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PREFACE

The object of this research was the construction and
validation of a mathematical model of fluid and electrolyte
distribution in a disease state: hypothyroidism. The
following steps were required for this study: 1) to develop
and validate a model of a standard laboratory dog; and 2) to
construct a model of a hypothyroid dog, using the standard
model as a basis and then modifying it to conform to labor-
atory measurements taken on hypothyroid dogs.

The models presented in this report are in an interim
stage of development awaiting further laboratory data for
more complete validation. They help to further the con-
tinuing effort of a group of physicians, physiologists, and
mathematicians to produce a complete description of body-
fluid chemistry in both normal and abnormal states.

At the time of this research, M. B. Wolf, now a con-
sultant to The RAND Corporation, was a National Institute of
Health Trainee in the School of Medicine, Department of
Surgery, University of California at Los Angeles. Dr. Wolf
is presently at the University of Southern California with
a joint appointment in the Departments of Electrical Engin-
eering and Physiology.

James V. Maloney, M.D., also a consultant to The RAND
Corporation, is associated with the School of Medicine,
Department of Surgery at the University of California at
Los Angeles.






SUMMARY

A mathematical model of the fluid and electrolyte
distribution in a standard laboratory dog was developed.
It adequately predicted measured changes in distribution
of various chemical substances following administration
of saline and alkaline solutions; however, the measured
changes due to acid addition were not as well predicted.

A new fluid compartment was added to the standard
dog model to simulate hypothyroidism as a result of a
hypothesis of body chemistry changes in hypothyroid animals.
Although most parameters of the new compartment were de-
termined from the literature, some were chosen numerically
to correlate most accurately the model prediction and the
chemical data taken on hypothyroid dogs following an
alkaline chemical infusion.

Both hypothyroid and euthyroid dogs received injec-
tions of acid solution to provide chemical data for com-
paring chemical distributional changes in these groups and
for validation of the models simulating these states. The
results proved statistically that hypothyroid dogs respond
differently from normal ones to acid infusion. However,
the hypothyroid model, like the normal model, did not
predict these experimental results well. Laboratory tech-
nological problems accounted for many of these discrepancies.

The results of this research have suggested that addi-
tional experiments and other chemical perturbations are
necessary to test the biochemical hypotheses formulated in
this Memorandum. The ideas explored are applicable to
studies of other disease states that exhibit gross fluid

and electrolyte abnormalities.
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I. INTRODUCTION

This Memorandum illustrates the use‘of mathematical
modeling combined with laboratory verification in the study
of the steady-state fluid and electrolyte distribution in a
disease. Mathematical modeling in the field of fluid and
electrolyte balance began with L. J. Henderson [1] in 1908.
He studied the chemical equilibrium of the electrolyte
buffers in the blood and derived mathematical relationships
governing their behavior. 1In 1913 L. Michaelis and M. t.
Menten [2] initiated the mathematical treatment of enzyme
kinetics with their research on the interconversions of
sugars. These works have been expanded many times and new
models have been constructed for other chemical systems,
but the field has attracted significant attention only in
the last ten years. The advent of the large electronic
computer, which can handle extremely complex problems, has
inspired such pioneers as Mose Berman [3,4], Britton Chance,
et al. [5], and David Garfinkle [6] to model the reactions
of complex enzyme-kinetic problems and other individuals to
construct models in almost all biological fields.

The present study stems from work originated at The
RAND Corporation by G. B. Dantzig, et al. [7], who proposed
a mathematical model of the steady-state chemistry of blood.
For the first time a mathematical model of fluid and elec-
trolyte distribution was put into a format suitable for
solution by electronic computers. J. C. De Haven and E. C.
DeLand [8] expanded the first model to simulate more com-
pletely the complex reactions of hemoglobin with oxygen,
carbon dioxide, and hydrogen ions. Later Deland [9] further
perfected the buffering simulation-capabilities of the model;
then G. B. Bradham, et aZ..[10], and DelLand [11] expanded
it to include the electrolytes of all the body's fluids.
Current efforts are oriented toward: 1) further perfec-

tion of the blood model; 2) simulation of an individual



patient's blood [12]; and 3) further development and valid-
ation of the whole body model.

Both past research and current efforts have dealt with
the simulation and verification of the fluid and electrolyte
distribution in the blood and other body fluids of the normal
individual. The next step was to decide if a model of this
distribution in disease states could be constructed; thus
allowing old hypotheses to be tested or new ones formed
concerning the physical description of these diseases.

This Memorandum illustrates the first attempt to model the
steady-state fluid and electrolyte distribution in a disease.

The original plan was to model the distribution of fluids
and electrolytes in a standard (euthyroid) laboratory dog,
using the data from the available literature [10,11,13,14,15].
Then the model would be modified according to current hy-
potheses to match the alkaline-infusion data for hypothyroid
dogs obtained in previous studies [13,14]. Following this,
the model would be tested, using the results from a study
of acid loading [1l6] of hypothyroid dogs and comparing these
to the predictions of the model.

The basis for the model of the hypothyroid state arose
from evidence in the biological literature. One early re-
search effort concerning this disease was by W. M. Ord and
E. White [17], who studied myxedema, the chronic form of
hypothyroidism. They observed that administration of
thyroid extract caused myxedemic patients' body temperature,
nitrogen excretion, and urine production to increase, while
body weight'decreased. Based on the research, they defined
myxedema as an accumulation of mucoproteins in the tissues,
and postulated that in myxedema this accumulation is a by-
product of the fundamental change that thyroid insufficiency
produces in the activity and chemical composition of tissue
cells. W. O. Thompson [18] in 1925 found that plasma volume
in myxedemic patients increased after thyroid administration,

and that this change correlated with the altered metabolic



rate. In 1933 F. B. Byrom [19], who reported on the nature
of myxedema, agreed completely with the hypothesis that in
myxedema an abnormal protein aggregate exists in the extra-
cellular-extravascular space, and that this substance will
decrease in quantity if thyroid hormone is administered.
Jerry Aikawa [20] in 1956 discovered a decreased plasma-
sodium concentration, a high radiosodium space, and increased
total exchangeable sodium in this disease; all were reversed
when the individual was treated with thyroid extract. The
results of these studies are compatible with the hypothesis
that myxedema is associated with an excessive deposition in
the extracellular-extravascular space of a macromolecular,
osmotically-active substance.

As early as 1860 A. Rolett [21] demonstrated the
existence of mucin (a macromolecular material) in connective
tissue. Later mucin was extracted from the skin of many
animals, and in 1940 hyaluronic acid was identified as the
mucinous material. V. Horsely [22] in 1885 mentioned an
accumulation of mucin in myxedematous skin, and in 1950
G. Asboe-Hansen [23] studied the effect of thyroid hormone
on dermal connective tissue. He concluded that hypofunction
of the thyroid gland (hypothyroidism) was accompanied by an
increase of hyaluronic acid in this tissue. Sara Schiller
[24] in 1961 showed that in the skin of hypothyroid rats
the concentration of hyaluronic acid was increased, and
that this change was prevented or even reversed by the ad-
ministration of the thyroid hormone.

Hyaluronic acid is extremely effective in binding ions
and water. J. H. Bland [25] described the configuration of
the molecule as a tangled thread, resulting in a high,
specific, hydrodynamic volume. Also the water content of
tissues has been determined to be a function of their hyalur-
onic-acid content [25]}. E. Kulonen [26], in dialysis experi-

ments, showed that hyaluronic acid retained cations in the



dialysis bag, the quantities depending upon the degree of its
polymerization. M. B. Engel [27,28], N. R. Joseph [29,30],
and H. R. Catchpole [31] used electrometric techniques in

a series of experiments to determine both the changes in
electrical charge density and the ion-binding characteristics
of the ground substance of connective tissue (hyaluronic acid
being predominant) under hormonal influence. These men
demonstrated that depolymerization of the tissue caused a
fall in the anionic polyelectrolyte charge density and an
increase in serum electrolytes. Thus a basis was laid for
considering the ground substance of connective tissue as a
heterogeneous system of ions, polyelectrolyte macromolecules,
and water; the distribution of these is a function of the
physical state and the degree of polymerization of the ground
substance.

All the previous evidence--including the demonstration
by Dietor DSrr [14] that showed that the chemical dis-
tribution in euthyroid and hypothyroid dogs differed in
response to the infusion of hypertonic sodium bicarbonate
(an alkalinizing solution), even though both groups had
similar body chemical composition before infusion——made:the
following hypothesis plausible: 1In this disease the accumu-
lation of hyaluronic acid in the extracellular-extravascular
space leads to fluid and electrolyte distribution abnormalities.
These result from the sensitivity of this macromolecule to the
pH of its surroundings, as far as characteristics of its
polymerization, ion, and water binding are concerned. This
hypothesis was incorporated in the modeling of the chemical
state of the hypothyroid.

The mathematical models used to study chemical exchange
in the body generally rely upon the division of the biological
system into individual homogeneous fluid spaces (compartments)
between which chemical exchange occurs. Originally, on
anatomic grounds, intracellular and extracellular were hy-

pothesized to be the only body fluid compartments [32].



However, the introduction of the use of isotopic tracers
by F. D. Moore [33] in 1946, which provided the technique
to measure quantitatively the volumes of these individual
body phases, has shown that more than two distinct compart-
ments exist. Since then a constant search has been under-
way for suitable isotopes and carriers to measure the
volumes of all the observed anatomical spaces in the body
and, in particular, the total extracellular fluid volume
[34]. The main result has been that even this fluid is
heterogeneous and can be divided into a number of sub-
compartments, each with different chemical compositions.
Validating mathematical models of chemical exchange
necessitates using multiple isotope dilution methods to
measure volume changes in all body fluid compartments in-
cluded in the model. Therefore, one must be quantitatively
specific, relating observed anatomical spaces to isotope-
measured spaces. In this Memorandum the fluid compartments
considered were chosen from an anatomical description of the
body and were assumed to be analogous to the volumes measured

by specific isotope dilution techniques.



IT. MODEL OF FLUID BALANCE AND ELECTROLYTE DISTRIBUTION
IN THE DOG

This mathematical model simulates the steady-state
fluid balance and the gas and electrolyte distribution in a
standard (euthyroid) laboratory dog before and after such
disturbances as fluid and electrolyte loading. The format,
is general, however, to incorporate the effects of disease
states upon the distribﬁtion. Consequently, the require-
ments of this initial study of hypothyroidism are: 1) an
idealization of the extra-renal, steady-state fluid and
electrolyte distribution in a standard aniﬁal; and 2) a
provision for adaptation to empirical results and abnormal
states.

