in E¶. (4). 
Under the influence of an active membrane "pump" 
mechanism, we can regard the right side of E¶. 
as the increment of net work done on each ion to 
cause a mole fraction gradient across the membrane. 

d) 
(5) 

Turning to the computer program, we wish to have a 

convenient format and theory for incorporating into the 

computations such thermodynamic phenomena as these listed 

immediately above, and at the same time to be able to com- 

pute the steady states of all pertinent inter- and intra- 

compartmental chemical reactions. We can make a statement 

on equilibrium for the computer, equivalent to that above, 

by stipulating that, in a dilute chemical milieu, a re- 

versible equilibrium obtains when the Gibbs thermodynamic 

free energy function, F(x), is minimized under the mass 

action and electrochemical restraints [14]. For steady 

states, the reactions will proceed until the available free 

energy is minimized under the functional restraints of the 

open system. The general restraints for an open thermo- 

dynamic steady-state system are the conservation of mass 

and energy on a per-unit-of-time basis, 

for biological systems, additional functional restraints occur 

But particularly 

in the form of mass action laws, osmotic forces, active mem- 

brane pumps, electrical potentials, and intraphase reactions. 
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We will assume that the free energy function to be 

minimized can be written 

k jck 

and that the conservation of mass and conservation of charge 

restraints are of the form 

- b  = E  = O .  C C aijxj i i ill,. . . ,m (7) 
k jEk k=l,. . . ,p 

where the aij are the stoichiometric chemical equation co- 

efficients or, in the case of conservation of charge, the 

valence, and the bi are the total moles of input of the i 

species. Of course, x 2 0 for all j since the moles of a 

species must be positive or zero. 

th 

j 
See [lo] for a rig- 

orous discussion of Eq. (6) and its consequence, Eq. (1). 

We may constrain the function explicitly by introduc- 

ing arbitrary constants (the Lagrange multipliers), one for 

each conservation of mass or conservation of charge equation, 

thus defining 

i 
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where the vi are arbitrary but will be determined uniquely, 

one for each restraint on the system. Now, the form Q(x,n) 

is the restrained free energy function and at equilibrium 

we must have dQ = 0, just as for F(x). Thus, we must have 

A a a '0, a l l j  - 1 i j i  = = e  + l n x  
ax j j 

i j 

and (9) 

= 1 aijxj - bi = 0 , aa; a11 i 

where c 

each species; i.e., each partial derivative must be zero. 

= (AFS)/RT) + tnP, the free energy parameter for 
j J 

On the computer, the first of Eqs. (9) will yield the 

inter- and intraphase electrochemical relations, such as 

(a) through (d) above, as well as the ordinary mass action 

equations; the second is, again, the conservation of mass. 

A The computer routine will find values of x x and 
j y  j' 

a for all i and j, so that Eqs. (9) are satisfied for any 2' 

arbitrary list of inter- and intraphase reactions; i.e. , 

for an arbitrary chemical experiment with or without a 

membrane. The sequence of human events is to list all the 



pertinent chemical reactions and species occurring in each 

compartment; assign to each species or reaction the ap- 

propriate aFo the free energy parameter which may be, for 3’ 
example, free energy of formation or reaction or membrane 

work function; and then to compute. The output will be the 

moles and mole fraction for each species in each compartment. 
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IV. THE MODEL OF THE COMPARTMENTED WHOLE BODY 

F 

Input and output data for the model of fluid and 

electrolyte distribution referred to in this discussion 

(called ''Whole Body 11") are shown in Tables I-V, appear- 

ing in this and the next section. These data will be used 

the subsequent discussion to verify the statements of Sec. 

111; that is, to verify that all the mass action laws and 

electrochemical relations deemed appropriate and presently 

incorporated in the model are simultaneously satisfied by 

the computed distribution of species in the various com- 

partments. These data will also be used to discuss the 

standard state distribution and some of the validation 

experiments showing the distributions after stress. 

Table I, adapted from Edelman [33, is a standard dis- 

in 

tribution of body fluids and electrolytes for a 70-kg 

human male, Some of the data of Table I are difficult to 

determine in the laboratory--e.g,, the distribution in the 

intracellular compartment--and some of the data are dif- 

ficult to interpret--e.g., the proportion of the SO: ions 

bound or in solution--but this table will be accepted here 

as a reference standard since data from other sources 

(Moore c23, Spector [SI) generally concur in this 



w 

SERUM 
(mEq/liter) 

I42 
4 
5 
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INTERSTITIAL INTRACELLULAR SERUM 
WATER  FLUID^ FLUIDb 

(mEq/lLter) (mEq/liter) (*/kg W20) 

152.7 145 10 
4.3 4 160 
5 -4 5 2 

ELECTROLYTES - 

16 

153 

Cations : 
+ Sodium (Na ) 

Potassium (K ) 
Calcium (Ca ) 
Magnesium (Mg ) 

Total cations 

4- 

-I+ 
U 

17.2 1 65 

164.6 156 198 

Anions : 
Chloride (C1-) 
Bicarbonate (HCO;) 
Phosphate (HPO:) 
Sulfate (SO:) 
Organic acids 
Protein 

Total anions 

~ 164.6 

108.5 1 1:: 1 3 
27 1 29.3 

2.2 
1 
6.4 

100 
20 

%he average Gibbs-Donnan value of 0.95 is only approached by the 
univalent ions. These figures are, therefore, oversimplified and not com- 
pletely accurate for Ca , Mg , HPO;, and SO;. In.addition, no correction 
was made for the non-ionized fraction of Cau which does not gain access to 
the interstitial fluid. 

bAverage figures based largely on milliequivalents per kilogram of 
intracellular water of skeletal muscle. 

- - t f f l -  

from Edslmn [3 
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distribution of species, often using Edelman as the original 

source. 

It is necessary, however, to develop Table I in much 

more detail in order to use it as a standard for the present 

mathematical model. Table XI, so developed from Table I 

and other sources [13], is a detailed breakdown of the dis- 

tribution of substances in the standard state, 

the f'Intracellularl' compartment of Table I has been divided 

into two compartments: "Red Cells" (taken together as a 

compartment and excluding the red cell membrane) and "Intra- 

cellular" (exclusive of the red cells). Table 11 will be 

used as a standard for comparison with the results of the 

mathematical model, which is even more detailed, to de- 

termine the accuracy of that model. 

some empirical rules and generally accepted constants and 

factors were required (see also Fig. 1): 

For example, 

In developing Table 11, 

1. Total Body 
Water 

2. Total Intra- 
cellular Water 

3. Plasma Volume 
4. Red Cell Volume 

5. Red Cell Water 
6. Intracellular 

Water 

= 60% Total Body Mass = 42.0 liters 

= 55% TBW = 23.1 liters 
(70 kg) 

3.15 liters 
(at 40% Total Body - - 2.10 liters 

= 72.5% Red Cell Volume = 1.52 liters 
= TICW - Red Cell Water = 21.58 liters 

- = 7.5% TBW - 
Hematocrit) 
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a, 

s.d 

7. 
8” 

9. 

10 ,# 

11. 

12 u 

13 

14. 

15. 

16 ,: 

2.96 liters Plasma Water = 94% Plasma Volume - 
Interstitial = 20% Total Body Water = 8.40 liters 

- 

Water 
Specific Density 

of Water at 37Oc 
I 1.00669 ml/g 

55.19 moles H20 - - 1 liter 
at 37Oc 

Molecular Weight 

RCW = (1.52/ = 1509.8 g 

PW = (2.96/ = 2940.3 g 

ISW = (8.401 = 8344.1 g 

ICW = (21.581 = 21436.6 g 

of Water 

1.0067) x 1000 

1.0067) x 1000 

1.0067) x 1000 

1.0067) x 1000 
pC02 at Venous 
Par ti a 1 Pr es s ur e 

p02 at Venous 
Partial Pressure 

760 mm Hg at 37OC 
17. 1 mole of Gas at 

= 18.016 

= 83.303 moles 

= 163.204 moles 

= 463.149 moles 

= 1189.83 moles 

= 45 m 

= 40 mm 

= 25.44 liters 

It is understood that the data of Table XI are not 

definitive, and in some instances rather vague indeed. There 

are several cases where the data are merely the best approxi- 

mations available instead of definite statements of laboratory 

fact. For example, the in vivo ratios of the protein-bound 

to the free small ions, especially €or the double-valent ions 

of either sign, are not definitely known. Again, for the 
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Table II 

EXPECTED DISTRIBUTIONS OF SPECIES FOR AVERAGE 70-Kg MAN 
(mEq/liter except where otherwise specified) 

SUBSTANCE 

H2° 

+ Na 

K+ 

%++ 

so; 

++ Ca 

c1- 

HPO; 

HCO; 

Other 
Anions 

Protein 

Protein 
Avg. Chg. 

Hb4 

PH 

Volume 

RED CELL 

83.3 M 
1.52 lit 

18.6 

95.0 

5.1 

52.0 

15.0 

10.0 

31. 4a 
25.29 mM/lit 

-1.24 

5.05 &/lit 

7.19 

2.1 lit 

PLASMA 

63.2 M 
2.96 lit 

39.0 

4.2 

5.2 

1.7 

03.0 

1.0 

2.0 

26.0 

5.0 

16. Oa 
3.16 mM/lit 

-5.06 

7.39 

3.15 lit 

ISF 

463.1 M 
8.40 lit 

1L.5.0 

4.0 

5.0 

2.0 

114.0 

1.0 

2.0 

31.0 

7.0 

L o a  
4.0 mM/lit 

-0.25 

7.40 

8.40 lit 

ICF 

1189.8 M 
21.58 lit 

10.0 

160.0 

2.0 

26.0 

3.0 

20.0 

100.0 

10.0 

0.3 

53.0 

Jnde t ermined 

6.80 

21.58 lit 

TOTAL 

1899.40 M 

1920.19 mM 

3698.50 mM 

51.445 mM 

296.96 mM 

L449.39 mM 

222.22 mM 

1092.30 mM 

101.9 mM 

1240.3 mM 

10.605 mM 

%he average charge per mole of protein is fixed in this model. The average 
charge is computed empirically to give neutral electrical charge in each compart- 
ment, and considering the osmolarity of each compartment. 



-28- 

present model, the average charge of miscellaneous protein 

in the several compartments is computed considering the osmo- 

larity, moles of protein, and neutral charge requirement 

rather than from average protein titration curves for each 

compartment, which are not available. Again, the empirical 

rules listed above may not be generally accepted (e.g., 

RCW = 72.5 per cent RCV), but in each case they represent 

the best compromise available at the present time. 

With respect to such approximations, two paths for 

improvement are being pursued. First, using the computer 

model it is possible to test complex hypotheses of chemical 

behavior. An example of this approach is a sequence of tests 

now underway for small ion binding by protein. One such 

simple test can be described as follows: given an estimate 

of Ca bound by serum albumin [149, what is the average 
i-t equilibrium constant for the intra-red cell protein Ca 

$3. 

reaction which preserves the present (correct) hematocrit? 

That is, when Caw is experimentally bound to albumin but 

slot to red cell protein, the hematocrit will shift (change 

in osmolarity), so it is a simple experiment to bind Ca ff 

to the red cell protein until the hematocrit is again correct. 

The resulting binding constant is an experimental average 

value for the red cell milieu at viable pH. 
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Secondly, there is obviously a good deal of informa- 

tion in the literature which has just not yet been in- 

corporated, but should be. An example of such is the serum 

albumin titration curve [15 1. The protein binding of 

serum albumin has been fairly well defined as regards the 

number and kind of sites at a particular pK. But this is 

precisely the kind of information required for this mathe- 

matical model, so it could be directly incorporated. 

Similarly, the phosphate buffering could be included when 

the amount of free phosphate has been determined. The 

hemoglobin buffering has been incorporated. 

There are many relatively small problems of similar 

nature, each of which when defined will improve the accuracy 

of the model, At the present time, we are at pains to 

stress the model with relatively small stresses--one or two 

liters of solution--in order to test the qualitative perfor- 

mance and measure the quantitative accuracy against the 

literature and laboratory. It may be remarked here, but we 

will demonstrate in Sec. VI, that the model so far displays 

accuracy sufficient for clinical work and can apparently 

be improved to meet research requirements, 

In Table 11, the "Totals" column is the actual "input, 11 

the list of components, for the mathematical-computer model. 
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The essential problem for the mathematical progran is then 

to redistribute these totals under mass action and electro- 

chemical laws into the various compartments reproducing 

Table I1 in more detail. We then have a basic, steady- 

state model, the details of which may be experimentally 

altered and verified. 