Chemical species, chemical reactions, compartments,
and intercompartmental relationships pertinent to a detailed
description of the whole body fluid subsystem constitute
this model of fluid and electrolyte distribution. The model
is intended to represent the composition of those fluid
spaces in a nephrectomized (kidneys removed) dog that
equilibrate within two to three hours with a fluid and
electrolyte load. These various fluid spaces supposedly
exist in discrete compartments that are, however, in mutual
chemical communication via semipermeable membranes. These

compartments are:

1) The interior of the red cells taken together as
a physiologic space;

2) The plasma;

3) The interstitial lymph and the rapidly equi-
librating portions of the connective tissue
and bone;

4) The intracellular fluid of the body cell mass

as a whole, excluding red cells.

The chemical content of the slowly equilibrating parts

of the bones, the dense connective tissue, and transcellular



fluids are assumed to remain constant during the experimental
period.

Table I shows the reference state of this model. It is
described by the volumes and the chemical composition of the
various compartments in an anesthetized, spleenectomized,
nephrectomized dog. The concentrations are in mM/liter of
water. Data for total volumes of the compartments are taken
from the control period measurements (Table X, p. 27), the
concentrations of species in blood from R. E. Bernstein [35]
and D. S. Dittmer [36], and the concentration of species in
intracellular and interstitial fluid from I. S. Edelman [37].
The last column of the table is the calculated total amount
of each input species, shown in mM for the standard 10 kg
dog.

Table IT is an idealized model of the dog body sub-
divided into the rapidly equilibrating fluid compartments.
The idealized compartments of the mathematical dog "body™
are considered to be chemically homogeneous and iso-osmotic,
and to be at constant temperature (37°c) and pressure (1 atm).
The separating membranes are assumed to be impermeable to
the macroscopic molecules--proteins and miscellaneous large
molecules--present over the course of a five to six hour
experiment. They are permeable, however, to the solvent
and miscellaneous small species, charged and uncharged,
whose concentrations are subject to certain constraints;
e.g., cation "pumps" and Gibbs-Donnan gradients, which shall
be defined.

Each compartment, as shown in Table II, contains a list
of chemical reactions pertinent to the fluid and electrolyte
distribution problem. Thus, the bicarbonate system is com-
plete, the proteins buffer ut ions, and hemoglobin oxygen-
ates properly. The simulation is detailed then in the
chemical sense; more detail can be achieved by adding
pertinent chemical reactions or compartments, as will be
required subsequently in the simulation of the hypothyroid
state.



Table I

COMPOSITION OF STANDARD 10 kg DOG MODEL

COMPARTMENT TOTAL
Red Inter- Intra-
CHEMICAL SPECIES Plasma Cells stitial kellular
Millimoles/Liter of Water? Millimoles®
Na* (sodium) 154 134 145.2 10. 306.27
k" (potassium) 4.83 9.92 | 4.55 |1s0. 656.07
ca™ (calcium) 1.52 1.71 1.35 1.0 6.64
Mg** (magnesium) .226 .604 .202 | 13. 53.0
C1” (chloride) 111.1 88.8 |117.9 3.0 218.46
HCOZ (bicarbonate) 21.9 18.6 23.2 6.07 63.59
HPO, (mono hydrogen phosphate) .26 .165 .292 50.?} 20280
HZPOA (di hydrogen phosphate) .202 .161 .213 0
S0, (sulfate) .26 .198 .35 10. 41.13
ORGAN™ (organic acid) 1.85 1.5 2.0 .0508 3.7
Hbi (hemoglabin) 0 6.7 ] 0 1.559
GLUCOSE 5.27 5.27 5.27 5.27 30.93
UREA 3.65 3.65 3.65 3.65 21.42
NH} (ammonium) .0223 .028{  .0211 .829 3.41
H,0 (water in moles) 19.58 12.83 | 68.36 | 222.76 384.68
H,0 (water in liters) .355 .233 1.24 4.04 5.868
MISC-- (miscellaneous protein) 35. 1.64 39.6 (b)
MYOSTIN 0 0 0 3.5 14.14
SERUM PROTEIN .802 0 0 0 .285
pH 7.30 7.20 7.32 6.74

aCompositions are shown in mM/Titer of water; totals are given in milli-
moles, except for water, which is given in liters and moles.

bThe miscellaneous proteins are considered as individual species in

each compartment.
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Table IT

COMPUTER INPUT

GAS PHASE
c2 ~10.94 1.0 02
cg2 -T1.74074 1.0 €02
N2 ~11.52 1.C N2
K20 2.79 1.0 H20

PLASMA
c2 0. 1.0 02
co2 0. 1.0 €02
N2 G. 1.0 N2
H20 1.0 H20
He 0. 1.0 He+ 1.0 *PLASM
OH- 39.39C 1.0 H20 ~1.0 H+ -1.0 *PLASM
NA+ O. 1.C NA+ 1.0 *PLASM
K+ 0. 1.0 K+ 1.0 *PLASK
CA++ 1.0 CA++ 2.0 *PLASM
MG+ 4+ Q. 1.0 MG+ 2.0 *#PLASM
cL- 0. 1.0 CL- ~1.0 *PLASM
ORGAN- 1.0 ORGANI —1.C *PLASM
HCO3- 18.0556 1.0 €02 1.0 H20 -1.0 H+ —1.0 *PLASM
H2C03 6.566C 1.0 €02 1.0 H20
CC3= 45,6616 1.0 C0O2 1.0 H20 -2.0 H+ -2.0 *PLASHM
F2P04- -20.57 1.0 HPO&= 1.C K+ ~1.0 *PLASM
FPO4= 0. 1.0 HPQ4= -2.0 *PLASM
SQ4= 0. 1.0 SULFAY -2.0 *PLASM
NH4+ 0. 1.0 NH4+ 1.C *PLASM
NH3 24.461 1.0 NH4+ -1.C H+
UREA 0. 1.0 UREA
GLUCCS o. 1.0 6LUCOCS
PROTN 0.0 1.C SERUM ~105. BCARB ~17.0 IMID -60.5 EAMINC
PROTN ~20.9 PHENOL-23.7 GUANID

RED CELLS
c2 -0.48999999 1.0 02
cg2 -0.064251 1.0 €02 .
N2 -0.5CCC0000 1.0 N2
H20 1.0 H20
(24 ) 1.0 H+
OH~ 39.39C 1.0 H20 -1.0 H+
NA+ «371939 1.0 NA*
K+ -.48088 1.0 K+
CAs+ «36264 1.0 CA++
MG++ —.4949) 1.0 MG++
cL- 0. 1.0 CL-
ORG AN— 1.0 ORGANI
HCO3- 17.99135 1.0 C0O2 1.0 H20 ~1.0 H+
K2C03 6.491749 1.0 co2 1.0 H20
CC3= 45,.597349 1.0 €02 1.0 H2C —-2.0 H+
H2P04- -20.57 1.0 HPO4= 1.0 H+
+FPO4&= 1.0 HPO4=
SC4= 0. 1.0 SULFAT
NH&+ 0. 1.0 NH4+
NKE3 24.461 1.0 NH4+ ~1.0 H+
UREA 0. 1.0 UREA
GLuCGs o. 1.0 GLuUCOS
X MISC ~19.6498 1.0 X- MIS 1.0 H+
X-MISC 1.0 X~ MIS
HB4 1.0 HB4 -8.0 HMCOOH -12. TYROUSIN
HB4 : ~12. ARGINI -50. ASPGLU -20. HISTID -44. LYSINE
HB4 ~4.0 REDASP ~-4.0 REDNMH2
FB402 ~-15.396836 1.0 HB4 1.0 €2 -8.,0 HMCCCH -12. TYROSIN
HB4Q2 =12+ ARGIN! -50. ASPGLU —-20. HISTID -44. LYSINE
FB4&02 -3.0 REDASP ~-3.,0 REDNH2Z -1.0 OXYASP -1.0 OXYNK2
HFB404 -31.5C4582 1.0 HB4 2.0 C2 ~8.0 HMCCOH -12. TYROSIN
KB40 4 -12. ARGINI -50. ASPGLU -20. HISTID —-44. LYSINE
HB404 ~2.0 REDASP -2.0 REDNHZ ~-2.0 OXYASP -2.0 OXYNH2
HB406 -45.2201728 1.0 HB4 3.0 Q2 -8.0 HMCOOH -12. TYROSIN
HB4O 6 -12. ARGINI -50. ASPGLU ~2C. HISTID -44. LYSINE
HB&40E ~1.0 REDASP -1.,0 REDNHZ ~-3.0 OXYASP ~-3.0 OXYNH2
HB40B -64.024875 1.C HB4 4.0 C2 ~8.0 HMCOOH ~12. TYROSIN
+8408 - -12. ARGINI -50. ASPGLU ~20. HISTID -44. LYSINE

HB408 . ~4.0 OXYASP ~4.0 OXYNH2
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02
coe
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H20
H+
OH-
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Table II illustrates that the four liquid compartments-—-
plasma, red cells, interstitial fluid, and intracellular
fluid--contain essentially the same species, with the excep-
tion of proteins. The principal proteins of plasma--serum
albumin and the globulins--are considered here as the species
PROTN. The interstitial fluid--derived from plasma, con-
nective tissue, and intracellular fluid--has a collection of
miscellaneous impermeable species also named PROTN. TIn the
red cells, the miscellaneous impermeable species are called
XMISC; their charge and amount are variable quantities,
usually determined to match the computer prediction of blood
chemistry to the desired composition (Table I). Hemoglobin,
however, has been entered in the red cells separately to show
its detailed reactions with oxygen, hydrogen, and carbon
dioxide.

In the intracellular compartment, myosin has been the
only protein singled out from the miscellaneous impermeable
species since it is a principal buffer in the cells. The
myosin buffering, which has been detailed for this mathe-
matical model, as well as the serum albumin buffering, is
incorporated following the detailed discussion in DeLand
[38]. These proteins are impermeable and have a fixed
charge that is dependent upon the pH of the compartment.
Adjacent fluid compartments consequently have Gibbs-Donnan
gradients-across intervening membranes for charged species;
e.g., see DeLand [9]. 1In addition, the red-cell plasma
and the intracell-interstitial relationships include active
cation pumps that effectively establish the empirically
measured gradients of Na+, K+, Ca++, and Mg++ across the
cellular membranes.

Dog blood is different chemically from human blood,
principally in the cation and Gibbs-Donnan gradients (see
Table I, p. 8). For example, Bernstein [35] shows that the
Na' ion gradient for human blood from plasma to red-cell

milieu is about 7:1, while for a dog it is only 1.1:1.
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Frequently the ratio is less than 1:1; i.e., for a dog,
sodium may be more concentrated inside the red cell than in
plasma. Similarly, the concentration ratio of k' from red
cells to plasma is only 2:1, while in man it is nearly 30:1.
The chloride gradient in human blood is about 1.45:1, while
in a dog it is only 1.25:1.

However, active cation pumps seem to be present in the
dog. If the Gibbs-Donnan gradient is measured by the C1~
ion-concentration gradient (an assumption implying that the
Cl ion is not actively pumped but is distributed passively,
and that both plasma and red cells are electrically neutral),
then neither Na' nor K'Y conform to this gradient and such
additional phenomena as active pumps must be invoked to
explain the cation gradients. In this work the HY ion con~
centration in blood is assumed to exhibit the Gibbs-Donnan
gradient; hence, for venous blood the pH difference between
plasma and red cells is 7.36-7.24 or 0.12 (as shown in Table
III). 1In the human blood, with a slight hydrogen ion "pump,"
the difference in pH is 0.20.

The interstitial compartment is assumed to be an ultra-
filtrate of plasma with a Gibbs-Donnan gradient of 0.95 for
monovalent ions.

The chemical composition of the intracellular space
(less the red cells) of the dog is not well known. This
composition--which may be approximately measured by sub-
tracting the measured amount of a chemical species in the
extracellular space from the amount in the total body
measured by radioisotope dilution--consists of an average
composition of a wide variety of cells. However, the princi-
pal cells in number are muscle cells. The chemical data
for these cells are taken from Edelman {37] and Moore [33],
and are essentially the same as those used for the human
intracellular compartment [11]. The cation gradients,
with respect to interstitial fluid, are very large:

Na+, 14.5:1 outside to inside; K+, 35:1 inside to outside.



COMPUTED DISTRIBUTION OF SPECIES FOR THE STANDARD DOG

X~ BAR
PH

02

coz

N2

HzO

H+

CA+e

NG+4

-

ORGAN-

HCO3-

H2C03

C03=

H2P04~

HPO4=

SDAx=

NHA+

Lk ]

UREA

GLUCOS

PROTN

X mIsc

X-M1sC

HB4

HB 402

HB404

HB 406

HB 408

MOLES
MFRAC

MOLES
MERAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MERAC

MOLES
RFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MERAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFERAC
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‘Table III

USING THE MODEL OF TABLE II

GAS PHASE
9.99877E 02
-0.

5.26020€ 01
5.26084E-02

6.04102E 01
6.04176E-02

8.25797€ 02
8.25899E~01

6.10675€E 01
6.10750E-02

=0
=0

=Qe
=0.

~0.
—0.

~0.
~0.

-0.
-0.

~0.
~0e

-0.
-0,

-0.
<0.
-0.
~0.

~0.
-0.

=0,
-0

~0.
-0,

~0.
-0,

-0.
-0.

—0.
-0.

-0.
=0.

-0.
-0e

-0.
-Q.

-0.
-0

-0.
-0.

-Q.
-0.

~0.
-Q.

-0.
~0.

~0.
-0.

~0.
-~0.

-0.
=0.

PLASMA
2+50408E 01
7.35705€ 00

2-33627E-05
9.32983E-Q7

6.5T735E-04
2.626658-05

2.05354E-04
8.20077E-06

2.48997€ 01
9.94364E~01

1.98245E-08
T.91687E-10

2.45913E-07
9.82047E-09

6.90567E-02
2.75776E-03

2,16831E-03
8.65910E-05

T.54897E-04
3.01466E-05

1.01225E-04
4.04239E-06

5.06419E-02
2.02237€-03

B8.57364E~04
3.42387€-05

1.19013E-02
4.75277E-04

9.20490E-07
3.6T7594€~08

1.54128€E-05%
6.155456~07

8.34910E-05
3.33420€~-08

1.22927E~04
4.90908E-06

1.41743E-04
5.6604T7E-C6

1.00337E-0%
4.00693E-07

3.01738€-07
1.20498E-08

1.64856€~03
6.58349€E-05

2.38024E-03
9.50545E-05

3.61100E-04
1.44205€-05

-0.
=Qa

-0.
-0.

-0.
~0e

-0.
-0.

-0
-0

-0.
~-0.

-0.
-0

RED CELLS
1.22685E 01
7.23842E 00

1.86839E~-05
1.52292E-06

3.43634E-04
2.80096E-05

1.65879€-04
1.35208E-05

1.21993€ 01
9.94364E-01

1.27636E-08
1.04036E-09

9.16836E-08
T.47311£-09

3.046T78E-02
2.48343E-03

2.25807E-03
1.84055€E-04

4,44425E-04
3.62250E-05

1.40484E-04&
1.14509€-05

1.88808E-02
1.53897€-03

3.19651E-04
2.6054TE-05

4.73162€E-03
3.856T3IE-04

4.85744E-07
3.95929€-08

4,66329E-06
3.80104E-07

3.112T79E-05
2.53723E-0¢

3.48761E-05
2.84275€6-06

4.02144E-05
3.27787E-06

6.46C00E-06
5.26554E-07

1.4T7833E-07
1.20498E-08

8.0T693E-04
6.58349E~-05

1.16617E-03
9.50545E-05

-0.
-0.

2.05149€E-03
1.67217€-04

5.76881E-03
4.T0214E-04

1.31939€-04
1.07543E-0%

1.17913€-04
9.61108E~06

2.14618E-04
1.T4935E-05

3.57079€~05
2.91054€-06

9.63221E-04
7.85119€-05

INTERSTITIAL
1.14203E 02
7.37960€ ©C

1.06643E-04
9.32983E-07

3.00235E-03
2.628665E-05

9.37375E-04
8.20077€-06

1.13659E 02
9.94364E-01

8.59129€E-08
T.51622E~10

1.18235E-06
1.03439E-08

2.99269E-01
2.61820€-03

9.39675E-03
8.22089E-05%

3.10592E-03
2.T1726€E-05

4£.164T5E-04
3.64360E-06

2.43486E-01
2.13017€~-03

4.12220E-03
3.60637E-05

5.722156-02
5.00612E-04

4.201T4E-06
3.6T7596E-08

T.80536£-05
6.82917E-07

4.01424E-04
3.51192E-06

6.22538E-04
S5.4463TE-08

T.17826E-04
6.28001E-06

4.348276-05
3.80415E-07

1.37134E6-06
1.20498€£-08

7.52515E-03
6.58343E~05

1.08650€8-02
9.50545E-05

2.90446E-03
2.54101€-05

~Q.
~0.

-0,
-0.

~0.
=0.

-0.
~G.

-0,
~0.

-0.
-0.

-0.
-0.

INTRACELL
2.17946E 02
6.79771T€E CQ

2.03340€-04
9.32983£-07

5.72468E-03
2.62665E-05

l.78732E-03
8.20077E-06

2.167T17€E Q2
9.94364E-01

6.25425€E-07
2.86963E~09

5.90482E-07
2.70931E-09

3.92204£-02
1.79955E-04

6.28894E-01
2.88555E-03

3.47T1T26-03
1.592$3E-05

5.10970E-02
2.34448E-04

1.18222€E-02
5.424356-05

2,00148E-04
9.18340E-07

2.85773g~C2
1.31121€6-04

8.01160€E-Q6
3.67596E-08

1.02108E~05
4.68503E-08

~0.
-0.

1.96555¢- 01
9.01854E~04

3.93664E-02
1.80625E~04

3.25592€-03
1.49391E-05

2.70128E-0Q5
1.23943€-07

1.43484E-02
6.58349E~05

2.07167E-02
9.50345E-05

1.67264€E~Q2
7.6T45TE-05

1.66354£-01
7.63281E-04

~0.
-0

-0.
-0.

~0.
~0.

~0.
~0.

~0.
~0.

-0.
-0,
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But the Cl gradient is nearly 40:1, illustrating that the
Cl™ ion is essentially extracellular.

In addition to the fluid compartments in Table I, the
mathematical model has a gas-phase compartment containing
gases of various mixtures under the control of the experi-
menter. Normally, the gas phase is maintained in an over-
whelming amount (say 1000 moles) so that reactions in the
viable range of the liquid phase will not alter appreciably
the partial pressures of the gas phase. This is equivalent,
in the wet laboratory, to equilibration of blood in a ton-
ometer or placing an animal in a respirator for a long period
with gas of fixed composition.

A similar "whole body" mathematical system for human
chemistry has been described by DeLand and Bradham [11];
the system has been described for blood alone by DeLand
[9]. These two papers contain bibliographical references
to earlier models and more detailed discussion of the
construction of steady-state models that will be ab-
breviated here since the interest is in the simulation of
a disease state.

A model, as described here, consists of a list of
chemical components from which product species are obtained
by chemical reactions; each species has a free-energy param-
eter (i.e., the mass-action equation equilibrium constant),
the mole numbers (mass) of each component, and such inter-
compartmental relationships as the solubility of gases. The
mathematical problem is to compute the steady-state distribu-
tion of all species in the system subject to chemical and

bioclogical constraints; i.e.:

1) Conservation of mass;

2) Positive species mole numbers;

3) Simultaneous satisfaction of all mass-action
equations;

4) Conservation of charge in each compartment;

5) Iso-~osmolarity of compartments;
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6) Satisfaction of active cation "pump" gradients;

7) Miscellaneous minor constraints.

A solution of the mathematical system is a list of the
species mole numbers and their mole fraction concentrations
in each compartment. The normal model merely reproduces
Table I, but a valid model may then be used to compute the
new distribution resulting from certain chemical loads or
other perturbations. The computer can produce a solution
for the system based upon many methods. The technique
used here is based upon minimization of the Gibbs' free-
energy function subject to constraints as described, for
example, in N. Z. Shapiro and L. L. Shapley [39]. Both
R. J. Clasen [40] and DeLand [41] discuss the detailed
program.

Table III is the computed distribution of species for
the standard 10 kg dog, using the input data of Table I and
the model of Table II. Beginning with the totals' column
(inputs to the computer program) from Table I, the program
distributes the constituents in the various compartments
so that a modified Gibbs' free-energy function will be
minimized subject to the constraints listed above; the
result is then printed. For example, Table III shows that
the distribution of species follows the concentrations in
Table I when these are multiplied by the appropriate volume
factors for each compartment, as shown in Table I. The
construction of a model that yields the desired composition
of Table I involves specifying the magnitude of some param-
eters: 1) the amounts of miscellaneous proteins in each
compartment to yield the desired volume and the fixed
negative change on the miscellaneous species, thus establish-
ing the correct Gibbs-Donnan gradient; 2) the free-energy
parameter, associated with each cation pump (Tablé II), that
gives the concentration gradient of Table I for these wvarious
cations; and 3) the amount of ut ion input needed by the model

to yield the correct pH in the blood.
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Validation of this standard dog model follows pro-
cedures described in more detail in Ref. 11. In addition
to determining the standard distribution of species in the
specified compartments of the 10 kg animal, the model must
respond correctly to specified chemical additions. Tables IV
and V are the computed distribution of species after addi-
tions of NaHCO, and HCl solutions to the standard model. The
results of the laboratory experiments with the same perturba-
tions are then compared (Table XI, p. 28) with these computed

distributions as part of the model's validation procedure.
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Table IV

STANDARD DOG MODEL, ADDITION
10 ml/kg OF

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES

. MFRAC

OH~

NA+

CA++
Nﬁoqr
cL-
ORGAN~
HCO3-
H2¢03
co3=
H2PO4—
HPO4=
SO4=
NH4+
NH3
UREA
GLUCOS
PROTN
X MISC
X—M15C
HR4
HB402
HRAO4
KB4O6

HB408

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MDLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MERAC

MOLES
MFRAC

MOLES
MERAL

MOLES
MFRAC

MOLES
MERAC

MOLES
HFRAC

HOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

GAS PHASE
9.99880E 02
~0.