Table fII is a list of the 99 species and chemical 

reactions to be expected in the five "output" compartments: 

I. A gas compartment containing gas which would be 
in equilibrium with plasma using nitrogen to 
increase the total pressure to one atmosphere; 

11. The interiors, but not the membranes, of the red 
cells taken together as a compartment; 

1x1. The plasma; 

IV. The interstitial fluid; 

V. The intracellular fluid. 

This list labeled "Matrix" constitutes the complex descrip- 

tion of the bio-physical system under study. It is prob- 

ably a minimum list for an analytic study of the so-called 

"whole body" fluid balance; should other species or chemical 

reactions be determined to be pertinent or indispensable to 

the analytic description, they would simply be added to the 

matrix in the appropriate compartment. 

tions which are currently under consideration are phosphate 

and miscellaneous protein buffering, cation and anion binding 

Examples of addi- 
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Table I11 

EXPECTED SPECIES AND INTRAPHASE REACTIONS 

MATRIX: WHOLE BODY 11 70 KC WALE CIL BRAMUn STANDARD 
OLRPUT FREE ENERGY INPVI SPECIES 
S P Z I E S  PARAI(LTW AND R W C I I O N S  

AIR W A R T K E N T  
02 -10.7&3000 
coz - 7.b93000 
Y 2  -11.525000 

1.000 02 
1.000 co2 
1.000 N2  
1.000 nr 1.000 3M- nzo -3b.bO0000 

-0. 
3. 
0. 
L. 
3. 
0. 
3. 
2. 
3. 

3. 
L. 
3. 

J. 

1.000 02 
1.000 c02 
1.000 12 
1.000 Ut 
1.000 OH- 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

1.000 .PLASM 
-1.000 *PLASM 
-1.OOD .PLASM 
1.000 .PL&5W 
1.000 *PLASM 
2.000 .PLASM 
2.000 .PLASM 

-2.300 .PIAS* 
-2.000 .PLASM 

1.000 CL- 
1.000 *A*  
1.003 I* 
1.000 CAI* 
1.000 *GI* 
1.000 101. 
1.300 WPOI. 
1.000 U R F A  
1.000 u u c o s  
1.000 LACIlC 

-0. 
1.000 nr 

-1.000 H. 
1.300 nt 
1.300 MISCPL 

5LUcOS a. 
LACIIC u. 
nc33- -21.353003 
n2co I -32.863000 
CO3. b.2b3000 

-0. 
1.000 W- 
1 .ooo JM- 
1.000 3N- 
1 .OOO W- 

-0. 

-0. 
1.000 c32 
1.000 LO2 
1.000 COZ 

-0. 
u20 -3.). 3VOOOO 
PROTY 4. 

RED CELLS C W A R T M E M  
32 -0.0I9000 
L O 2  J. 
U 2  -3.500000 
nt 3. 
w- 0. 
CL- J. 
Y A t  2.15llnl 
I. - 3 .OS2507 
CAI. 3.0071 58 
ML.. -3.253000 
so*. 0. 
nPo+- 3. 
UREA 0. 
GLUCOS b. 
LACTIC 0. 
MCO3- -21.493000 
nzco) - I2.8C0000 
CO3. b. 123000 
n m  -33. 390000 
PROIN 3. 
He+ 0. 

ne.<o+ -2C. lb8900 
n8COb -3b.182200 
*BCO8 - 5  I. 2C5COO 

*E402 - I z. o ~ z a o o  

1.000 02 
1.000 c02 
1.030 *2 
1.000 n* 
1.003 on- 
i.000 CL- 
1.300 M A *  
1.000 I. 
1.300 c4.r 
1.300 MG.. 
1.000 SOIS 
1.000 nPo+* 
1.000 VILA 
1.300 GLUCOS 
1.000 LACIIC 

-0. 
1.000 n+ 

-1.300 n* 
n.000 M. 
L.000 Ml S C R t  

1.300 02 
2.000 02 
3.000 02 
b.OOO 02 

-0. 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

1.000 .*fOCt 
-1.000 *REOC€ 
-1.000 *REOLE 
1.000 .REOCE 
1.000 .REOCC 
2.000 *REOCE 
2.000 SRfOCE 
-2.000 .RLOCE 
-2.000 .R€OCE 

-0- -0. 
1.000 on- 
1.005 Jfl- 
I .oOO Jn- 
1.003 w- 
1.000 MI6 
1.000 404 
1.000 4B+ 
1.000 MB* 
1.000 MI6 

-0. 

-l.OOO .RLOCf 
-1.000 *REOCF 

-2.000 .RfOC€ 

-l.ZbO . R E M E  

.. 

1.000 :02 
1.000 to2 
1.000 co2 

-0. 

INTERSTITUL C M P A R W E N T  
22 .I. 

coz 0. 
1.000 02 
1.000 coz 
1.000 12 
1.000 nt 
1.000 on- 
1.000 CL- 
1.000 YA. 
1.000 K* 
1.000 CAr. 
1.000 *GI+ 
1.000 SOI. 
1.000 n p m .  

Y2 
ne 
on- 
CL- 
'I&. 
It. 
(At. 
MG.. 
SOI. 
nPO4. 
U(IE A 
GLUCOS 

u. 
0. 
3. 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

1.000 *EICEL 
-1.000 .EICtL 
-1.000 *€KCEL 
1.000 .EXCEL 
l.000 WEKCEL 
1.000 .EIIC€L 
2.000 *tXCtL 

-2.000 .€KCEL 
-2.000 .€[:EL 

C. 
-0.0000l4 
0.023769 
3.3)&+80 

-3.OOb5CO 
0. 

3. 
3. 

I. .~ 

1.000 USLA 
k.000 GLucos 
1.000 LACIIC L A C I l C  0. -0. 

1.000 Jn- 
L .OOO Jlt 
1.000 3M- 
1.005 3M- 

-0. 

-3. 
1.000 KO2 
1.000 LO2 
1.000 :02 

-0. 

-1.000 .EICEL 
-1.000 -€I'.EL 

-2.000 .CICtL 

-0.250 .EI:LL 

~. 

nc33- 
*2CO3 
:01. 
M20  
V Q 3 I Y  

._ 

-2L.353000 - 32.843000 
b. 2b3000 

-0. 
1.000 *. 

-1.000 nt 
L.000 * 
1.300 niscEx 

- 3V. 390000 
0. 

-3.490000 1.000 02 
1.300 LO2 
1.000 MZ 
1.000 n. 
1.000 on- 
1.300 C L -  
1.303 *A* 
1.000 K *  
1.300 LA.. 
1.300 rz.. 
1.300 13b. 
1.000 +ten*. 
1.300 UaFA 
1.300 GLUCOS 
1.300 LACIIC 

-0. 1.000 Jli- 1.000 
1.303 nt 1.003 3w- I. 000 

1.000 m- 1.000 -1.300 u+ 
1.300 n. I .>OD Jn- 
1.000 MISCIY 

coz 
Y2 
nt 
3n- 
C L -  
MA. 

0. 
-3.503000 
2.303000 
-2.u00000 
U. 
5.311129 

-3.3>1057 
7.h232I7 
4.0YI990 

-9.55bP27 
- 1  0 .I 38020 
3. 
3. 
3. 

.Z 3. b900CO 

.32. 8*0000 
2. i23000 
39.390000 
3. 

I. 
C A I +  
MC.. 

SO*. 
n.01. 
U R E A  
LLUCOS 
L A C I l C  
nco3- 
w c o )  
co3. 
nzu 
PnorY 

'02 
coz 
co2 
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by protein, and computable water-to-volume ratio for each 

compartment . 
For each addition or alteration of the matrix, the 

output distribution of species, of course, changes, and 

we presume here that the solution space is feasible and 

continuous, and that the solution is uniquely a function 

of the total moles of input species and of the matrix [lo]. 

To illustrate this statement, with all else the same, one 

may expect a continuously varying composition of the several 

compartments with a continuously varying input in the viable 

range (of, say, NaHC03); but also, the repeatability of 

identical experiments is independent of the previous history 

of the system, and identical results must be expected from 

identical inputs. 

The first column of Table 111 is, then, the experimenter's 

best hypothesis as to the expected qualitative composition 

of each compartment. The second column is the relative free 

energy parameter, (AF'?/RT) = - 3n K for each species with 

respect to the plasma compartment, expressed as the natural 

log of K in mole fraction units 1131. This constant thus 

3 j' 

5 
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has a variable interpretation: in the gas compartment it 

is the solubility coefficient for the gas species in 

plasma; for HCO; in plasma, it is the reaction equilibrium 

constant for the formation of HCO- (in this case from OH- 3 
and C02); for the species Na in red cells, it is propor- 

tional to the work function of the active membrane pump 

plus the specific ion potential; for Hb 0 in red cells, it 

+ 

4 x  
is proportional to the Adair constants for oxygenation of 

hemoglobin; etc. The interpretation will depend upon the 

species opposite which it is found in Table III. We will 

discuss the meaning and use for these constants in some 

detail below, 

The remaining columns of Table III list the specific 

input component of which the particular output species is 

composed; the starred entries are the valence of each 

species and are used for imposing a neutral charge require- 

ment in each Compartment. 

Finally, Table IV is a computed distribution in moles, 

mole fractions, and moles per liter of water €or each 

species in each compartment. The third scale, "moles per 

liter of water (in each compartment)," was chosen for 

convenience of computation. It may be converted to molal 

scale, "moles per Kg water,'' by multiplying by 1.0068. 
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Table IV 

COMPUTER DISTRIBUTION OF FLUIDS AND ELECTROLYTES 
FOR STANDARD RESTING MAN 

M. nmcs -0. 
MFRIC -0. 

MILMZO -0. 

on- noLts -0. 
RCRAC -0. 
qILH20 -0. 

CL- *M€S -0. 
**RAC -0. 

YlLM20 -0. 

MA. noLts -0. 
l C R A C  -0. 

*/Ln2O -0. 

I* notes -0. 
RCRAC -0. 

-/Lnzo -0, 

CAI. MOLES -0. 
l C R A C  -0. 

q/1*20 -0. 

*GI* matts -0. 
W R A C  -0. 

*/LH20 -0. 

sob. noics -0. 
W R A C  -0. 

-/LMZo -0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

P.15b8bE-Jb -0. 
1.l3*11f-05 -0. 
b.Z**bPt-OI -0. 

1.55Il.t-03 -0. 
I.?Z3bSt-O5 -0. 
I.OL113t-01 -0. 

1.O9ll2t-03 -0. 
I.303lbE-05 -0. 
1.Z3111f-Ob -0. 

b.Zb132f-Ob -0. 
5.2PlLbE-Ob -0, 
2.*Jllbe-Ob -0. 

b. bbbl1E-03 -0. 
1.Zbll2f-05 -0. 
*.3151*t-01 -0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
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Given the input mole numbers, the free energy parameters, 

and the matrix, Table IV is the computed standard state 

distribution from the model which is to be compared with 

Table 11. The computer program has been used to determine 

that unique distribution of species which satisfies the 

mass conservation equations and the inter- and intraphase 

mass action equations simultaneously; i.e., Eqs. (9). Thus, 

with the impermeable proteins in place in the appropriate 

compartments, and acting under the zero-charge constraints, 

the cation and anion pumps, the reaction equilibrium con- 

stants, differential solubilities, and other forcing 

functions, the system steady state is determined. From 

the result, various relations may be observed, as in the 

€0 llowing sect ion. 
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V. COMPUTED STANDARD STATE 

A comparison of the expected standard values from 

Table TI and the computed values from Table IV for all of 

the species of Table I1 is presented in Table V (on the 

same scale, mEq per liter). 

Looking again now at Tables I11 and IV, we consider 

first the standard-state results before the addition of 

chemical stresses. It may be assumed that the computer 

program has satisfied Eqs. (9) for every output species, 

and every input row. We can read the list of chemical 

reactions and interphase reactions in Table 111, compute 

the mass action relations from Eqs. (9), and compare the 

results to the printed output in Table IV. 

sentative examples of this procedure follow. 