$.26020E 01
5.26083E-02

6.04382€ 01
6.044556-02

8.25797€ 02
8.25897€-01

6.10423E 01
6. 10496E-02

-0.
-0

-0.
-0.

-0.
-0,

~0.
-0

-0.
-0.

-0.
-0

-0.
~-0.

-0.
-0.

-0.
-0.

-0e
-0.

-0.
-0.

=0
~0.

~0.
~0.

-0.
-0.

-0,
~0.

~0.
-0.

~0.
=0

=0«
-0

-0«
~-0.

-0a
-0.

=0
-0.

=0.
~0a

-0.
~0.

-G,
-0.

-0.
-0.

~-0.
=Q0.

PLASHA
2.81993E 01
T.61571E 00

2.63094E-05
9.32981E-07

T.41040E-04
2.6278T7E-0S

2.31255€~-04
8.200T74E~C6

2.80287E O1
9.93951E-01

1.23064E-08
4.36409€E-10

5.02169E-07
1.78078E-08

8.46632E-02
3.00231E-03

1.87266£-03
6.64079E-05

5.87946E-04
2.08497€-05

6.32335E~05
2.24237€-06

5.16377€-02
1.831176-03

B.T4223E-04
3.10016E-05

2.43145€E-02
8.82237E-04

1.03664E-06
3.67613E-08

5.T1266€E-0Q5
2.02581€-06

1.0469BE-04
3.71279E-06

2.T964SE-04
9.91673E-06

3.153456-04
1.11827€-05

8.63684E-06
3.06278BE~-07

4.TELTTE-07
1.67088E-08

1.82166E-03
6.45993E-05

2.63017e-03
9.327T0SE-05

3.61095E-04
1.28051E-05

~0.
~0.

-0.
~0.

~0.
-0.

-0
~0.

~0e
=0

~0.
-0«

-0.
-0.

.892M NaHCO

RED CELLS
1.23369€ 01
T7.45908E €O

1.87881E-05
1.522928-06

3,45711€E-04
2.80225E~05

1.66804E-04
1.35207€E-05

1.22623E 01
9.93951E-01

7.72193E-09
6.25922€-10

1.53176€E-07
1.24161E-08

3.64042E-02
2.95084E-03

1.90062E-03
1.54060E-04

3.68184E-04
2.98441E-QS

9.334T76E-05
T.56654E-06

1.57510E-02
1.27674E-03

2.666613E-04
2.16151£-05

T7.90879E-03
6.41068E~-Q%

4.88476E-07
3.95947€-08

1.29556E-05
1.05015E~06

3.19359E-05
2.58865E-08

5.94733E-05
4.820TTE-Q6

6.70657E-05
5.43619E-06

5.41926E-06
4.39281£-07

2.06135€~-07
1.67088E-08

7.96955E-04
6.45993E-05

1.15067£-03
9.32705E-05

-0.
~0.

1.37829E~03
1.11721E~04

6.44201E-03
5.22174E-04

1.34867€-04
1.09320€-05

1.19671E~-04
9.70026€~06

2.16268€-04
1.75301€-05

3.57262€-05
2.89588E~06

9.56861E~04
1.75609€E~0%5

3

INTERSTITIAL
1.30211€ 02
T+63619E 00

1.21578E-04
9.32981E-07

3.42440E-03
2.€62787TE-05

1.06865E-03
B.200T4E-06

1.29523€ 02
9.93951E-01

5.42493E-08
4.16306E~10

2.43262E-06
1.86678E-08

3.713212€E-01

2.86401E-03

8.25505€-03
6+33408E-05

2.472406-03
1.89730E-05

2.6%5906E-04
2.04054E-06

2.50144€-01
1.919%9E-03

4,.23493E-03
3.24986E-05

1.17785E-01
9.03874E-04

4.79040E-06
3.67613E-08

2.90097E-04
2.22619E-06

5.07181E~-04
3.89208E-06

1.42008E-023
1.08976E-0%

1.60137E-03
1.22888£-05

3.80730E~05
2.92170E-07

2.17734E-06
1.67088E-08

8.41801E-03
6.45993€-05

1.21542€6-02
9.32705E~-05

2.30446€-03
2,220886E-05

-0
-0.

-0.
~0.

-0e
~0.

-Q.
~0.

-0.
-0.

~0e
-0.

-0
~0.

OF

INTRACELL
2.05780E 02
6.915C0E CO

1.91988E-04
9.3298B1E~07

5.40761E~-C3
2.62787€~05

1.68755E-03
8.20074E-06

2.04535€ Q2
9.93951E-01

4.50823E-07
2.19081E-09

1.29965€-07
3.54732E-09

5.58344€-02
2.71331E-04

6.30689E~-C1
3.06488E-03

4.34844E-03
2.11315E-05

5.133276-02
2.49435E-04

T.29759E-03
3.54632E-05

1.23548E~04
6.00389E-07

3.53442E-02
1.T1758€-04

T-56472E-06
3.67613E-08

1.65417€~05
8.03854E-08

~0.
-0.

1.95449E-01
9.49T9TE-CA

3.82824E-02
1.B6036E-04

3.25429E~03
1.58149E-05

3.53661E-05
1.71864E-07

1.32932€-02
6.45993E~05

1.91932E-02
9.32705€~05

1.67264E-02
8.12831E-05

1.86354E-01
8.08408E~04

-0.
-0.

-0.
~0.

-0.
-0.

-0.
~0.

-0.
-0.
~0. -
-0.



X-BAR
PH

0z

Ch-

NA+

CAs+#

MG+

cL-

ORGAN-

HCO3-

H2C€03

CCa=

H2P04-

HPO4=

SD4=

Nti4g+

NH3

UREA

GLUCOS

PROTN

X MisSC

X-MISC

HBA

HB402

HB4O4

HB406

He408
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Table V

STANDARD DOG MODEL, ADDITION OF
25 ml/kg OF .2N HC1

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
HFRAC

MOLES
MERAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MCLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

HOLES
MFRAC

MOLES
NFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

GAS PHASE
9.58924E Q2
-0.

5.26023E 01
5.26063E-02

6. 044348 03
6.04480E-02

8.25797E 02
B8.25860E-01

6.1C812E 01
€.10858E-02

—0a
—-0.

—0.
~0.

~-C.
-0.

-Q.
-0a

~0.

-0.

~0.
-0

-0.
-0.
~0.
-0.

-C.
~0.

-0.
-0

-0.
-0,

-0.
=0«

-0
-GC.

~0.
=0

Qe
~0.

~0.
=0«

-0.
-0.

-a.
-0.

-0.
-Q.

-0.
~0.

~G.
~0a
~0.
~0.

~Q.
-0.

“Qa
-0

-a.
-0.

-0.
-0.

PLASMA
2.51972€ 01
T.11444E 00

2.40673E~05
9.32945E-07

6. TT943E~04
2.62798E-05

2.11547E-04
B.20038E~06

2.56563E 01
9.9453%E~01

3.57050E~-08
1.38B407E-09

1.44936E-07
5.61830E~09

6.72500E-02
2.60688E-Q3

Z2.99313E~-02
1.16026E-04

9.28722E-04
3.6C009E-05

1.91529E-04
T.42440E-06

5.62150E-02
2.17927€-03

7.97504E~04
3.09144€-05

7.01795€E-03
2.72044E-04

9.4893TE~07
3.67846E-08

5.19900E~-Q6
2.01534€E-07

T.85794E~05
3.04605E-06

6.61780E~05
2.56532E-06

T+69134E~05
2.98147E~C6

1.38941E-05
5.38589E-07

2.38998€-07
9.26452E~09

1.62211E-03
6.287956~05

2.34206€-03
9.078T4E-05

3.61090E-04
1.39973E-0%

=0.
-0Q.

-0.
-0.

-Qe
-0.

~0.
~-0.

~0.
~0.

-0.
~0.

~0«
-0.

RED CELLS
1.23273€ 0}
7.03773E 00

1.87728€-05
1.52286E~06

3.45457E-04
2.80237E-05

1.66667E-04
1.35201E-05

1.22600E G1
9.94539€6~-01

2.03580E-08
1.65146E-09

5.80448E-08
4.T0B64E-09

2.62762E-02
2.13154€-03

2.76042E-03
2.23927E-04

4,39652E~04
3.56649E-05

2.13740E~04
1.73388E-05

2.25149E-02
1.82642€-03

3.19388E-04
2.59090E-05

2.99709£-03
2.43126E-04

4.88406E~0T
3.96198E-08

1.B6080€E-06
1.50950€E-07

3.14699€E-05
2.55286E-06

2.22121E-05
1.80186E-06

2.58154E-05
2.09416E-08

7.92202€E-06
6.42639€~07

1.14207€~07
9.26452E~09

T.75135€-04
6.28795E~05

1.11916E-03
9.07874E~05

~0.
-0.

2.82172E-03
2.28%00E-04

4.99858€~03
4.05488E-04

1.83200E~-04
1.486156-05

1.46578€~04
1.18905€E-05

2.38849E-04
1.93756E-05

3.55772€-05
2.88605E-06

8.59184E-04
€.96976E-05

INTERSTITIAL
1.2T479E 02
7.13483E 00

1.18931E-04
9.32945E-07

3.35013E-03
2.62798€-05

1.0453BE-03
8.20038E-06

1.26783F 02
9.94539E-01

1.683506-07
1.32060E-09

1.50637E-07
5.88830E-09

3.17085E-01
2.48734E~03

1.41126€-02
1.10705€-04

4.17815E-03
3.27751E-05

B.61651€-04
6.75914E-06

2.91163E-01
2.28400E-03

4.13034E~-03
3.24001E-05

3.63486E-02
2.851176~04

4.68927E~-06
3.67846E-08

. 2.82200E~05
2.21369E-07

4.06969E~04
3.19243E-06

13.59213E-04
2.81781E~06

4. 1T484E-04
3.27491E-06

6.5510F7E-05
5.13892E~-07

1.18103E-06
9.264526-09

B.01584E-03
6.20795E~05

1.15T35€-02
9.078T4E-05

2.90446E-03
2.27838E-05

~0.
-0

~0.
~0.

-0.
-0.

-0.
-0e

-0.
-0.

-0.
-0,

-0.
-0

INTRACELL
2.21324E @2
6.69312E Q0

2.06483E-04
9.329456~07

5.81635£-C3
2.62798E-05

1.814%4E~03
8.2C038E~-06

2.2D116E 02
9.94539E-01

8.08174E-07
3.565154E-09

4.T1319E~Q7
2.12954E-09

2.74032E-02
1.238156~04

6.22851€-01
2.81420E-03

2.23044E-03
1.0C?777e-0%

5.04883E-02
2.28119€-04

1.77739€E-0Q2
8.03069E-05

2.52134E-04
1.13921E-06

2.28217E-02
1.03114E-04

B8.14132E-06
3.67846E-C8

6.,40B24E-C6
2.89541E-08

-G
-0.