Several repre- 

UREA - 
Consider first an uncharged species, urea. It is 

assumed here that urea, after its production in the cell, 

does not undergo further chemical combination. 

urea is uncharged and is not considered to be the subject 

of an active membrane pump mechanism. Consequently, the 

urea in solution should be at the same mole fraction in 

every compartment, as it is in Table IV. Looking at the 

second column in Table 111, which is the list of relative 

Also, 
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P 

Table V 

COMPARISON OF STANDARD VALUES AGAINST COMPUTED VALUES* 
(mEq/liter except as otherwise noted) 

+ Na 

R+ 

* Ca 

c1- 

- 
so, 

HP0; 

HCO; 

H2° 

PH 

RED CELL 

18.6 
18.6 

95.0 
95.0 

0.45 

5.1 
4.6 

52.0 
48.8 

0.3 

0.65 

15.0 
15.6 

83.3 M 
80.2 

7.19 
7.20 

PLASMA 

139.0 
142 0 

4.2 
4.0 

5.2 
5.3 

1.7 
2.0 

103.0 
99.8 

1.0 
0.9 

2.0 
1.9 

26.0 
27.8 

163.2 M 
161.7 

7.39 
7.38 

ISF 

145.0 
145.0 

4.0 
4.0 

5.0 
5.0 

2.0 
2.0 

114.0 
112.5 

1.0 
1.1 

2.0 
2.3 

31.0 
31.3 

463.1 M 
462.6 

7.40 

ICF 

10.0 
10.0 

160.0 
160.0 

2.0 
2.0 

26.0 
26.0 

3.0 
4.0 

20.0 
20.0 

100.0 
100.0 

10.0 
9.55 

1189.8 M 
1194.0 

6.82 

9c 
Standard value, taken from Table 11, is shown above 

each computed value, taken from Table IV. 
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free energy values €or each product species, it should be 

noted that the free energy value, LyFo 

urea in each compartment. Then, from Eq. (3)--as well as 

Eqs. (9)--the urea mole fractions should be the same, and 

they are. 

/RT, is 0.0 for urea 

- co2 

Consider next the CO,, Just as €or the urea, the dis- 

solved C02 has 

compartments. 

tion is 0.0609 

mercury. This 

L 

the same mole fraction in each of the fluid 

But in the gas compartment the CO concentra- 

moles/mole, or 6.09 per cent, or 46 mm of 

2 

is slightly higher than the alveolar sac con- 

centration of 5.26 per cent or 40 rnm. A gas compartment 

appears because we have used excess nitrogen to raise the 

total gas pressure to one atmosphere. This introduces a 

slight error in the nitrogen content of the entire system, 

but the error is negligible. We note, too, that this gas 

phase acts as a slight buffer for the whole system--the re- 

sponse to chemical stress will be slightly distorted, but 

the error from this source is thought to be slight, rela- 

tive to other approximations, 

Xn Table 1x1, the second line, it may be seen that the 
0 value of AFco /RT = -7.69, which is the log, K on the mole 

fraction scale where K is proportional to the solubility 
2 



-39- 

coefficient. From the sixth line in 'Table 111, as well as 

lines 31, 51, and.71, all of which are CO in compartments 

I1 through V, the aF?/RT = 0.0. Using subscript 2 for the 

input component CO and lines 2 and 6 from Table I11 as an 2' 
illustration of the application of Eqs. (9), we have 

2 

J 

t- 1 

L J 

0.0 + 8,n 

or, subtracting, 

r 

- 1.0 T2 = 0 ''2 plasma J 

1 

= 7.69 1'02 gas1 

rco2 plasma] 
4n 

so that the concentration ratio of CO gas to plasma dis- 

solved is antiloge 7.69 which, of course, it turns out to 

be in Table IV. Similar equations work out for the other 

2 

gases except that there is slight difference in solubility 

between intra- and extracellular milieu. For example, for 

O2 plasma vs. O2 red cells, we have 

0.0 + In k 30 - T r 1 = O  
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i 

4 

p,n (k5/630) = 0.49 

red cells 3 = o.49 
I ln [02 plasma 

We will always take the plasma value of aFo/RT for each 

species as the relative standard state, setting it to 0.0. 

Consider next the C1- ion, a charged species but not 

actively pumped by a membrane mechanism. Between red cells 

and plasma, using Eqs. (91, we have for C1-, 

A 0.0 + ,tn x 10 - a g + a  22 = 0  

- 7 r g + r r  = o  A 0.0 i- tn x 35 21 

or, subtracting, 

Now, restraints 21 and 22 are the chemical thermodynamic 

zero-charge requiremencs on the plasma and red cell com- 

partments, respectively. This results in an electrochemical 
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potential for each charged species, the specific ion 

potential, using Eqs. (41, and can be evaluated. From 

Table ZV, 

E = -  310 cn 1.523 = -11.2 millivolts (12) 23062 

which potential ~ the so-called Donnan potential, should be 

applicable, with the proper sign, to every charged species 

as well as to C1- between red cell and plasma. 

however, some of the species are actively pumped and some 

have a different valence. Those with double valence, SO; 

for example, have the same specific ion potential but: their 

concentration ratio is the square of the chloride ratio 

as a result of the double valence. 

In addition, 

The chloride ratio is often taken as a measure of the 

Gibbs-Donnan effect resulting from the impermeable proteins 

and charge restraints. In this case, the concentration ratio 

from red cells to plasma is 1.52~1, whereas the ratio of 

Cl- concentration from plasma to interstitial fluid is 
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$35/k55 = 0.952, and from plasma to intracellular fluid 
is 26.25:l. 

GIBBS-DONNAN EFFECT 

The Gibbs-Donnan effect, a fundamental electrochemical 

effect in biological systems with membranes, requires 

special mention, This effect is manifest when there exists 

a steady ion concentration gradient across a semipermeable 

membrane owing to the presence of impermeable charged species 

plus a zero electrostatic charge requirement in each com- 

partment, as is the case in each compartment and across 

each membrane of the present model. In deference to this 

model, we will further limit this discussion to those systems 

where H 0 is a permeable species, where the membrane will 2 
not support an appreciable hydrostatic pressure gradient; 

i.e., it is movable. In the physiological range, the red 

cells-plasma system exhibits these properties, and we assume 

them for this report with respect to the plasma-interstitial 

interface and the inters titial-intracellular interface. 

Speaking qualitatively, we first note that the ioniza- 

tion constant for H 0 is identical in each compartment; 2 

i.e., an K 

moles/liter scale at 37OC. 

= 39.39 mole-fraction scale or log Rw = -13.6163 
W 

That is, we assume that the 
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activity of water is the same in each compartment and thus 

we show the mole fraction of H 0 to be identical, as com- 

puted in Table IV. Conversely, the concentration of total 

solutes is the same, which we interpret to mean that the 

osmolarity of each compartment is the same. 

2 

Now, under these conditions, if the protein were un- 
+ charged and the Na pump absent, the volumes of the com- 

partments would be proportional to the protein content in 

moles in each compartment and all species would be uni- 

formly distributed. The same would hold if all protein 

had the same charge, say, univalent [13]. But suppose, 

first, that the proteins in the various compartments have 

varying average charges (as those in Table 111 which were 

computed from Table ZI in order to make each compartment 

neutral). Under the neutral charge restraint, the dis- 

tribution of the small permeable ions is no longer uniform, 

since a different amount of base is bound per unit of 

protein in each compartment. Thus, under the equal osmo- 

larity restraint, the distribution of volumes of compart- 

ments is not simply proportional to the protein alone, but 

to the protein plus the ions restrained by the neutral charge 

restraint. Permeable H 0 also shifts through the membranes 

until all species, including the permeable components, 
2 
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attain the required concentration ratios, the Gibbs-Donnan 

ratios. In this idealized system, these ratios are 1 for 

uncharged species and are given by the specific ion po- 

tential for charged species. 
+ Finally, if we also now apply the Na pump, forcing 

specific ions to assume new gradients, the permeable ions 

and volumes of compartments again shift to satisfy the new 

requirements as well. Again in this idealized system, the 

compartment volume ratios now--in fact, always-”satisfy the 

following arithmetic, using red cell-plasma relations as 

an example: 

(molality of a11 permeable solutes) lasma 
(molality of all permeable solutes)red = l  

(molality of uncharged permeable species) 
(molality of uncharged permeable species) 

- plasma - 
red cell 

(solutes in moles) plasma - (moles of H20) lasma - 
(moles of H. 0) red cell 2 red cell (solutes in moles) 

(fixed protein + restrained ions in moles) 
(fixed protein + restrained ions in moles)red cell 

- plasma - 
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+ The Na ion is an example of an ion which not only 

responds to the Gibbs-Donnan effect since it is charged, 

but is also actively pumped by or at the membrane. We can 

compute the increments necessary for the standard free 

energy parameter to yield the appropriate gradient, which 

will be proportional to the minimum free energy requirements 

of the active membrane pump, as follows: Since the effect 

of Gibbs-Donnan is to drive negative ions out of the red 

cell, positive ions will be driven into the red cell by 

the Gibbs-Donnan effect, against the Na pump. Therefore, + 

the plasma-to-red-cell-sodium ratio, whatever it is found 

‘to be, must be increased by the Gibbs-Donnan effect to give 
+ the total free energy requirements by the Na pump. 

More precisely, if h is the sodium ratio, then h is 

the result of a chemical potential (the active transport 

process) plus an electrical potential (the Gibbs-Donnan 

potential) as in Eq. (S), or 

p n h = K  + E x 2  
Na+ Naf 
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B 

c 

+ 
+ is the valence of Na , E is the specific ion where z 

(membrane) potential (with sign) and K 

the activity of the sodium pump. 

Na 
+ is a measure of 

Na 
Equation (4) is a method 

must be obtained from the gross 

activity of the Na pump; i.e, the ratio of mole fractions 

for computing E, while K + Na + 

which would result from the pump alone. 

Thus, from Table IVY which compares well with the 
+ 

in vivo values of Table 11, the apparent Na mole fraction 

ratio gives 

= 1.7373 e 

Na red cells 1 
Now, from Eq. (3) 

A 
*3Q AF = RT tn - = 1.987 X 310 X 1.7373 A 
11 x 

(13) 
+ = 1070 cal/mole of Na 

at the steady-state level of the standard man. But, this 

apparent gradient must be increased by the C1- gradient 

to get the minimum net free energy requirements of the 

pump, Thus, 
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-- .-- * 7 . "  

red cell J [Na* 
"_ 

[el- re( 

lasma' = 1.7373 + 0.4205 = 2.1578 L"" P 

1 - 3. In - plasma J 11 a 

j cell 

and 

AF = RT x 2.1578 = 1329 cal/mole of Na+ 

at steady state [16]. 

It must be noted that it is not accurate to regard 
+ these energy quantities as the "work" of the Na pump, 

since in an open, in vivo system the total work is also a 

function of viscosity, permeability, and other factors. 

But in a Corresponding idealized system without "frictional 

losses" the work expended would be 1329 cal/mole Ma by 

the corresponding Na pump in order to maintain the apparent 

Na gradient. Neither, it should be noted, is this the free 

energy required to bring the system from classical equilib- 

rium to thts steady state, but only that required to maintain 

the system at the apparent level as measured by the fixed 

Ma gradient. 

+ 

+ 

3- 

+ 

This brings into relief the true role of the number 

2.1578 which is purely empirical on our part as the level 

, 
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+ 
of the active pump required to give the proper Na gradient, 

a measure of the gross activity of the active transport 

mechanism. Of course, it can be computed as well from 

standard physiological tables with the proper conversion to 

mole fraction scale. 

much the same as for Na+, while K 

tions of opposite sign and are aided by the Gibbs-Donnan 

effect. It should be noted that the constants given here 

as a measure of the gross pump activity may be appreciably 

altered when better estimates are available for the binding 

of small cations (especially divalent) intracellularly. For 

example, if one-half of the available Mg were bound intra- 

cellularly [171, but none interstitially, the ratio of free 

Mg* would be reduced by two and the apparent work of the 

active pump by kn2. 

The Ca* gradient constant is computed 

4- -I+ 
and Mg have work func- 

tt 

THE BLOOD COMPARTMENTS 

The plasma and red cells compartments which make up 

the blood of the mathematical model have been described in 

detail in [13]. The compositions and interrelations of 

these two compartments, as well as the macroscopic and 

microscopic validation of the blood model, was a separate 

problem preliminary to the present description of the so- 

called "whole body." Consequently, we will note here some 
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particular reEerence to those cells which quickly exchange 

fluids and electrolytes with the environment, as contrasted 

to cells found in tendon and dermis. On the average, this 

compartment may be regarded as muscle tissue. The intra- 

cellular compartment is an even more complex matter than the 

red cells. 

cellular membranes, an apparent active H ion pump is also 

present as well as apparent anion pumps--"apparent" because 

the actual mechanisms for maintaining the rather unusual 

gradients for some of these ions are not clear at this 

time, Some examples of this complicated situation follow. 

In addition to strong cation pumps across the 
e 

* 

For a point of comparison, the red cell acidity in 

relation to plasma can be explained by a simple Gibbs- 

Donnan gradient mechanism. But, the simple Gibbs-Donnan 

gradient for He into the intracellular compartment would 

drive those cells very acid indeed. 

centration gradient for monovalent ions between interstitial 

and intracellular compartments is approximately 28: 1, which 

The Gibbs-Donnan con- 

would have to be satisfied by H + ions as well, -r implying a 

pH of about 5.5 intracellularly. In order to bring this 

* 
See Conway [17]. 

1 See Van Slyke, et al. c211. 
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+ 
up to an accepted level, say 6.8, a fairly active H pump 

is required, driving H ion out of the cell. The minimum 

free energy expended for this apparent H 

the order of 2500 cal/mole of H 

number is obtained using the mathematical model, Table 111, 

intracellular compartment. It is empirically derived by 

experiment with the model as the work required to maintain 

pH 6.8 inside the body cells. 

i- 

+ pump would be on 
+ at steady state. This 

This fundamental derivation of the energy required can 

be said to be dependent upon the accepted analyses of free 

chloride ion. If the free chloride Donnan concentration 

ratio is really on the order of 28:1, outside to inside 

muscle cells, and we assume the membrane inactive with re- 
+ spect to chloride, then the H ion concentration ratio would 

+ + be 1:28 without an H pump. Alternatives to an H pump 

suggest themselves: a) the interior of in vivo cells is 

pH 5.5; b) the intracellular chloride analysis is in error; 

c) there is an active chloride pump, which could explain 

a great deal but seems to serve no purpose and would inhibit 

CO transport; d) there is a very great difference in H20 

activity intracellularly--which goes against the assumption 

of uniform osmolarity; e) the intracellular milieu is un- 

2 

doubtedly very complex and apparent anomaly in the H f ion 

concentration ratio may be just one manifestation of that 
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fact. This simulation is obviously not equipped with either 

the detail or the sophistication to model that complexity. 

Again, we model the function and not the mechanism, if we 

supply an H pump. 3. 

+ 
The large C1- gradient also implies a strong Na pump 

in order to maintain the reported Na gradient against the 

Gibbs-Donnan forces--and almost no R pump. The Na pump 

4- 

+ + 

can be computed from 

LNa+extra] - 2.618 x 
[''+intra] - 1.797 x lom4 

= 14.57 (149 

which is the apparent or net mole fraction gradient, But 

this pump must work against the Gibbs-Donnan gradient, 

r 1 

intra 
= 28.00 

+ DF = RT x cn(28 x 14.57) = 3642 cal/mole of Na 

(15) 

at steady state. 



-56- 

+ The K pump, correspondingly, is only 

&? = RT x 0.331 = 200 cal/mole 

since it is aided by the Gibbs-Donnan potential. 
+I- Ca* and Mg have apparent pump values which may be 

+ * computed similarly to the K+ and Na . 
and Mg*, it is not yet clear how much effect protein binding 

will have in the apparent gradients--nor actually for Na 

and R [MI. Certainly some double-valent cations--as well 

In the cases of Ca 

+ 

+ 

as anions [15]--are bound in vivo, although the reported 

quantitative chemical analyses from which Table II is com- 

posed do not indicate the qualitative or quantitative struc- 

ture of the complex binding in the milieu, In fact, there 

are very few quantitative studies bearing on the cation bind- 

ing in vivo, although there is a literature on cation or 

base binding by proteins in various contexts--e.g. protein 

structure theory, competitive binding with protons and 

multiple equilibria, and blood buffering (see, for example, 

Tanford [22, especially Chapter 81. Loken, - et al. [141, 

report that some 50 per cent of the total calcium in serum 

may be bound to serum albumin with a pK = 2.18 at pH = 7.35. 

Also, Gurd and Goodman [23] report a pK = 2.8 for Zn* with 
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serum albumin, but generally these numbers are difficult 

to come by in the literature, 

It may not be much in error to consider that the single- 

valent ions are completely ionized, but it is fairly well 

agreed that the double-valent ions are significantly bound 

and in complex ways; e.g., to the membrane. We have, never- 

theless, not incorporated such binding into the model and 

for the reason that, at best, the quantitative aspects are 

undecided; also, we make the assumption that the binding 

inside the cells is in about the same proportion to that 

outside, so that the ratio of concentration of free ions, 

those affected by Gibbs-Donnan, would be about the same as 

in the present model. This assumption has no foundation, 

but the alternatives are still controversial and the im- 

plications very involved [61. For example, the possibilities 

of speci.fic binding of H20 to protein and an active water 

pump may be required to explain the resulting osmotic dis- 

equilibrium. Alternatively, one may have to consider 

osmotic coefficients for proteins or hydration of small 

ions. 

On the other hand, neither have we shown the double- 

valent anions tied up as compounds, which they surely are. 
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Li 

t 

The organic phosphates and sulfates are, by definition, 

bound and perhaps most of the inorganic phosphate and 

sulfate as reported in e51 are bound in some way, prin- 

cipally to the double-valent cations e24 3. Apparently, 

only 15 per cent of the inorganic phosphate is protein- 

bound 6253, and the same may be true for sulfate, The 

double-valent metallic salts are not highly ionized at this 

temperature and may also claim some of the anions. 

The result is that, in dealing with the double-valent 

anions as though they were all free, very strong active 

membrane pumps are required to keep the SO; and HPO; in 

the cell in the quantities reported. 

HPO; in the cell were reduced by binding, the free gradients 

would be decreased and the pump values correspondingly re- 

duced. 

bF0 = RT x 9.55 E= 5882 calfmole to maintain steady state. 

It is interesting to conjecture that the binding energy of 

SO= in the protein must be at least this great or else the 4 
sulfate ions would move out into the extracellular spaces. 

If the free SO; and 

The present SO; pump, as an example, requires 

The quantities involved are not small, being on the 

same order as Na+ and HCO;. Thus, tying up the double- 

valent anions will affect the osmolarity as well as the 

Gibb s- Donnan as soc tat ed phenomena. 



-59- 

Without further laboratory and mathematical experi- 

ments, it is too early to consider all the ramifications 

of the double-valent ions, but it is a point demanding 

attention. 

_L H2° 

Finally, let us consider the species K20. Since we 

assume, for now, uniform hydrostatic pressure and uniform 

activity for H 0 in each compartment, and since ir is un- 

charged, the water distribution will be a function of the 

gross osmolarity. Thus, as Van Slyke e211 points out, the 

water distribution will be determined so that the ratio 

2 

molecules + ions of solute 
molecules of water 

is identical in each compartment. This is a widely held 

assumption for biological systems, but it may be naive. 

Robinson [ti]> in an excellent review of intracellular water 

metabolism, discusses the possibility that the body cells 

are not in osmotic equilibrium and finally concludes that 

the consensus of opinion is that they are. The contrary 

could imply the active transport of H 0 by some means--say, 

an active membrane pump--the result of which is a mole 

fraction gradient for the species H20 across the cell membrane. 

2 
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An alternative explanation for such an H20 gradient 

was advanced by Spanner e261 and discussed more recently 

by DeHaven [29]. 

muscle cells operates at a slightly elevated temperature 

because of the metabolic activity, even one-fourth or 

one-half degree is sufficient to appreciably alter the H 0 

activity. Further, this theory can be incorporated so that 

the cell will appear to have an H+ (or alternately an OH-) 

pump as required relative to the other compartments, even 

though the basic cause is a change in H20 activity. 

hydration shells of protein can also effectively bind the 

polarized H 0 molecules, thus changing the activity coef- 2 
ficient. As much as 16 per cent of the water in human red 

cells may be bound to hemoglobin [6] and this, combined with 

the binding of double-valent ions, makes for a complex osmotic 

and Donnan problem. None of these sorts of hypotheses have 

yet been incorporated except experimentally. Further work 

If it is assumed that the interior of the 

2 

The 

is obviously required. 

Almost 63 per cent of the total 1898 moles of 

water in the compartments considered here appears in the 

intracellular spaces, excluding red cells; about 25 per 

cent appears in the interstitial space; and only 13 per 

cent, or 4.4 liters, in the blood. 
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VI. VALIDATION OF THE HODEL 

INTRODUCTION 

c 
kl 

t 

The process of testing the mathematical model of fluid 

and electrolyte balance consists of two parts: first, 

verifying that the reference standard state has been simu- 

lated within a reasonable tolerance; and second, performing 

biochemical stress experiments that cause a deviation from 

the standard state, similar to experiments performed in the 

laboratory. 

required to test a new model, and modifications will be 

made on the basis of the results of these experiments. 

A wide range of experiments will generally be 

A model of the standard viable state is not necessarily 

unique. For example, it may be possible to obtain in a 

second model the same mathematical distribution of species 

(within, say, 1 per cent) as the reference model by trading 

off, say, an active membrane pump against the protein bind- 

ing of a species plus a slight change in the amount or 

average charge of protein. But while the distribution of 

species of these two models may be almost identical at the 

standard state, they generally will stress quite differently-- 

i.e,, the validity of a model must be measured by its cor- 

rect response to a wide variety of stresses. 
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k 

Validation experiments deal first with qualitative 

aspects--(Does the distribution of species shift--in detail-- 

in the proper direction under stress?), and secondly with 

quantitative aspects--(Do the results compare numerically 

with the laboratory results?). As the experiments proceed, 

discrepancies between the model and laboratory results give 

rise to improvements in the model and improvements in lab- 

oratory practice. 

Improvements in the model might include, for example, 

a re-examination of the buffering system, or the addition 

of a new chemical species or reaction, or the inclusion of 

new facts on, say, glucose gradients. Improvements in lab- 

oratory practice have included greater attention to prepara- 

tion and detail, re-examination of conditions and assump- 

tions and their implications (e.g., eliminating the use of 

fluoride compounds in experimental live blood), and de- 

termining new requirements and techniques in the experi- 

mental method. 

Generally speaking, the experimental data available 

on body electrolyte distribution under stress are either 

not sufficiently detailed or are not sufficiently controlled 

to be useful for validation of the model. Much of the data 

comes from the human clinics where certain controls and 
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measurements are impossible. But, also, the absence from 

the model of certain clinical hypotheses--e.g,, glucose 

permeability--limits the choice of usable data. Most of 

the experiments we discuss here have been chosen from the 

literature for their distinct qualitative characteristics-- 

i,e., abnormalities in distribution which were well recog- 

nized and documented--in order to illustrate the similar- 

ities, the differences, and the detail of the mathematical 

model. However, three of the validation experiments, in- 

volving 22 dogs, which we discuss were carefully designed 

to produce in the laboratory the detailed data required for 

validation of the model under controlled conditions. 

The use of dogs in the laboratory is an approximation 

felt to be acceptable at this stage of validation. The 

reported chemical similarities of dog and man C28] enhance 

our expectation of qualitative similarities in response 

to stress. In detail, of course, the responses will be 

different, and for certain experiments the dog response 

may even be misleading. 

Table VI, the normal human electrolyte distribution 

from the computer, is a repeat of Table IV, included for 

reference in ehis more convenient location. The figures 

shown, together with the subsequent discussion, s m a r i z e  
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t 
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L 

pertinent data taken from the accompanying detailed tables 

of computed distribution from the computer. 

The first three experiments to be discussed are general 

results verifying the conclusions of Bland 928, Chap. 81. 