1.96887E-01
8.89586E-04

3.97459E-02
1.79582€-04

3.23478E-03
1.46156E-05

2.10907E-05
9.52933E~-08

1.391468E-02
6.28TG5E-05

2.00935e-02
9.07874E-05

1.67262E-02
T.55131E~Q5

1.66354E-01
T.51629€E-04

“0.
-0.

~Qa
-0.

~0.
-0.

-0.
-0.

~0.
~0.

~0.
~0.
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ITI. MODEL OF FLUID AND ELECTROLYTE DISTRIBUTION
IN A HYPOTHYROID DOG

The hypothyroid dog model was constructed by modifying
the standard dog model according to hypotheses for the bio-
chemical differences between euthyroid and hypothyroid
animals. Previous work detailing some of those differences
was described by Dorr [13,14].

DOrr observed that hypothyroid dogs reacted to an
infusion of hypertonic NaHCO, solution with a significantly
greater increase of their extracellular fluid volume than
the same infusion results in euthyroid dogs. This observa-
tion, coupled with the evidence in the literature that
hyaluronic acid accumulates in the extracellular-extra-
vascular space of the hypothyroid, leads to the following
hypothesis for the changes in body-fluid chemistry seen
in this disease state: 1In the hypothyroid state the metab-
olism of the connective tissue cell is altered to produce
an excess of the gel-like, polyelectrolyte hyaluronic acid
that accumulates on the surfaces and in the vicinity of
connective tissue. The gel, which is assumed to be pH
sensitive, partially depolymerizes into a sol as pH increases
and reversibly repolymerizes as pH decreases. This substance
binds small ions and entraps water and electrolytes in
interstices [42].

From this hypothesis, a new compartment called Colloid
was added to the standard model; it consists of polyelectro-
lyte macromolecules and their associated ions and water.
Studies [27,29] of various tissues that contain mucopoly-
saccharides have demonstrated that ions are bound chemically
to these macromolecules, and that they also exist in close
proximity because of the Gibbs~-Donnan effect [25] of this
nondiffusible, highly-charged particle existing in a fluid
space. Therefore, a portion of the calcium, magnesium, and

hydrogen ions in this compartment is hypothesized to be
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chemically bound while the remainder of these ions--plus
sodium, potassium, and chloride--are assumed freely dif-
fusible. Table VI shows the concentrations of the bound
and unbound ions in MEg and mM/liter of water in this com~
partment. These data for the ionic composition of various
connective tissues were derived primarily from Engel's [27],
Joseph's [29,30], and Catchpole's ([31] articles. Values in
the table for the unbound ions were calculated assuming a
Gibbs-Donnan concentration gradient of 1.5:1 for positive
ions (with respect to plasma). Engel [27], who also used
data from L. Eichelberger, et al. [42], calculated this
ratio to vary from 1.1 to 1.7 for certain types of con-
nective tissues. Neither the molecular weight nor the
osmotic effect of hyaluronic acid was known, so the species
colloid, which was hypothesized to be mainly hyaluronic
acid, was assigned a concentration (osmolarity) that would
allow the colloid compartment to be iso-osmotic with plasma.
The free (electrical) charge (unbound ionic sites) on the
colloid molecule (species COLL) was determined by adding
the charge of the free cations and anions in the compartment
and assigning the species a charge (in MEg/liter of water)
that would yield electroneutrality in the compartment. The
total charge per molecule was -410, a value close to that
found by Joseph [29,30]. The bound calcium and magnesium
values were computed from data of Eichelberger [42], and
the bound hydrogen made up the difference between the free
charge and the total charge minus the bound magnesium and
calcium. The volume of the colloid compartment was set
equal to the CTW volume (Table X, p. 27) that was measured
in the acid-infusion experiments. This isotope-measured
volume is hypothesized to be analogous to the volume of
the colloid space.

Twenty fragments (species MUCO) were assumed to result
from the depolymerization of one molecule of the colloid.

These fragments, which were hypothesized to be subunits of
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Table VI

COMPOSITION OF THE HYPOTHESIZED COLLOID COMPARTMENT
FOR A 10 kg HYPOTHYROID DOG

CONCENTRATION
CHEMICAL SPECIES MEq/liter H,0 mM/Titer H,0
Na* 216.3 216.3
K* 6.7 6.7
ca*™ (total) 47.0 23.5
ca** (unbound) 6.94 3.47
Mg*t (total) 21.46 10.73
Mg** (unbound) 1.308 .654
c1- 80.1 80.1
coLL 151. L4971
MUCO (in interstitial .55 .03
compartment)
MUCO (in plasma .35 .019
compartment)
H20 .579 liters
H* (bound) 31.2 31.2
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hyaluronic acid, existed in the interstitial and the plasma
compartments in the model. Each fragment that bound
calcium, magnesium, and hydrogen was assigned a fixed
charge, one-twentieth of the parent molecule. The small
quantity of the fragments in the interstitial fluid and
plasma before infusion were numerically determined to match
the model prediction with the laboratory data for NaHCO3
infusion. The computer results were extremely sensitive

to these initial quantities.

Table VII shows the steady-state fluid and electrolyte
distribution of the hypothyroid dog model, and Tables VIITI
and IX show this distribution after simulated infusion of
10 ml/kg of 0.892M NaHCO3 and 25 ml/kg of .2N HCl. These
results will be discussed in Sec. V.
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Table

VIT

kg HYPOTHYROID DOG MODEL

PLASHA
2.50228E 01
T.35991E 00

2.33459E~05
9.32984E~-07

6.5725BE~C4
2.62664E-05

2.05206E-04
8.20077E-0&

2.48816E 01
9.94358E-01

1.98145E-08
T-91857€-10

2.45681£-07
9.81831E-09

6.9T737£~-02
2.78841E-03

2.15298E-C3
8.50408E-05

5.,64T6TE~Q4
2.25701E-05

9.91413E-05
3.96204E~06

5.00706E-02
2.001C00€E~-03

B.4B924E~04
3.39260E-05

1.18901E~02
4,75170E-04

9+.19816E~07
3.67591E-08

1.53959€-05
6.15274€-Q7

B.47553E-05
3.38712E~06

1.24T62E-04
4.98594E-06

1.43776E~04
5.74582E-06

9.96083E-06
3.98070E~07

2.99483E-07
1.19684E-08

1.64599€-03
6.57T95E~05

2.37653E~-03
F.49T45E-05

4.461T74E-04
1.78307E-05

3.72456E-05
1.48B41E-G6

-0.
-0.

-0
~0.

~0.
~0.

-Q.
~0.

-0.
-0.

-0a
~-0.

~0.
~0.

-Q.
—-0.

RED CELLS
1.27103€ 01
T«22619E 00

1.93568E-05
1.52293E-06

3.560008E-04
2.80094E-05

1.T1853E-04
1.35208€-05

1.2638¢E 01
3.94358E-01

1.36937€-08
1.07737€~-09

9.17219E-08
1.21635E-09

3.30441E-02
2.59973€-03

2.40671E-03
1.89351E~04

3.69518BE-04
2.90723E-05

1.52915E-04
1.20308E-05

1.86932&E-02
1+47071E-03

3.16934E-04
2.49352E~-05

4.73357E-03
3.72420E-04

5.03231£-07
3.95924E-08

4.50434E~06
3.54433E~-07

3.16422E-05
2.48950E-06

3.42345E-05
2+69345E-06

3.94520E-05
3.10294E~-06

6.88390E-06
5.41601E~07

1.52122€E-07
1.19684E-08

8.36077E~04
6.5TT95€E-05

1.20715E-03
9.49T745E-05

~0a
~Ce

=0
=Qe

2.10483£~-03
1.65601£-04

5.71547€6-03
4.496T72E-04

1.33901E-04
1.0534BE-05

1.19093€-04
9.36983E~06

2.15729€-04
1.69728E-05

3.57208E-05
2.81038£-06

9.58961€-04
T.54476E-05

~0.
~0.

INTERSTITIAL
1.14351E 02
7.38780E 00

1.06688E-04
9.32904E-07

3.00358E-03
2462664E-05

9.3776TE-04
8.2007TE-06

1.13704€ 02
9.94358E-01

8.49168E-08
T.42598€E-10

1.19721€E-06
1.04696E-08

2.99022E~01
2.61495E-03

9.22681E-03
8.06885E-05

2.26980E-03
1.98494E-05

3.98449€-04
3.48444E-06

2.43995E-01
2.13373€-02

4.13681E-03
3.61765E-05

5.T9404E~02
5.06689€E~04

4.20344E-08
3.67591E-08

8.C0009E-05
6.99608E-07

4.13013E-04
3.61180E-06

6.48295E-04
5.66935E-06

T.4T098BE-04
6.5333BE-08

%4.26881E-05
3.73308e~07

1.36860E-06
1.19684E-08

Ta52196E~03
6.5TT95E-05

1.08504E-02
9. 49745E-05

3,37911E-03
2.95504E-05

44C5034E-04
3.54203€-06

-0.
-0

-0.
-0.

-0.
-0.

-G
=0.

-0.
~Qe

~0.
—0e

~0a
-0.

-0
~0.

coLLarpo
4.40530E 01
7.19433€ Q0

~Q.
~Qu

—0.
~Q.

~0.
~0a

4.38045E 01
9.94358E~01

5.10738E-08
1.15937€-09

2.95418E~-CT
6.70596E-09

1.79849E~01
4,08255E-03

5.54952€6~-03
1.25974E~-04

2.13138E~-03
4.83821E~05

3.74150E-04
8.49318E-06

6.02071E-02
1.36670E-03

-0Q.
-0

-0.
-0

-0.
-0

-0
~0a

-0.
-0.

~Q.
~0.

~0.
-0.

~0.
~0.

-0
-0.

-0.
-0

-0.
-Q.

-0,
~0.

-0.
-0

-0.
-0.

~0.
~Q.

-0,
-0.

-0
-0.

-a.
-0.

-0
-Q.

-0.
~0.

INTRACELL
2.17786E 02
6.79738BE 0O

2.03190E~04
9.32984E-07

5.72043E-03
2.82664E~05

1.78601E-03
8.20077E-06

2.16557E 02
9.94358E-01

&.29806E~-07
2.89186E-09

5.85508€-07
2.6B8847E-09

3.99255E~02
1.83325E-04

$.29142E-01
2.88881E-03

2.63656E-03
1.21062E~05

5.08012E~02
2.33263E-04

1.16012E~02
5432691E-05

1.96694E~04
9.03153E~07

2.83365E-02
1.301126-04

8.00561E-06
3.67591€E-08

1.00469E-05
4.61322E~08

-0.
-0.