Then follow experiments by Bradham [l] on nephrectomized dogs, 

and, finally, various experiments from other sources, 

DEHYDRATION--HYPERTONIC CONTRACTION 

Hypertonic contraction is the loss of water, or de- 

hydration, with little or no corresponding loss of salt 

[28]. Eland notes that water loss is shared by the 

extra- and intracellular compartments. In fact, if the 

N 0 activity is the same in all compartments, the water 2 
loss in all compartments will be proportional, as shown in 

Fig. 2A and in Table VII. 

The hematocrit in the model, however, is very slightly 

increased (0.2 per cent), although the osmolarity of both 

plasma and red cells increases equally. The hematocrit 

change is due to a Gibbs-Donnan movement of electrolytes 

caused by a slight difference in the fixed, charged protein 

in the two compartments. 
4- Na mole fraction is increased, but preferentially 

intracellularly. This change in Na + gradient may partially 



c 

r I +  

r 
/ i  

*- 

. I  " 

i . ., , 

I.. , , i 



-67- 

?n 

32 

:32 

NZ 

n20 

n. 4 

JH- 

CL- 

M A  

K. 

CAt* 

*GI. 

SJI. 

-0. 

5.21I05E 01 
5.ZIO91E-OZ 
0. 

b.0119lE 01 
b.OH3bE-02 
0. 

8.25.02E 02 
8.253lIE-01 
0. 

b.IO.9IE 01 
b. 10133E-02 
0. 

n o w  -0. 
winze -0. 
ICIAC -0. 

MOLES -0. 
WCRAC -0. 
ntLnzo -0. 

nmEs -0. 
n m t c  -0. 

M / L W O  -0. 

WOLES -0. 
MFRAC -0- 

n/LWzo -0. 

n o m  -0. 
manzo -0. 

n F u c  -0. 
‘1ILM2ti -0. 

noccs -0. 
w w z o  -0. 

MFRAC -0. 

MOLES -0. 

lFRAC -0. 

IMES -0. 
RFRAC -0. 

niinzo -0. 

UIEA imcs -0. 
MfRAC -0. 

MILMZO -0. 

GLUCOS MOLES -0. 
llCRAC -0. 

*/LnZO -0. 

ntor n w c s  -0. 
wLnzo -0. 

nzto3 wmts -0. 
MILnzo -0. 

co3- n o u s  -0. 
n a w o  -0. 

? R O W  l M E S  -0. 
llFRAC -0. 
MILnZD -0. 

MFRAC -0. 

nFRAC -0. 

MCRAC -0. 

us4 noLts -0. 
wLnzo -0. 

niwz nmes -0. 
WFRAC -0. 

w/Lnzo -0. 
NWI n a c s  -0. 

nrnrq -0. 

MCRAC -0. 

MILH2O -0. 

-4331 M I E S  -0. 
MFRAC -0. 
MILnZO -0. 

n8WI WULES -0. 
WFRAC -0. 
MILn20 -0. 

3.II5I7E-01 
2. I 1?85E-03 
l.l?b2~E-Ol 

I.I715I€-OI 
1.OIO?OE-O3 
1.b7217E-01 

1.2571?L-02 
8.669ZbE-05 
I.7030PE-03 

8.31?81E-O3 
S.bIOl9E-OS 
3.1329It-03 

3.21191t-03 
2.162b3E-05 
1.2OIIl€-03 

1. ITI89E-03 
9.91023E-Ob 
5.50*22€-01 

3.0493IE-01 
2.05312E-05 
I.IIO32L-03 

I. O?V92€-02 
7.27115E-05 
I.038+5€-03 

l.25995E-02 
I.II33Ot-05 
I.?IlbW-03 

2.13.?6€-02 
l.IkOO2E-01 
1.9979bE-03 

I.I2??8E-O2 
5. O7bI3E-04 
J.Zb38IE-02 

5.8B32OC-Ob 
1.9bll?E-O@ 
2.2000bE-Ob 

1.2P231E-OI 
I. 7OlISE-07 
I.832b9E-05 

9.9bOOOE-03 
b.?OIOIE-O5 
3. ??IbIE-03 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0i 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

7.438l.E 30 

3.97193E-04 
9.347?2€-07 
~.1910OE-O5 

1.18IIDE-OZ 
Z.?.?I3€-OS 
l.SI8lbE-03 

3.bBZllE-D3 
0. IPIPbE-Ob 
k.5515IE-OI 

I.222251 02 
9.P3bIIE-01 
5.JIIOOE 01 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 



- 68- 

+ account for the reported slight loss oh Ea in dehydration 

[28]; i.e. , it may also sequester intracellularly. 

OVER~aRATZON--I-TYPOTONIC EXPANSION 

Hypotonic expansion occurs when the system is stressed 

with added water ahone [281. 3n this case, Fig. 2B and 

Table WILI, the results are opposite to hypertonic con- 

traction, as might be expected. Water is distributed 

proportionately to all compartments, diluting all compart- 

ments uniformly. These results, it must be remembered, 

are the initial responses of the body prior to initiation 

of compensatory mechanisms and kidney action. 

In the model, there is a very slight shift of electro- 

lytes, but general edema, of course, occurs. The results 

of both this and the previous dehydration experiment are 

conditioned by the assumption of equal osmolarity in a11 

compartments, which is expressed here by requiring that 

K 0 as a species have the same activity in all compartments. 

Had we not made this asslumption of uniform H 0 activity, 

the various compartments would change volume in proportion 

to the H 0 activity during a water stress, 

2 

2 

2 
The pH of the system changes uniformly with water 

addition. With overhydration, the pH decreases and with 

dehydration, the pH rises compared to the standard. The 
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Table ZX 

ISOTONIC EXPANSION AND CONTRACTION 
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mechanism for this is not entirely clear, but may be 

accounted for in part by the carbonic acid content. With 

added water, more C02 is dissolved, forming bicarbonate 

and hydrogen ions in relation to the fixed protein and base 

in the system. 

the buffering system shift the concentration of products of 

ionization with changing concentrations, so the pI4 shift 

may be subtly related to the total buffering. 

In any case, the mass action equations in 

ISOTONIC CONTRACTION ANn EXPANSION 

Isotonic expansion or contraction occurs as a result 

of the gain or loss of extracellular fluid [283; e.g., in- 

fusion of interstitial fluid or intravenous infusion of 

plasma, or the loss of either one. 

that in such a case the concentration gradients have not 

changed and one can predict that the electrolytes will not. 

move, nor will the solute. Therefore, only that compartment 

Bland c283 points out 

which has been altered wiil change In volume, and will repre- 

sent the only change. Of course, if the plasma volume 

alone changes, so does the hematocrit, but a change in 

interstitial volume will not affect the hematocrit (Fig. 

2C and Table IX). Also, note, we are discussing the 

idealized case, before the body compensatory mechanisms 

or the kidney come into play. 
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Generally speaking, however, a loss of extracellular 

fluid will involve both plasma and interstitial fluid, which 

are very similar except for their protein content. There- 

fore, when fluid, say, at some protein concentration midway 

between plasma and interstitial fluid is infused (or lost), 

this infusion (or loss) will spread into both compartments. 

Thus, in Fig. 2D and Table X, we have the ease where all 

components of the interstitial fluid except protein are 

decreased (-20 per cent). 

traction where the intracellular spaces are not greatly 

affected but the loss of volume is shared between inter- 

stitial and plasma spaces. 

of electrolytes extracellularly to make up the new charge 

balance (since protein was not lost), but very little is 

required since the protein content of interstitial fluid 

is relatively very small. In summary, mathematically 

speaking, and before the kidney or compensatory mechanisms 

take over, if the fluid lost is identical in every respect 

to that in the compartment from which it is Lost, that com- 

partment alone will be affected. 

The result is a - nonisotonic con- 

There is a very small shift 

INFUSIONS OF LSOTONIC AND HYPERTONIC NaCl SOLUTIONS 

In conjunction with Drs. J. V. Maloney, Jr., and G. €5. 

Bradham at the University of California at Los Angeles, 
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kr 

radioisotopic experiments, measuring the total body response 

to various infusions , were undertaken with nephrectomized 

dogs. Twenty-two dogs were used, seven for control and 

five each for infusion with isotonic NaCl, hypertonic NaCl, 

and hypertonic NaHCO 

sults have been reported in a paper by Bradham, et al. [I], 

where emphasis is placed on the clinical procedure and the 

results are presented from the point o€ view of the clinician. 

The experimental method and re- 3" 

Figure 3 and Tables XI-XIV present the results of the 

22 experiments for comparision between the computer and the 

laboratory. 

Figure 3B and Table XI1 are the computed results of 

infusion of 20 ml/kg of 0.9 per cent NaCl (isotonic). 

3F gives the average of the response of five animals with 

bilateral nephrectomy and splenectomy to the same infusion. 

Measurements were made at 30-min intervals, equilibration 

of the isotopes required 2-3 hr. 

Figure 

Isotonic saline in both the dog and the computed human 

results causes a general dehydration of the intracellular 

spaces. Extracellular water increases by more than the total 

injection--4 per cent more in the model, evidently due to 

the active sodium pump which concentrates the Naf in extra- 

cellular spaces and shifts water as well in order to maintain 
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equal osmolarity. Also, the effect is to dehydrate muscle 

tissue in preference to red cel.ls--in fact, for isotonic 

saline the red cells increase slightly in volume (1 per cent). 

The computed pH of the entire system drops slightly 

but uniformly throughout; the Gibbs-Donnan gradient as mea- 

sured by C1- concentration remains approximately the same. 

In contrast, the hypertonic NaCl solution moves a 

great deal more water into the extracellular spaces (Fig. 

3C and Table XIII). The infusion was 10 ml/kg of 0.892 

M NaC1, approximately 5.8 times the isotonic concentration, 

With this infusion (700 ml total) the extracellular spaces 

increased approximately 2800 ml, four times the infusion. 

Intracellular spaces decreased in volume; muscle tissue 

more, relative to the red cells. The computed pH of a11 

Compartments dropped approximately 0.02. Figure 3G shows 

a very similar response in the average of five animals. 

Hypotonic NaCl solutions could be expected to affect the 

system in an opposite manner than the hypertonic, but in the 

model such is not entirely the case, Intracellular spaces 

increase in volume (Fig. 3A, and Table XI), but so do the 

extracellular, more in the nature of overhydration. Ha 4 

concentration decreases in all compartments, but like the 

hypertonic case, the pH also decreases throughout. This 



A, HYPOTONIC NaCl 

13' r 121.5 

HCT RCV PV ECW ICW 

C. HYPERTONIC NaCl 

. - / b - ,  

COMPUTED 

1 1 /  .o " 3 * q  

HCT RCV PV ECI'J IC'C' 

HCT Hernatocri t PV Plasma volume 
RCV Red cell volume ECW Extracellular water 

Fig. 3-Neph rectomized dog experiments icompii ted) 



3 

j. 

I30 r 

-77- 

IN VIVO 

L 
C 

0 

a, n 

a, i 00 
L. Normal 

90 

80 

HCT RCV PV ECW ICW 

It. CONTROL 

130 r 
1 122.0 

120 

110 

100 
Normal 

90 

J- 
C 
a, v 
a, a 

80 

0 
HCT RCV P V  ECVl ICW 
G .  HYPERTONIC NaCl 

HCT Hematocrit PV - Plasma 

HCT RCV PV EC'i'Y' ICh 
F .  ISOTONIC NoCI 

r 123.7 

H C T  RCL' PV ECV 1Cl'i 

H HYPLKTONIC NatiC03 

lCLAi Introctllulai water 
RCV Red cell volume ECVJ Extracellular water 

Fig. 3- Nephrectomized dog experiments (in vivo) 



-78- 

I 

Table XI 
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decrease in gf-l is apparently a function of the water added, 

as discussed in overhydration above, and is not a function 

of the NaC1. Corresponding dog experiments were not tried. 

NaHC03 STRESS 

Hypertonic infusions of NaHCO (10 ml/kg of 0.892 M 

3 

3 

NaHCO were given to five experimental animals in an effort 

to distinguish the differences between the stress of NaCl 

and NaHC03. 

seen in Figs. 3D and 3H and in Table XIV. 

The effects are quite different, as can be 

+ The Na and the total volume, of course, go up. The 

computed pH increases approximately 0.2, since NaIICO is alka- 

line. Intracellular volume decreases, as with the admin- 

3 

istration of NaC1, but more proportionately than red cell 

volume, which is opposite to the EaCl effect. In this case, 

the red cells lost considerably more water (13 per cent) than 

for NaCl; the muscle tissue less (3 per cent); hematocrit 

decreased 25 per cent from the normal. Note that in no case 

does the computer correctly predict the quantitative ECW 

change, We discuss this below. 

Many similar results ean be worked out in detail from 

the computer experiment. For example, whereas the normal 

intra-extracellular Gibbs-Donnan gradient was 1: 28, ir is 
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now 1:32, as measured by the C1- ion; the plasma-red cell 

apparent Na+ gradient is now 1~12.6, a reduction from 14.6 

due, no doubt, to the increased Gibbs-Donnan effect. 

The computed satclration of hemoglobin goes up from 74 

per cent to 83 per cent because of the shift in pH. 

and Ca , because of the double-ion effect, decrease almost 

20 per cent in concentration in the plasma, while K con- 

centration goes down about 10 per cent in response to the 

increased Donnan gradient. 

cent in the cells, but almost 95 per cent in extracellular 

fluid due to the change in pH and the Donnan gradient. 

Mg* 
-1-t 

+ 

WCO- increases about 65 per 3 

The computed isotonic NaHCO (Table XV) and hypotonic 3 

NaHC03 (Table XVI) results are different only in degree from 

hypertonic. This conclusion may be significant inasmuch as 

hypotonic NaCl gives an opposite result from hypertonic. 

Of course, the WCO- is strongly buffered and should have 

less direct effect than C1-. 
3 

COMPARISON WITH ANIMAL EXPERIMENTS 

It is evident that a great deal more derailed informa- 

tion is available from the computer than can be obtained 

easily from the laboratory. 

it would be very convenient to know, for example, how the 

In order to check the computer, 
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Table XCT 

ISOTONIC Nat!C03 

148LE XV ZOMLIUG Of 0.154 M NAMC03 

REO CELLS IlTERSllllAL INTRACELL A I R  CLISMA 

-0. 

MOLES 5.273926 01 
MFRAC 5.270bbE-02 

MILnzo 0. 

MOLES b.09747E 01 
M F R A C  b.09310E-02 

9 I L W O  0. 

MOLES 8rZ50OOE 02 
MPRAC 0.25209E-01 

NILUZO 0. 

M O L E S  b.llO5OE 01 
nin).c b. 10613E-02 

MILHZO 0. 

MOLES -0. 
MFR4C -0. 

NILHZO -0. 

MOLES -0. 
M C R A C  -0. 

*/LH20 -3. 

MOLES -0. 
MFRLC -0. 

*/LHZO -0. 

MOLES -0. 
MCRAC -0. 

n m u o  -0. 

MOLES -0. 
MCRLC -0. 
ntLnzo -0. 
mmEs -0. 
n t n u  -0. 

n t w z o  -0. 
MOLES -0. 
MCRLt ' 

M E A  MOLtS 
MFRAC 
W L H Z O  

-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. . 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 

MILHI0 -0. 

CSOTM MOLES -0. 
*FRAC -0. 

nicnzo -0. 

HI4 MOLES -0. 
MCIAC -0. 

MILH20 -0. 

no402 MOLES -0. 
MFRAC -0. 
n m a o  -0. 

nmo4 MOLES -0. 
MCRAC -0. 

MILllZO -0. 

U84Ob MOLES -0- 
mcn4.C -0. 
w L w o  -0. 

n w o o  MOLES -0. 
w n A c  -0. 

MILWZO -0. 

1.79b8bf 02 

7.+93932 00 

l.b7957E-06 
9.34723E-07 
5.18864E-05 

5.00808E-03 
2.70713E-OS 
1. 54713E-03 

1.47248E-03 
8.19411E-Ob 
6.54888E-04 

1.78b51E 02 
9.9623lE-01 
5.519OOE 01 

1.0380 LE-01 
5.17b80E-LO 
3-20. IO€-01 

2.618OOE-Ob 
1.3+5b@E-08 
1.6b981E-01 

).ZOIbZE-Ol 
1.105bBE-03 
9.9l23DE-02 

+.95189€-01 
2.755OLE-03 
1.52911~-01 

1.2903bE-02 
7.ZZS7OE-05 
4.01098E-03 

I.19819E-03 
4.5b250E-05 
2.532b6E-03 

3.llZ50E-03 
I. 73223E-05 
9. b1 5blE -04 

1.8095lE-03 
l.OOlOlE-O5 
5.59024E-04 

3.7bZaSE-03 
2.0941ZE-03 
1.1b245E-03 

1.lIIbOE-02 
b.3IlLbE-O¶ 
3.54211E-03 

1.33775E-02 
7.46493E-05 
4. 132b8E-03 

2.18lblE-02 
I.214lbE-06 
b.13978E-03 

1.2blZSE-01 
1.01918E-04 
1.09b36E-02 

7.lZOObE-Ob 
3.9b296E-00 
2.19903E-Ob 

2.22968E-OI 
I.ZIO88E-Ob 
b.80809C-05 

9.VbOOOE-03 
5.543OOE-05 
3.01bPlC-03 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0 * 
-0. 
-0. 

4. 
-0. 
-0. 

7.54bllE 01 5.19317E 02 

7.2795% 00 7-51340E 00 

7.6077bE-05 6.05473E-04 
9.8Ibb5E-07 9.34723E-07 
5.$6921E-05 5.108b4E-05 

7.5OZb3E 01 
9.94237E-01 
5-31900E 01 

8.22S19E-02 
I .08999E-O3 
b.35053E-02 

3.93111E-02 
5-21 82OE-04 
2.09bbZC-02 

1. IlZIOE-01 
2.48088C-03 
1.3171 3E-01 

4.5b?lOC-O6 
b.3S354E-OI 
3.3bOO4E-04 

4.54562E-03 
b.32353E-05 
3. 343bbE-03 

2.831'I3€-04 
3.15230E-Ob 
2.01290E-O+ 

5,08194E-04 
7.8OZblE-Ob 
4.33122E-06 

4.81529E-03 
b.3Oll6E-05 
3.562llE-03 

I.bl133E-03 
7. 44493E-09 
4.132bOE-03 

5.SPZbSC-03 
1.61129E-OS 
4.114OOE-03 

3.7 190 3E-02 
+.928+LE-O4 
2. 735?5E-02 

2.99060E-Ob 
3.9b214E-08 
2.19903E-Ob 

4. 0 13ZOC -05 
5.31823€-01 
2.95214E-OS 

3.9 1 15OE-02 
7.038ObE-04 
3.90bOZE-02 

1 .4+757E-02 
2.78713E-35 
1 .5+713€-03 

6.2Sb16E-03 
0.19471E-Ob 
6.54888E-06 

5.1b384E 02 
9.96237E-01 
5.SlWOE 01 

2.8bOOOE-07 
5. S2355E-10 
3.ObblZL-08 

7.309bZE-Ob 
1 .+073IC-08 
1.8123bE-01 

9.b99bSE-01 
1.8blSbE-03 
1.03bbOE-01 

1.3b1b8E 00 
2.b3523E-03 
1.4b202E-01 

3.514~8C-02 
b.7bb92E-05 
3.75b3lE-03 

2.09332E-02 
6.0298IE-05 
2.2ibPlE-09 

0.21923E-53 
1.S943lE-35 
8.84#blE-O4 

5 .12113C-03 
l.lOl5~E-35 
b.Il4bZE-OI 

1.109bbE-02 
Z.290SbE -05 
l.Zll49E-33 

3.11423E-02 
b.38llbE-05 
3-562llE-03 

3.1bbl3E-02 
7.44693E-05 
6.132bIE-03 

b.59519E-02 
1.2b9I3E-04 
1.048OOE -03 

3.81275E-01 
7.36131E-04 
4.074PI)E-02 

Z.OS8ZbE-05 
3.9b294E-08 
2.19903E-3b 

7.0493bE-04 
l.>5727E-Ob 
7.53WlE-05 

3.3b030E-02 
b.bb929E-05 
3.59llOE-03 

b.82071E-01 -0. 
9.0496OE-Ob -0. 
5.02331E-04 -0. 

1.21331E-03 -0. 
l.bO16bE-DS -0. 
9.3b13SE-04 -0. 

9.+9403E-04 -0. 
1.258I4C-03 -0. 
b.90390E-06 -3. 

*.z~~ITE-o~ -0. 
5.bIllSE-Ob -0. 
LIl808E-06 -0. 

1.2806IE-03 -0. 
9.b4191C-05 -0. 
S.35SS8E-03 -0. 

1.21213E 33 

b.90947E 00 

1.05033E-I3 
1.52576E-JL 
8.46950E-35 

3.30002E - 32 
2.18713E-35 
1.56713E-03 

1.b3869E-02 
1.35108E-OS 
7.49983E-06 

1.20574E 03 
9.94231E-01 
5.51900E 01 

2. b910lE-Ob 
2.2 1097E -09 
1.231 7%-01 

4.24055E-Jb 
9.50331E-09 
1.96kbOE-01 

1.62981€-02 
b.Z9165E-O5 
3.692 38E -0 3 

2.32521E-01 
1.91 139E-o* 
l.Ob436C-12 

3.4b11bE 00 
2. #%bo€ -53 
1 .5I51PE-O1 

2. 185VbE-02 
1 .8OZSlE-O5 
1.OOOS7E-33 

2.1~40bC-51 
1.1b191E-36 
9.81397E-I3 

l-OlbO5E 00 
8.01299€-06 
4-92539E- >Z 

1.738bOP-02 
b.3011bE-05 
3-5421?E->3 

9.028blE - 02 
1. 44493E-35 
+.13260€-03 

5.18712E-33 
6.21701E-5b 
2.376blE-56 

z . ~ + ~ L o E - ~ I  
2.1019bE-36 
I. lbb79E- 31 

4.8OSPIE-05 
3.9b294E-08 
Z.lP983E->b 

I. 113 LIE-04 
9.b738OE-08 
5~3b99bE-Ob 

1.14314E 00 
9. 6311 kE - I4 
5-23522E-32 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
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Table XVI 

KYPOTONIC NaHC03 

ranit IVI ZOMLIUC a: 0.971 u *arc03 

A I R  CLASMA REO CELLS IYIERSTITIAL IMTlACELL 

X-8AR 1.OOOb2C 03 1.74556E 02 7.92b21E 01 5.02038E 02 l.ZIll1E 03 

-0. 

MOLES 5.276OIE 01 
MFnAC 5.2107Zt-02 

I(fLU20 0. 

MOLES b.OPl3le 01 
MFRAC 6.09351E-OI 

MILMZO 0. 

noLEs 8.25800~ 02 
MFRAC 8.25286E-01 

*tLnzo 0. 

M O L E S  6.11llPE 01 
WFRAC b. 10738E-02 
w L w o  0. 
MOLES -0. 

MILUZD -0. 

MOLES -0. 
nPRAc -0. 

MILU20 -0. 

MOLES -0. 
MCRRC -0. 
wLnzo -0. 
m a E s  -0. 
w i m o  -0. 

MFIAC -0. 

M F R A C  -0. 

MOLES -0. 
MC R A C  -0. 

miinzo -0. 

mmts -0. 
MCRAC -0. 
MILUZO -0. 

MOLLS -0. 

w L w o  -0. 

MOLES -0. 
MfRAC -0. 

4ILU20 -0. 

MF R A C  -0. 

WM- MOLES -0. 
MFllt -0. 

w L w o  -0. 

UlC4 MOLES -0. 
MCRAC -0. 

MILUZO -0. 

GLUCOS MOLES -0. 
*FRAC -0. 

w L n z o  -0. 
CACllC MOLES -0. 

M F R A C  -0. 
MILU20 -0. 

nco3- MOLES -0. 

*ILnzo -0. 

nzco3 MOLES -0. 

vLnzo -0. 
c33- ~ O L E S  -0. 

wLnzo -0. 

MFR4.C -0. 

MFR A C  -0. 

MFRAC -0. 

PROTY M M E S  -0. 
MFR A C  -0. 

wCnzo -0. 

MB4 MOLES -0. 
MfRAC -0. 
wLnzo -0. 

n 8 a z  n o u s  -0. 
MfRAC -0. 