1.96515€-01
9.02333E~-04

3.93358E-02
1.8061TE-04

3.25657E-03
1.49531E-05

2.68105E-05
1.231056-07

1.43258E~02
6.5T795€6~05

2.06841E-02
9.49745E~-05

1.67265€~02
7.68025E~05

~QC.
-0

1.6T7445€E~-01
T.68852E-04

~0a
-0.

-0.
=0

~0.
~0.

-0,
~0.

~0.
~Qa

-0.
~0a

4.2272AE~-04 ~Q.
9.59581E-06 ~0.
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,Table VIII

10 kg HYPOTHYROID DOG MODEL AFTER ADDITION OF
10 ml/kg OF 0.892M NaHCO

GAS PHASE PLASMA RED CELLS INTERSTITIAL COLLOIED INTRACELL
X~BAR 9.99885E 02 3.23078BE 01 1.26770E Ol 1.43336F 02 2.60982E 01 2.06574€ 02
PH -0. T.57337E Q0 7.41698E OO0 7.590L7E 00 7.39224€ CC 6.90088€ €0
a2 MOLES 5.26019E 01 3.01424€E~05 1.93060E-05 1.23729E-04 -C. 1.9272BE-04
MFRAC 5.260808-02 9.32975E~07 1.52291E-06 9.32975E~07 ~0. 9.32975€-07
co2 MOLES 6.04410FE 01 B8.49040€E-04 3.55256E-~04 3.76482€-03 -0. 5.42871E-03
MFRAC 6.04479E~02 2.62797€-05 2.80237€-05 2.62797E-05 -0. 2.62797€-05
N2 MOLES 8.25797E 02 2.84946E-04 1.71402E-04 1.17545E-03 ~Q. 1.693405€~03
MFRAC B.25892E-C1 €.20070E-06 1.35207E-05 8.20070€-06 -0. 8.20070E~-0¢

H20 MOLES 6.10451E 01 3.21136E Ol 1.26008E 01 1.424T4E 02 2.59394E 01 2.05323E 02
MFRAL 6.10521E-02 9.93990E-0F 9.99990E-01 9.93991€-01 9.93990E-01 9.93990E-01

H+ MOLES -Q. 1.56491E-08 8.802256-09 6.87942E-08 1.91822E-08 4.T0T08E-07
MFRAC -C. 4.84376E-10 6.9434TE-10 4.65998E-10 T.35055E-10 2.27864E-09
OH~ MOLES -C. 5.18379E~07 1.41894E-07 2.39052E~06 2.75919E~-07 T.04567€-07
MFRAC -0, i1+ 60450E~08 1.11930E-08 1.66778E~08 1.05731€~08 3.41072E-09
NA+ MOLES -~0. 9.88706E-02 3.81096E-02 4.22004E-01 1.21192E-01 5.35381€-02
MFRAC ~0, 3.06027E-03 3,00619E-03 2.94416E-03 4.64405E-03 2.5%171E-04
K+ MOLES -0. 2.28389E-03 2.07789E~03 9.74818E-03 2.79351E-03 6.31568E-01
MFRAC -0. T.06915E-05 1.63910E-C4 6.80095E-05 1.07277€-C4 3.05734E-03
CA++ MOLES -0. 6.02251€-04 3,378B96E-04 2.47303E-03 1.12027E~03 3.42724€~03
MFRAC —0. 1.86410E~05 2.66542E~05 1,.72S3I4E-05 4.29284E-05 1.65908F-05
MG++ MOLES -0, B.18847€~05 1.08302E~04 3.36244E-04 1.52317€-04 S.11%71E-02
MFRAC -0. 2.53452E~06 B.54319E-06 2.34585E-06 5.83673E~06 2.47537E-04
cL- MOLES -0. 5.8T1556-02 1.60720€~02 2.70768E~01 23.12526E-02 71.15868E-03
MFRAC ~0. 1.81738E-03 1.26780E-03 1.889056-03 1.19759E~03 3.75588E-05
ORGAN~ MOLES -0. 9.13912E-04 2.50161E-04 &.21453E-03 -0. 1.20764E~04
MFRAC -0. 2.828TTE-05 1.97334E-05 2.94032E-05 -0. ) 5.846Q6E~07
HCO3~ MOLES -0. 2.51004E-02 7.32656E-03 1.15751E~-01 -0. 3.41158E-02
BFRAC -0. 7.T6915E-04 5.77940E-04 B.QT553E-04 —0. 1.65150E-04
H2C03 MOLES -0. 1.18T71TE~06 5.01984E-07 5.26962E-06 —0. T+59454E~06
"MFRAC -0. 3.67642E~-08 3.95979E-08 3.67642E-08 -0. 3.67642E~08
CO3= MOLES -0. S+31331E-05 1.08191E-05 2.54687E-04 -0. 1.53513E~05
MFRAC -0, 1.64459E~-06 08.53441E-07 1.77686E~06 ~C. T.43138E-08
H2PC4— MOLES ~O0. 1.1648TE-04 3.188B55E-05 5.37182E-04 ~0. -0.
MFRAC -0. 3.60554E~-06 2.51522E-06 3.T4772E-06 0. -0.
HPO4= MOLES -0. 2.80322E-04 95.3527TE-05 1.343639E-03 ~0. 1.95A85E~01
MFRAC -Q. B.b6T661E-06 4.22242E-06 9.3TAHS44E-06 ~0. 9. 4L3ITE-04
504= MOLES -0. 3.167TT1E~C4 €.04B8T7TE-05 1.518416-03 -0. 3.83705€-02
MFRAC ~0. 9.804T9E~0E 4.77144E-06 1.05934E-05 -0. 1.85747€~04
NH&+ MOLES -0, 1.04937E-05 5.90246E-06 4.4T897E~05 -0, 3.24662E-03
MFRAC ~Q. 3.24BO4KE~Q0T 4.65603E-07 3.12481E-07 -0. 1.5716SE-05
NH3 MOLES ~0. 5.15786E-07 2.02386E~07 2.28832E-06 -0. 3.39217€-05
MFRAC ~-Q. 1.59648E-08 1.59648€-08 1.59648E-08 -0. 1.64211E~07
UREA MQLES ~0. 1.99052€6~-03 7.81044E-0% 8.83105E-03 -0, 1.27272E-02
MFRAC —-Q. 6.1611DE-05 6.16110E-05 6.16110E-05 -0. 6.16110E-05
GLUCOS MOLES -0. 2.87397E~03 1.12770E-03 1.27505E-02 -0. 1.83760E~02
MFRAC -0. 8.89559E-05 £€.89559E~05 8.89559€-05 -0. 8.89559€E-05
PROTN MOLES -0. 4.4616BE~-04 -0. 3.37911E-03 -0, 1.67263£-02
MFRAC -0, 1.3809%E-05 -0, 2.35748E-05 -0, 8.0969%E~05
Muco MOLES -0. 3.56082E-04 -Q. 2.35360E~03 ~0. -Q.
MERAC -0. 1.10216£~05 -Q, 1.64202€6-05 -0, -0
X MISC MOLES -0. -0 1.50006E-03 ~0. ~0a 1.67445€-01
MFRAC ~-0. . =C. 1.18329€-04 -0, ~0. 8.10580E~0Q4
X-MI1SC MOLES ~-Q. -0. 6,32024€-03 ~Q. -0. ~0.
MFERAC -0, ~0. 4.98559E-04 -0. -0. ~0.
HB4 MOLES -0. ~0. 1.29580E-04 -0, -0. -0.
MFRAC -Q. -0. 1.02216E-05 -0. -0. -0.
#B402 MOLES -0. ~0e 1.16484E-04 ~0. ~0. -0,
MFRAC -O. ~0. 9.18861E-06 ~0. ~0. -0.
HB404 MOLES -0. -Qa 2.13261E-04 ~0. ~0a -0.
MFRAC -Q. -0. 1.68B226E-05 -0, -0. ~0.
HB406 MOLES ~0. -0. 3.56903E-05 -0. ~0. ~0.
MFRAC -0, -0. 2.81535€~06 -0. ~0. -0.
HB408 MOLES -0. -0 9.68393E-04 -0, ~0a -0.
MFRAC -0O. ~0. 7.63896¢E-05 ~0. -0. ~0.
cotL MOLES —0. -~0. ~0. -0. 3,09372€-04 —0.

HFRAC -0, -0. ~0. -0. 1.18550€-05 ~0.
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Table IX

10 kg HYPOTHYROID DOG MODEL AFTER ADDITION OF
25 ml/kg OF .2N HCl

X-BAR
(4.}

02
coz2
N2

H20

‘OH—
NA+

K+
CAde
MG+t
CL-
ORGAN-
rCo3-
K203
Co3=
H2PDA-
HPO4&=
SU4=
NH&4+
NH3
UREA
GLUCOS
PROTN
nuco

X MISC
A-MISC
HB4
HE402
HEACA
HB406
HB408

coLL

MOLES
HFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
HERAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MERAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MERAC

MOLES
MFRAC

MOLES
MERAC

MOLES
MFRAC

MOLES
NFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MERAC

MOLES
NFERAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

MOLES
MFRAC

GAS PHASE
9.99923E @2
~Q.

5.26023E 01
5.26064E-02

6.04435€ 01
6.04482E-02

8.25797€ 02
8.25861£-01

6.10798E 01
6.10845E-02

-0
-0.

-0
-0.

~0.
~Ce

-0.
-0,

~0a
-0

-0.
~-0.

-0.
-0.

=04
-0

-0.
-Q.

~0.
-0.

~0.

~-0.

~0.
-0.

~0.
-0

~0.
=0

-0
~0.

~0.
-Q.

~0e
~0.

-0.
-0.

-Q.
-0.

~0.
-0.

~0a
-0.

-0.
~0.

-0.
-0,

~0.
-0

~0.
=0Q.

~0.
-Q.

~0.
-0.

-0.
-0,

PLASMA
2.48695¢ O1
T.14081E 00

2.29220E-05
9.32946E-07

$.45681E-04
2.62798E-05

2.014T9E-04
8.20039E-06

2.44348E 01
9.94518E-01

3.222126-08
1.31143E-09

1.45681E-07
5.92935€~09

6.50759E-02
2.64865E-03

2.71645E~-03
1.10562E-04

6413636E~04
2.49756E-05

1.63978BE-04
6.6T4Q7E~06

5.28178€E-02
2.14973E-03

7.98T07E~-04
3.25081€-05

7.05403E-03
2.87106E~04

9.03760E~C?
3.67839E~08

5.51516E-06
2.244T72E-07

T.86529€-05
3.20125€~06

6.99087£~05
2.34535E-05

8.11896€-05
3.30450€E~064

1.26604E-0%5
5.15290€~-07

2.29839E-07
9.35468E~09

1.58787€-03
b5.462B0E-05

2.29262E-03
9.33119€~05

4.4614TE~04
1.81594E-05

4.51125€-06
1.83612€-07

-0.
-0.

-0.
-0.

-0.
-0

-Q.
-0.

-0.
-0.

-0
-0

-0.
~Q.

-0
-n,

RED CELLS
1.24963E 01
T.04136E 00

1.90302E-05
1.52286€-06

3.%50193E-04
2.80238E-05

1.68952€E~04
1.35202E-05

1.24278€ 01
9.94518E6-01

2.06053E-08
1.64892€-09

5.89299E-08
4. T1579E~09

2.85182E-02
2.28213E-03

2.80985E-03
2.24855E~04

3.,43329E-04
2.T4T44E-05

2.16279E-04
1. 73075€E~0%

2.13655£~02"

1.7097%E-03

3.23088E~04
2.5854TE~05

3.04280E-03
2.43498E-04

4.95092€E-07
3.96191€E-08

1.89209E-06
1.51412€-07

3.181628-03
2.54609€-06

2.24911€-05
1.79982E-06

2.61205E-05
2.09026E-06

8.09629E-08
6.4T7095E-07

1.16899€-07
9.35463E-09

8.07611E-04
6.46280E-05

1.16605E-03
9.33119E-05

-0.
-0,
-0.
~0.

2.81894€-03
2.25582E-04

5.00136€-03
4.00227E-04

1.82936E-04%
1.46392€E-05

1. 46440E-04
1.17186E-05

2.38TAGE-04
1.51053€-05

3.55800E-05
2.84724E-06

8.59691E-04
€.87957€~-0%

-0,
~0.

INTERSTITIAL
1.18778E 02
T« 16964E 00

1.10813E~04
9.32944E~-07

3.12146€-03
2.62798E~05

9. T4024E-04
8.20039€~06

1.18127€ 02
9.94518E-01

1.457656-07
1.22721E-09

7.52611E-07
6.33629E-09

2.94396E-01
2.47855E-03

1.22889€~02
1.03461E-04

2.59774E-03
2.187046E-05

6.94177E-0%
5.84433E-06

2.72845E-01
2.29727€-03

4.12625€E-03
3.47392E-05

3.64423E-02
3.06810E-04

4.36911E-06
3.47839E-08

3.044T77E-0S
2.56341E-Q7

4.06333E-04
3.42095E~06

3.85947E-04
3.24931E-06

4,48225E-04
3.7736AE-08

5.72742€-05
4.82197€-07

1.11113€-06
9.35468E-09

7.676376-03
6.46280E~05

1.10834€-02
9.231196~05

3.37911E-03
2. 84490€-05

5.39864E~-05
4.54518E-07

=0
~0a

-0.
-0.

=0
~0.

-0.
-0.

-0,
-0.

-0.
-0

-0.
-0.

~0.
-Q.

coLLoip
5.48327E 01
6.99231E CO

-0.
~0.

~Q«
-Q.

~0.
-0.

5.45321€ 01
9.94518E-01

1.01224E-07
1.84606E~09

2.30965E-07
4.2121BE-09

2.04439E-01
3.72842E-03

8.53385€~-03
1.55634E~04

2.,71366E~03
4.94898E-05

T.25154E-04
1.32248€-05

8.37303E-02
1.52716E-03

~0.
~0.

~0.
~0.

-0.
-0.

~0.
-0

-0,
~0.

-0.
~Q.

~0.
-0.

-0
-a.

~0.
-0.

-Qa
-0.

~-0.
-0.

-0.
~0.
-0.
~0.

~0.
-0.

-0.
~0.

-0.
-0.

-0.
-0

~0.
-0.

-0.
=0.

~0.
~Q.

4.4192TE-04
8.05955&-06

INTRACELL
2.20616E 02
6.69T66E 00

2.05822E-04
9.32946E-07

S.797T6E-03
2.62798E~05

1.80914E-03
8.20039E-06

2.19407€ 02
9.94518E-01

8.02670£~-07
3.630830E-09

4.71510€6-07
2.13724E-09

2.91843E-02
1.32285E~04

6.22129€-01
2.81996€-03

1.70558E-03
T.73097E~06

5.00263E-02
2.26757E~04

1.66199E-02
T.53340€-05

2.51325E-04
1.13920€-06

2.28311€-02
1.03488E-04

8.11513E-06
3.67833€-08

8.43417€-06
2.91645E-08

-0.
-0.

1.96857€~0L
8.92303E-04

3.97106E-02
1.79998E-04

3.24402E-03
1.47043E-05

2«12279€E-05
9.62207€-08

1.42580E-02
6.46280E-05

2.05861E-02
9.33119E-05

1.67264E-02
7.58168E-05

-0
~Q.

1.6T445E-01
T7.58906E-04

~0.
~0.

-0.
-0.

-0.
-0.

-0.
-0.

-0.
~0.

-0.
~0.

~0.
-0.



-26—

IVv. LABORATORY RESULTS AND DISCUSSION OF VALIDATION

LABORATORY VALIDATION OF THE STANDARD DOG MODEL

Table X illustrates averaged laboratory results for
standard (euthyroid) and hypothyroid dogs before infusion
compared to the values used in the models (Tables III,

VII, pp. 13,23). Table XI shows the percent changes of

the critical variables due to fluid and electrolyte infusion
as measured in the work of Bradham [lQ], D6rr [13,14), and
Wolf [16] and in the laboratory data of R. C. Swan [15,43],
compared to the standard dog model predictions. Percent
changes were used in the comparison to avoid problems of
normalizing volume changes for the weight of animals.

The comparative results of Table XI are encouraging
considering the various measurement methodologies and
calculations made by the individual investigators. The
measurements that have the minimum variation because of
technique are the plasma chemistries; these show good
agreement with the model, especially for sodium and slightly
less for chloride, for Dorr's, Swan's and Wolf's work. The
discrepancies in potassium prediction could be due to the
much longer time required for its intracellular-extra-
cellular equilibration.

The extracellular (ECW) and intracellular water (ICW)
volumes, as defined in this Memorandum, are the most im-
portant water distributions to examine since roughly 80
percent of the water in the body exists in these two com-
partments. Changes here agrée excelently with DOrr's
results for NaHCO4 infusion. Agreement with Bradham for
NaHCO3 and NaCl infusions, while not as good, is reasonable
considering the large standard deviation of his laboratory
methods [10]1. Part of the discrepancy between model pre-
diction and experimental measurement for NaCl infusion re-
sulted from Bradham's use of radiosulphate in the measure-

ment of the ECW space instead of radiosucrose, on which the



-27-

‘Table X

>SUMMARIZED MEASURED BODY COMPOSITION BEFORE INFUSION
WITH COMPARISON TO COMPUTER MODELS

LABORATORY DATA

COMPUTER MODELS

QUANTITY
Standard Hypothyroid Standard| Hypothyroid

RCW 23.3+4,83% 18.9+3.77 23.2 18.9
PW 35.5+6.04 35.2+3,47 35.5 35.2
ISW 124.+18.1 121.+16.7 124. 121.
ECW 161.%19.0 156.+16.4 159.5 156.2
ECEVH 197.+17.9 180.+20.3 -- 184.5
CTW 71.7+19.1 57.9+12.8 - 57.9
1CW 404.%53.5 373.+24.8 404 . 373.
TBW 645.+46.7 605.+31.6 645. 605.
[NAlpey | 153.%7.45° | 159.:7.13 134. 134.
[Kpey 8.17+.658 9.09+.798 9.92 9.92
[CL]pcy | 83-9%9.38 81.4+8.33 88.8 88.8
[NATpy 154.+4,12 152.24.38 154. 154.
[KIpy 4.19+.528 4.26+.734 4.83 4.83
[cLlpy, 116.+3.37 118.42.66 111.1 111.1
PH 7.30£.051 7.32+.105 7.30 7.32
PCO2 43.6+6.98° 36.6+6.55 43.6 36.6

qThe body spaces are expressed as meantone standard
deviation with units of ml/kg of body weight.

b

The blood chemistry data is expressed as meantone

standard deviation with units of MEq/liter of water.
©pco2 is expressed in mm Hg.
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compartmént sizes in our model were based. Radiosulphate,
as opposed to radiosucrose, penetrates dense connective
tissue and cells in the time of measurement [34,44] and
thus measures about a 25 percent greater volume for the
ECW space. Thus, when the magnitude of the distributional
changes predicted by the model due to NaCl infusion, for
example, is converted to percentage change frdm preinfusion
period, a greater value is predidted than the laboratory
" results would show. Swan also used radiosulphate for his
measurements and, as expected, the model again predicted
‘greater percentage changes in the ECW than his laboratory
results indicated. This difference was especially evident
for the alkaline NaHCO3 infusion in which the magnitude of
the changes was much greater than for acid infusion. If
it were feasible to construct a model to compare the indi-
vidual laboratory experiments, one wéuld expect that these
discrepancies would disappear since absolute changes would
be éompared. However, at present insufficient laboratory
data constrains the modeling of individual animals.
Comparison of red-cell and plasma-volume measurements
with the model predictions shows similar directional changes
but poor quantitative agreement; however, a number of
methodological problems exist in these heasurements. Swan
[15] has noted that infusion of highly concentrated NaHCO4
is poorly tolerated in dogs, producing extensive physio-
logical changes that include hypotension. P. H. Sherman [45]
observed that in endotoxin shock and its resulting hypo-
tension, red cells are sequestered in the splanchnic circu-
lation, decreasing the large-vessel hematocrit. Thus, in
hypotensive dogs an apparently lower red-cell volume as
well as a higher plasma volume would be measured (shown in
both Bradham's and D&rr's NaHCO, results when compared to
the model). The results of Swan's PW measurement in only
one dog is suspect since, for example, the Evans Blue

dye measurements could have been either back-extrapolated
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or taken from a single sample. The single-sample tech- '
nique depends critically upon equilibration time being the
same for the dye both before and after the infusion [46].

The guantities that Swan measured in his acid-infusion
experimenﬁs showed reasonable agreement with the model,
considering the criticism of his PW measuring technique and
the limited nature of his experiment (only one dog was used).
Quantities measured by Wolf (Table XIII, App. A, p. 41)
that had changes of a large enough magnitude to be sta-
tistically significant also show general agreement with the

model.

RESULTS OF INFUSION EXPERIMENTS IN HYPOTHYROID DOGS AND
VALIDATION OF THE HYPOTHYROID MODEL

Table XII presents a summary of‘Dérf's and Wolf's
laboratory results (cf. Table XIII, p. 41) for infusions
in hypothyroid dogs and shows comparison to the model.
While generally the agreement between model and laboratory
data is quite good in this table for NaHCO4 infusion, a
direct comparison for HC1l infusion is not possible because
of the statistical nature of the laboratory data. However,
it is conclusive that the two groups of animals respond
differently to HCl infusion and that the models simulating
the euthyroid and hypothyroid states predict these differences
reasonably well.