MILUZO -0. 

llD606 M01ES -0. 
MCRAC -0. 

qILMZ0 -0. 

n860b MOLES -0, 
MCRAC -0. 
w w z o  -0. 

I(PRLC -0. 
M8rO8 MOLES -0. 

W L M t O  -0. 

7.6332bE 00 

1.b3Ib2E-06 
9.36135E-07 
S. 18815E-05 

6.1b689E-03 
2.18706E-05 
I. 56bPZL-03 

1.430ILE-03 
I. 1 940 bt -0 b 
6.548361-01 

1.735bTE 01 
9.96363E-01 
5.51900E 01 

l.15Pb8E-07 
b. b43b7E-IO 
3. b8150E-OI 

2.01267E-Ob 
1.17OZZE-08 
b.6P52OE-07 

3.lIPPI~-Ol 
1.12173E-03 
I.Olll3€-01 

6.11258E-01 
2.bW78E-03 
1.69#4IE-01 

l.ITllP3E-02 
1.32bIbE-05 
4.Obb7OE-03 

8.28b22E-03 
4.76708E-OS 
2.b3682E-03 

3-1blbbE-03 
1.1112IE-OS 
1.00533E-03 

1. b W l E - 0 3  
9.3bPObE-Ob 
5.2002OE-Ob 

7.2343% 00 

7.78091lE-05 
9. a1 b77E -07 
5.6487OE-05 

2.2090bE-03 
2.7I706E-05 
1. %b92€-03 

1. J708P€-03 
1.35107E-05 
1.4989bE-06 

7.88137E 01 
P.36363E-01 
5.5lPOOE 01 

8.32SOTE-01 
I.J5032E-OV 
5.8ZP7OE-00 

5.8b7OW-07 
7. 60209E-DV 
6. IOI65E-37 

9.13347E-02 
1.1523lE-03 
b. 395T9E-02 

3.PIOlZE-02 
6.P331bE-06 
2- 1311 OE-02 

I. 9261 bf -01 
2.62759E-03 
1.36741E-01 

6.b68blE-M 
5.U64q3€-Ob 
3.25527E-06 

4.66POZE-03 
1.86537E-05 
3.1555lE-03 

Z.PlI21E-06 
3.T6858E-Ob 
2-380blE-36 

1.0b546E-01 
b.10377E-06 
3.3878kE-02 

b.Vl@OOt-Ob 
3. P6326E-OI 
2.1997SE-Ob 

1. b3776t-06 
9.31252E-07 
5.207bIE-05 

*.*b000€-03 
5- IO5PbE-0) 
3.1b701e-03 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

4. 
-0 * 
-0. 

-0. 
-0. 
-0. 

2.31963E-31 
1-883921-36 
I .0+5b5€-02 

4. 17913E-35 
3.9b326E-08 
2.19975E-Ob 

9.5bb73t-0) 
7.7704IE-08 
4-31289€->6 

I.lI376E 00 
P.ZIP83E-06 
5.15b23€-02 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

. 
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+ intracellular Na gradient changes with chemical stress. 

Obviously, this sort of data is difficult if not impossible 

to measure in vivo, and obtaining such data illustrates the 

usefulness of a computer model that has been verified and 

is reliable. 

The global measurements for body water division, however, 

were illustrated in Fig, 3 for the computer and in vivo. 

One can conclude from Fig. 3 that the computer is quali- 

tatively correct. Some of the quantitative differences can 

be attributed to the differences between man and dog, in 

particular to the reported difference in the sodium pump 

value. 

in the dog, whereas in man it is 7:l. We attribute the 

quantitative error in the predicted ECW to this difference, 

The red cell-plasma Na+ ratio may be as low as 1:l 

A mathematical dog model was not constructed because of a 

lack of sufficient data and because our primary goal was 

to consider human physiology. 

WASTING DISEASE 

Wasting disease, discussed in Moore [Z, Chap. 53, is 

characterized by a loss of fat, a "skin-and'bones" appear- 

ance, and, particularly, by the predominance of extra- 

cellular tissues over intracellular, decreasing ICW/TEW 
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+ 
ratio, tncreasing Na /K increasing Na and 61- concentra- 

tions, and decreasing hematocrit. It occurs, for example, 

with cancer and in starvation e 

e e' 

We do not have enough data to check the computed 

results in detail, but it is perhaps surprising that the 

superficial characteristics of wasting disease can be simu- 

lated by simple loss of intracellular K with a proportion- 

ate loss of intracellular water. Moore suggests that this 

is so, and his suggestion confirms the results of such a 

stress, shown in Fig. 4A and Table XVII. This test should 

+ 

be continued, particularly with, also, a loss of protein. 

HYPOKALEMIA 
4- Hypokalemia, the loss of K , probably does not occur 

without water-loss from the cells [23 and we characterize 

it here (Fig. 4B and Table XVIII) by a loss of K propor- + 

tionately greater than the loss of intracellular water, 

The computed results present an interesting comparison 

to wasting disease. In particular, "pitting edema" is a pre- 

dominant characteristic where, as here, three liters of 

water carrying double the normal amount of intracellular 

K are lost. Computed extracellular volumes actually go f 

up in spite of the loss of water [Z]. Hematocrit is, of 

course, very low. Plasma and interstitial Na concentrations + 
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Table XVII 

WASTING DISEASE 
r4W.E W I I  R r  LO33 PlloIDlTlOllL TO ICY LOSS ICtG. 4A) 

A I R  PLASMA Re0 CELLS lR7ERSllllAL IMlRACELL 

12 MOLES 
MSRLC 
miLnzo 

nzo ROLES 
MFRAC 
H I L W O  

1-000bLE 03 

-0. 

5.274129 01 
5.210.0E-02 
0. 

b-09789E 01 
6.0941 7E-02 
0. 

8.258OZE 02 
8.Z52*9E-O1 
0. 

b.IO8lZE 01 
b.lO5OOC-OZ 
0. 

nr HOLES -0. 
MCRIC -0. 

MILI(2O -0. 

on- RoLts -0. 
UFRAC -0. 

RILnZo -0. 

CL- ROLES -0. 
HFRIC -0. 

v L n z o  -0. 

V A *  H M E S  -0. 
MFRAC -0. 
wLnzo -0. 

K* MOLES -0. 
U F U C  -0. 
*ILH2O -0. 

CAI* MOLES -0. 
HFIAC -0. 
*/in20 -0. 

us** MOLtS -0. 
HFILC -0. 
winze -0. 

sow ROLLS -0. 
RFR4C -0. 
* I L ~ Z O  -0. 

WPOI. HOLES -0. 
PIFRAC -0. 
miLnzo -0. 

M E A  lacs -0. 

man20 -0. 
I1FR4C -0. 

GLUCOS H O L E S  -0. 
HFRAC -0. 

H/LHtO -0. 

LACllC H M L S  -0. 
HFR4.t -0. 

MILM20 -0. 

HCOJ- I1OLES -0. 
M F R K  -0. 

*IL*ZO -0. 

M C 0 3  HOLt3 -0. 
IlFRAC -0. 
wLnzo -0. 

L J V  HOLtS -0. 
*FILL -0. 
HILn2O -0. 

?NOT1 MOLES -0. 
HFR4C -0. 

M/LMZO -0. 

me4 M L E S  -0. 
MFRAC -0. 
m/Lnzo -0. 

WUIZ m L t s  -0. 
w n A c  -0. 
m m v o  -0. 

Ha401 HOLES -0. 
*FRAC -0. 
m/LnZo -0. 

n n w b  mmEs -0. 
wLnzo -0. 

ne+Oi mmts -0. 
MFRAC -0. 
HILn2O -0. 

RFRAC -0. 

1.57564E 02 

7.4M59C 00 

I, 47285E-01 
9.3bTblE-07 
5.19035E-05 

4. 39l83E-03 
2.18134E-05 
1.54769E-03 

1.2VlZOE-33 
~.IQ48lE-Ob 
4.55022E-04 

1.5b6IIE 02 
9.9 395 b E-0 I 
5.51900L 01 

1. II78lE-01 
7.09434E-I0 
3.939l7E-08 

I. 12LO4E-06 
I.OP5bbt-08 
b.08259E-01 

3.179Slt-01 
2.Ol7PbE-03 
I. 1 ZOl9E-01 

4.52458t-01 
2.81159E-03 
1.59447E-01 

I.22Z2ZE-02 
1~15lOlE-O5 
6.3Oll3t-03 

8.ISl74E-03 
5.617YPE-05 
3.1193bE-03 

3.bbZ@bE-O3 
2.324b9E-05 
I .ZPO80E-O3 

1.5352ZE-03 
9.T435OE-Ob 
5- 4101 4E-04 

3.18251E-03 
2.01985E-05 
1. IZlS3E-03 

1.14bOOE-02 
T.Zl323t-05 
4.0385OE-03 

1.33704E-02 
8.b8512E-05 
4- 71 174E-03 

Z.lbI92E-02 
I .3121O€-OI 
7.bIIbIE-03 

9.00316E-02 
5.T1443E-04 
3- 11297E-02 

b.24287E-Ob 
3.9621 3E-08 
2. l999PE-Ob 

l.2PILPE-04 
8.2260 >E-07 
4.Sbl5SE-05 

9-9bOOOE-93 
6~32126E-0S 
3-50992E-03 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
4. 
-0. 

-0. 
-0. 

7.2b799E 31 

7.20606E 00 

1.13’107E-05 
9.8ITlZE-37 
5.45L3lE-05 

2.02584E-03 
2.78734f-05 
1.547.$9E-03 

P.81975E-Ob 
1.3s 1 1  OE-OS 
7.5OE04E-34 

4.51419E 02 

7.4157OE 00 

4.21PtZE-04 
9.341bTE-31 
5. lPOl5E-OS 

l.25826E-02 
2.7873bE-05 
l.54769E-33 

3.6PPZPE-03 
8.lP48lE-Ob 
4.55022E-34 

1.06185E 93 

6.0573OE 00 

I .62021E-03 
1.52584F-Ob 
8.41229E-05 

2.95974F-02 
2.78734E-35 
I .94769€-93 

I .434bbE-J2 
1.351 IO€-35 
7.502ObE-34 

2.8lVbPE-Ob I. 78858E-05 4.207IOE- >S 
3-Pb213E-OI 3.P6213E-08 3.96Zl3E-08 
t.l9999€-Ob 2.199>9€-36 2.1999PE-Ob 

2. 15b4EE-05 4.09254E-04 8.08Ib4E-35 
I.7PZ58E-07 P.Ob59SE-07 7.bLOIZE-08 
2.1058M-05 5.03192E-35 4.22589E-Ob 

5-3llJOE-02 3.3bO3DE-32 1.11374E 00 
7.30738E-24 1.4432OE-OS 1.07712E-03 
4.35747E-02 4.132lW.E-03 5.98077E-02 

8.824bOE-04 -0. 
I-Zl117E-35 -0. 
b.74117E-01 -0. 

1-5143lE-03 -0. 
2.D8353E-05 -0. 
1.1561VE-03 -3. 

1.039OOE-03 -0. 
1.42955E-05 -0. 
1.93lbbE-34 -0. 

4.Zb88ZE-04 -0. 
5.B734bE-Ob -0. 
3.2bl27E-34 -0. 

b.14736E-03 -0. 
9.2836TE-05 -0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. .. 

-0. 5.15481E-03 -0. -0. 
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Table XVIII 

E-fi7POKALEMIA 
TIOLE K V I I I  r(* LOSS GItCT€R THAN IC.* LOSS IFIG. I81 

AIR VCASMb REO CfLLS 1 ~ 1 E R S 7 1 1 1 A L  IWlRbCCLI 

L.00013E 03 

-0. 

M M t S  J.Zl6ZOE 01 
MFRAC 5.21090E-02 
MILnZO 0. 

MOLES b.09779E 01 
W R h C  b.0939bE-02 

MILW20 0. 

MOLES b.11050t 01 
MFRAC b. lObb7E-02 

MILHZO 0. 

MOLES -0. 
MF R b C  -0. 

M I L ~ Z O  -0. 

MDLES -0. 
MFRAZ -0. 

*ILH23 -0. 

MOLES -0. 
MFRAC -0. 

MILHZO -0. 

M3LtS -0. 
MFRAC -0. 
w L w o  -0. 
MOLES -0. 

wLnzo -0. 
MOLES -0. 
MCRAC -0. 
MILIUD -0. 

MFRAC -0. 

mars -0. 
vLnzo -0. 
MFRAC -0. 

SO*= nmts -0. 
MFR A C  -0. 

MlLU20 -0. 

*?M. ROLES -0. 
MF R A C  -0. 

vLnzI) -0. 

UR E A  ROLES -0. 
MFRAC -0. 

w L n z o  -0. 
GLVCOS MOLES -0. 

MFRbC -0. 
MILHZO -0. 

LACllC MOLES -0. 
MFRAC -0. 
w L w o  -0. 

Nt03- MOCES -0. 
MFRL‘. -01 

m/Lnzo -0. 
r(ltO3 M M E S  -0. 

M C R A C  -0. 
MILM20 -0. 

C33- noLcs -0. 
.M*RAC -0. 
‘1ILN20 -0. 

morn MOLCS -0. 
MCRAC -0. 

V L M Z O  -0. 

nor mmts -0. 
MCRAC -0. 

MILM20 -0. 

M 8 W 2  M M E S  -0. 
MtR4C -0. 

miLnzo -0. 

HI406 MOLES -0. 
W R A C  -0. 

miinzo -0. 

HBIOb MOLES -0. 
MFRAC -0. 

miLnzo -0. 

HI608 MOL€S -0. 
RCRAC -0. 
man20 -0. 

1.b75OOE 02 

7.39159C 00 

1.5b516E-01 
9.36lbbE-01 
5.18892€-05 

6.bb8b5E-03 
2.18721E-01 
1.5672 LE-03 

1.31ZblE-03 
8.196blE-Ob 
6.56889E-06 

l.U33*E 02 
9.91228t-01 
5.519OOE 01 

1.2241SE-07 
7.311PZE-10 
1.05881E-08 

1.780~8E-Ob 
1.06315E-O( 
5. 9OlbOE-07 

3.211OSF-01 
1.91803€-01 
1 .Ob5lI€-Ol 

6.51bIlE-01 
2.13242E-03 
1.SlbllE-01 

1.11329E-02 
7.OOIbIE-05 
3.81833f -03 

9.3bll3E-03 
S.58908€-05 
3. LOZWt-03 

4.231lOE-03 
2.929blE-35 
1 .60619E-OS 

1.59643E-03 
*.91#93€-0b 
5.28399E-06 

3.30TlbE-03 
1.97612t-05 
1.09bOLE-03 

1.218bZE-02 
I. 2 I5 301- 01 
1.03159€-03 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

-0. 
-0. 
-0. 

5.31 IOOC-02 
1. 69233E-04 
6.15902E-JZ 

I.IObT7E 02 

7.61236E 00 

6.69323E-JI 
9.347bbE-01 
s. 18892~-0s 
1.3391bE-32 
2.7812CE-3S 
1.S1721E-03 

3.93899E-03 
8.196blE-3b 
6.568D9E-06 

6.1lPOZE 02 
9.VI228E-01 
5.3 193Of 01 

3.3sObSE-07 
b.9lObIE- 10 
3.8b9b5E-38 

S.36OIPE-Jb 
1.11520E-01 
6.1905OE-01 

9.b7108E-01 
2.OlZ?bE-Q1 
1 - 1 1  7291-01 
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-i- 
remain almost normal, while intracellular Na goes up, pH 

is changed slightly toward alkalosis, and intracellular 

C1- and HCO; increase. 

confirmation. 

These results require laboratory 

HYPERTONIC EXPANSION 

Hypertonic expansion of body fluids occurs after 

stressing the system with a hypertonic salt solution [283. 

The specific effects of the hypertonic solution, however, 

depend greatly upon the kind of salts infused, 

Bland [28] discusses hypertonic expansion due to the 

infusion of saline, and in the computed experiment of Fig. 

3C, Table XI11 above, the principal result, cellular de- 

hydration, confirms Bland's remarks. The ingestion of 

sea water, though principally saline, gives somewhat dif- 

ferent results [29?, and the present experiment in which 

both Na and K are infused at hypertonic strength, gives 

still different results. 

4- + 

In the present case, the infusion is 5 ml/kg of 0.408 

M NaCl, plus 5 ml/kg of 0.408 M KCl (each alone would be 

hypertonic), with the result shown in Fig. 4C and Table 

XIX. (A similar mixture is deducted from the system in 

Table XX.) 
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The effects on the fluid and electrolyte distribution 
+ of adding Na+ and K 

the two effects of the stresses added separately, but, for 

small stresses, the qualitative results for mixed stresses 

can be predicted by such addition. Generally, for example, 

from the computer, hypertonic saline infusion will dehydrate 

the cells while hypertonic potassium infusion will transfer 

water from extracellular to intracellular spaces. 

are not exactly the algebraic sum of 

With the present mixed infusion, the computed extra- 

cellular volume goes up by 5 per cent and red cell volume 

by 19 per cent, but muscle tissue volume decreases 3 per 

cent, a mixed effect. Both Na and K have shifted out of 

the cells, the concentration gradient for Na increasing 

and for K (into the cell) decreasing. The pH intracel- 

lularly remains constant but the extracellular pH is more 

acidic. The hematocrit rises slightly under the influence 

of this stress to 42; the hemoglobin saturation is 75 per 

cent, 

4- + 

+ 

+ 

The behavior of the C1- ion here is of special interest 

since often the Cl- ion is presumed to be the ion which 

moves along with Na in order to maintain charge neutrality. 

In fact, the concentration of C1- increases in all compart- 

ments, and, further, there is a preferential rise in Cl- 

intracellularly although the Na tends to accumulate 

+ 

3- 
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extracellularly. The difference in behavior of these ions 

is due to the preferential nature of the Na 

affects the C1- only indirectly. In addition, the computed 

KCO- ion concentration decreases extracellularly and in- 

creases intracellularly. Yet, in all of these shifts the 

requirements of charge neutrality and Gibbs-Donnan are 

satisfied. This example illustrates that the prediction 

of electrolyte shifts under even simple stress can be an 

intricate process. 

+ pump, which 

3 

Hypotonic contraction occurs when a hypertonic solu- 

tion is lost from the system c28, Chap. 83. The computed 

result of such a loss is shown in Table XX where just the 

reverse of the hypertonic expansion occurs. 

An interesting conjecture coming from these experi- 

ments is that a physician, with sufficiently detailed 

knowledge of this sort, could tailor infusions of the 

proper salts to produce just the resulting electrolyte 

and fluid shifts desired. 

UREA LOAD, WATER LOAD--FIRST APPROXIMATION TO RENAL FAILURE 

In Figs. 4D and 4E, Tables XXI and XXII, we have made a 

rudimentary simulation of renal failure in a first attempt to 

simulate the syndrome. 

insufficiency where there is an accumulation of urea and 

The first type of failure is a renal 
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water. These tests were made to demonstrate that the 

accumulation of urea or water per se does not account for 

the marked changes in body fluid and electrolytes reported, 

for example, in Remenchik, et al. 1323, where renal in- 

sufficiency is discussed, or in Moore e27 and Bland r29] 

where renal failure in particular is analyzed. 

_L 

The computed changes to be noted here, in urea and 

water accumulation, are not remarkable in any way, Both 

urea and water simply distribute uniformly in all compart- 

ments. The results for urea plus water accumulation are 

similar in every way to overhydration, as discussed above, 

including the fall of pH. 

On the other hand, if K+ is lost simultaneously with 

water loading, some of the general characteristics of 

uremia appear, and no doubt the symptoms would be exag- 

gerated by loss of phosphate and calcium, as Moore points 

aut [2, Chap. 101. The addition of sodium salts as well 

would contribute to generalized acidosis (Table XIII), but 

perhaps, as Moore suggests, the accumulation of M ions 

from metabolic sources may be the ultimately lethal change. 

The results from the computer are, O E  course, very tentative, 

and we only suggest here some preliminary results far a 

later concerted research of uremia with a laboratory, 

+ 
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Table XXTI 

UREA LOADING PLUS WATER LOADZWG (RENAL FAILURE) 
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WEMQRRHAGE-F IRST APPROXIMAT ION 

In a preliminary experiment to demonstrate the effect 

of loss of blood, one-fifth of the blood was removed from 

the mathematical model, Fig. LbF and Table XXILI. Since 

blood of identical composition to that present was re- 

moved, there is no observable change in interstitial or 

intracellular composition" in the model. 
-14 

Obviously, this 

result is - not that expected in the body where profound 

electrolyte and fluid shifts occur [2,29:, . 

A better mathematical approximation to hemorrhage may 

be had by postulating that initially, before the body com- 

pensatory mechanisms occur, the fluid shifts begin as a 

result of loss of pressure in the capillary bed, kder the 

influence of pressure gradients, fluid and electrolyte will 

move across compartment boundaries, but this model does not 

yet explicitly incorporate variable pressure effects. 

HEMORRHAGE WITH NaCl ADDITION 

As an additional test, one liter of isotonic saline 

was added to the hemorrhage model above. This amount of 

fluid very nearly restores the volume loss of blood, but 

obviously notable shifts in fluid must be expected (Fig. 4G 

5; 
See Bland e291 and the section on Isotonic Contraction 

above. 
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Table XXIII 
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and Table XXIV) since the electrolyte composition is not 

identical to that lost. 

Intracellular volume is down from normal, with most 

of the loss in red cells. Muscle tissue volume is only 

off 0.5 per cent while red cells have lost more than 20 

per cent of normal volume. Surprisingly, the analog of 

interstitial edema is present in that interstitial cornpart- 

ment volume is increased, but plasma volume is below normal 

although above the volume in simple hemorrhage. Conse- 

quently, the hematocrit is down only 3 per cent from 

normal whole-body ratio. Na mole fraction is very near 
+ normal in all compartments; M mole fraction is up slightly 

(2 per cent) in extracellular spaces; and C1- mole frac- 

tion is high in all compartments since more was replaced 

than was removed. There is a slight acidosis. Generally, 

except for the 10 per cent increase in interstitial volume 

at the expense of the whole blood, the mathematical hemor- 

rhage treated with saline gives a mathematical result very 

similar to normal body distribution. 

+ 

Obviously, these last three experiments require much 

additional work in conjunction with a clinical laboratory. 

These rudimentary experiments only illustrate the nature 

of the experiments which a mathematical simulation makes 

po ss ib le. 



-103- 

HEMORRHAGE PLUS FLUIDS 
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VII. CONCLUSIONS 

A mathematical model for computing the fluid and elec- 

trolyte distribution in the principal body compartments of 

a young, male human has been discussed. This report deals 

with the computed distribution resulting from chemical mass 

action laws and electrochemical forces--i. e., pressure and 

temperature are presumed constant thoughout, there is no 

compensatory hormonal regulation, and, most important, 

there is no kidney. Nevertheless, the model yields a great 

deal of insight regarding fluid balance. 

Certainly the model is not complete; considerable 

detail must be added concerning, for example, protein 

chemistry and the behavior of double-valent ions. 

the major effects appear to be present in that the model 

responds in rational ways over a considerable chemical 

stress range. 

However, 

Validation of the model proceeds along two lines: 

the qualitative responses of the system to chemical stress 

are compared with similar experiments reported in the 

literature; and the quantitative aspects are tested against 

nephrectomized animals. Generally, these results show that 

even this simple model gives the correct qualitative re- 

sponses and reasonable quantitative answers. 
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The model will improve in validity as future research 

findings are incorporated, i.e. adding chemical detail and 

subtlety to the flexible format. The details of the mathe- 

matical model are, however, so numerous that few laboratory 

reports contain enough data to verify a11 aspects of the 

model; e.g., intracellular Na concentration under various 

stresses. There are two consequences of this. First, some 

of the nonmeasureable data (e.g., hemoglobin carbamino 

compounds) must be accepted by inference; if the response 

of the system is correct in the main, measurable variables, 

and if the carbamino-hemoglobin system, say, behaves 

properly in isolated, small sub-experiments, then it may 

be presumed that the small system is functioning properly 

when incorporated into the large model. Secondly, new 

laboratory experiments had to be planned with more detailed 

goals. But, this illustrates one of the principle purposes 

of the model: to interact as a complex tool with the 

laboratory. The work of Bradhm, et al. [119 demonstrates 

this usefulness 

+ 
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