The red-cell water data indicate clearly that the model
does not yet contain an adequate mathematical description
of dog red cells. The unique characteristics of dog red
cells are not well known, but this cell type is known to
vary considerably from animal to animal, at least as
evidenced by the variation in cation gradients. A sub-
sequent study will attempt to elucidate the comparative
blood biochemistry.

The laboratory data seem to justify the hypothesis

that fhe connective-tissue colloid, which is characteristic
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COMPARISON OF LABORATORY AND COMPUTER SIMULATION RESULTS
" FOR ALKALINE AND ACID FLUID AND ELECTROLYTE INFUSIONS

IN HYPOTHYROQID DOGS -

FLUID AND ELECTROLYTE INFUSIONa

NaHCO3 HC1 Difference Between
VARTIABLE Hypothyroid and
10 mli/kg .892M | 25 mi/kg .2N Euthyroid Responses
DSrr | Model WOlf Model Wolf Model
RCW _8.2 | +7.0 +6.6 |-3.0 (b) S11. 1
PU +27 +25.4 -.5P 1419 +5.57% |+4.9
ISW +26.1 -4.8”)+6.6 210.72%|-7.4
ECH +24.8 | +27.0 -3.7P 455 (d)  |-6.5
CTW 231.2 | +53P |+23.5 £17.9° |+23.5
ICH “7.4 | -4.1 +.30 |+o0.8 (b) 0.9

dValues are expressed as percent change from preinfusion
measurement or difference in percent change when two groups
are compared.

bPercent change not statistically significant (see Table
XITI, App. A, p. 41).

CStatisticaﬂy significant (p <
dNot computed.

.05).
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of myxedema, is stable under decreasing pH but decomposes
at alkaline pH. Further careful experiments will be re-
quired to test this conjecture. The movement of water in
the mathematical modél——primarily into the connective
tissue space--under acid loading primarily occurs because of
the changing charge on the colloid as the mucopolysaccaride
titrates. Charge neutrality causes a simultaneous shift

of electrolytes and, consequently, water. Possibly for the
real colloid, as contrasted to the mathematical model of
it, HCl loading does not significantly alter this fixed
charge.

The experimental results of Table XII do not demon-
strate conclusively the validity of the hypotheses upon
which the mathematical model was built; conclusive experi-
ments are difficult to design in this case. However, the
model, which has been derived from the literature, appears
to satisfy the qualitative, if not precisely the quantitative,
character of the experimental data.
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V. DISCUSSION

MODELING

- The objectives of this research were to construct and
validate a mathematical model of fluid and electrolyte
distribution in a standard laboratory dog and then to add
" sufficient detail to the model to simulate a disease state:
hypothyroidism. The construction of the standard dog model
was based on previous techniques and published data. The
hypothyroid dog model consisted of the standard dog model
and an additional fluid compartment (colloid) in which
the necessary chemical species and reactions were hypothe-
sized to occur.

Validation of such models requires considerable lab-
oratory testing. The model must not only predict changes
in the chemical distribution quantitatively for every
arbitrary perturbation or stress (such as fluid and elec-
trolyte additions), but satisfy other criteria as well.
This involves performing laboratory experiments on animals
with each practical perturbation and comparing the results
to those predicted by the model. Since no two animals
react identically under similar experimental conditions,
laboratory verification requires many experiments of the
same type with subsequent statistical evaluation of the
data. In the present research, the perturbations considered
were NaHC03, NaCl, and HCl1l infusions. ‘

The results of Table XI (p. 28) establish the validity
of the normal dog model. Although the results of Table
XII (p. 31) are not conclusive proof of the hypothyroid
model's validity, they do establish some confidence in

that conclusion.

ASSUMPTIONS IN CONSTRUCTING THE HYPOTHYROID MODEL

The following evidence argues for the existence of a
sol-gel state in the extracellular space. T. C. Laurent [47]
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recognized that hyaluronic acid solutions began to gel at
concentrations as low as .0l percent and that the molecules
began to fill the whole solution and entangle. At higher
concentrations a three-dimensional polymer occurred. 1In

the connective tissues the collagen of the ground substance
stabilized this polymer network, and a stable gel was formed
that inhibited the diffusion of colloidal material. S.
Glasstone [48] discussed the changes of sol-gel equilibrium
due to changes in electrolyte concentration in the solution
~-particularly of the lyophilic sol that was formed from a
solution of starch or protein of high molecular weight and
high viscosity. Thus, the fluid in the extracellular-
extravascular space of the hypothyroid is conceivably in a
sol-gel equilibrium, a state that may be sensitive to pH and
to small changes in electrolyte concentrations.

Since the measured concentration of macromolecular
material in the plasma (other than plasma proteins) is
relatively low, the assumption is reasonable that depolymer-
ized fragments of hyaluronic acid return to the plasma only
by way of lymph; thus, a gradient for the fragments--opposite
to the albumen gradient across the vascular membrane--may
exist between plasma and interstitial fluid. This also
means that the molecular weight of the fragments must be at
least 50,000 to 75,000 or they would diffuse into the plasma
difectly through the vascular membrane, achieving equal con-
centration on both sides. Therefore, the factor 20 was chosen
for the degree of fragmentation so that the parent molecule
would have a molecular weight approximately that of a
molecule of hyaluronic acid (about one million) [25]; how-
ever, this factor was reasonably arbitrary since the molecular
weight of hyaluronic acid was not precisely known.

The fragments formed were assumed to bind calcium and
magnesium in the same proportion as the parent molecule.
These tightly bound ions, being doubly valent, supposedly
remained attached when the polymer split. The hydrogen-
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binding coefficient of these fragments was one parameter
adjusted to allow the model to fit laboratory data. The
initial concentrations of the fragments in the interstitial
fluid and plasma constituted the other parameters. = The
initial amounts of the fragments were taken to be much less
than the amounts of protein in these compartments. Other
combinations of the parameters, or additions of such
phenomena as sodium binding by the macromolecule, could
produce possibly another model that would be equally pre-
dictive of the changes induced by acid addition; therefore,
uniqueness of the model is still open to question. The
research suggests that additional experiments will be re-
quired for verification of the hypotheses.

This model research ignores the mechanism of thyroxine
in changing the normal state to the hypothyroid state. In
the hypothyroid model chemical reactions could be included
in which an equilibrium constant is generated between
thyroxine concentration in the extracellular fluid and the
amount of the species colloid in the colloid compartment;
however, little reason exists for hypothesizing a particular
mechanism. Simulating the effect of thyroxine in this way
introduces a kinetic phenomena--a time-dependent state--that
could be simulated by a sequence of the system's new steady
states. Since the polymerization is pH sensitive, then
possibly thyroxine may operate by changing the pH in the
environment of the macromolecule. This research supports
suggestions in the literature that an important part of the
acid-base regulatory system for the whole body resides with
the extracellular fluid macromolecules and their ability

to bind and release hydrogen and other ionic species.

DISCUSSION OF LABORATORY METHODOLOGY (SEE APPENDIX B)

The experimental results should be interpreted in terms
of the methodology of the experiments, and the assumptions

interpreted in terms of current thinking and research.
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Comparison of Isotope-Measured and Anatomically-

Observed Spaces

The validity of comparing anatomic and isotope spaces
in this research presents interesting speculation. During
the sampling period (1.5 to 2.5 hr), the sucrose molecule
is assumed not to enter cells and to equilibrate only in
interstitial fluid space, lymph, and portions of the con-
nective tissue and bone. The following men have confirmed
the validity of this assumption: 1) Cizek [49] showed that
sucrose measures no gut water and very little of the cerebro-
spinal or other transcellular fluids [37]); 2) Keith [50]
stated that sucrose does not enter red cells; and 3) E. Cotlove
(51] and Nichols [34] demonstrated that sucrose slowly enters
connective tissue. Thus, its plasma disappearance curve in
the 1.5-to-2.5-hr period is primarily due to this slow pene-
tration of the connective tissue. The extrapolation to in-
jection time ideally gives a volume of distribution exclu-
sive of this part of the tissue. 1In the hypothyroid, the
gel-like hyaluronic acid polymer would impede diffusion of
saccharides [47]); thus, the volume measured by sucrose
probably includes little of this space.

The bromide ion would equilibrate in the gel-colloid
space formed in hypothyroidism, since the ion rapidly pene-
trates dense connective tissue. Therefore, the CTW isotope
space, which is the difference between the volumes measured
by bromide and sucrose, is assumed to reflect volume changes
of the anatomic gel-colloid space as a consequence of the
acid infusion.

In addition, definite evidence exists that the bromide
ion not only equilibrates rapidly with erythrocytes [52], but
also with connective tissue, some transcellular fluids [44],
and parts of bone. It equilibrates with the gut fluid [44]
since it is selectively secreted into the stomach. The
bromide ion distribution in the body essentially follows
that of the chloride ion ([53,54]; thus its concentration in
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'the body cells is very low. The bromide ion essentially
distributes in the total extracellular space and part of
the transcellular space in the 1.5-to-2.5-hr sampling
period. Extrapolating the plasma disappearance curve to
zero time compensates for the effect of its slow rate of
entry into cells during this time period.

Hemolysis Due to Acid Infusion and the Effect on

Radioactivity Determination

The acid infused was of sufficient concentration to
produce a non-fatal acidosis in the normal animals. The
pH decreased to dangerous levels in many of the hypothyroid
dogs and the rate of infusion had to be decreased or stopped
to prevent terminééigg the experiment. Longer infusion
times, which would decrease the transient fall of pH, were
not practical since the experiments already occupied 10 hr
(including the surgery). A stronger acid concentration
could also cause the'aggravation of other problems; e.qg.,
hemolysis of the blood. Hemolysis was not a physiological
problem in the experiments described since the animals had
to survive only about four hours after the infusion.

14 counting

Methodologically, hemolysis does affect the C
because of increased quenching in the samples. Since the
hemolysis increased significantly after the acid infusion,
the quench corrections were correspondingly much larger

and normal radiocactivity measuring errors were magnified.

Problems of Isotope Radioactivity Counting and

Methods of Measurement

Since no satisfactory method was found to count C14

in the presence of a gamma emitter, two problems emerged.
First, the’C14 82
had decayed sufficiently. Therefore, the samples were stored

could not be counted until the Br (v emitter)

in a refrigerator for a minimum of eight days (about 5 half-

82 14

lives of the Br “) before they were counted for their C
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activity. In addition, the plasma volume was not measur-
able by the standard technique of dilution of radio-
iodinated serum albumen, since radioiodine is also a gamma
emitter. Thus the alternate technique was employed, which
computes the plasma volume from the red-cell volume and the
total-body hematocrit. The following question arises: Does
the ratio of total-body hematocrit to large-vessel hemato-
crit remain constant during the experiments? The acid in-
fusion may cause local vasoconstriction, resulting from
trauma and general vasodilation. This is due to accumula-
tion of metabolites, making it quite likely that this ratio

may change after the infusion.

Definitions of Hypothyroidism

One may question whether such a disease state as hypo-
thyroidism does exist in dogs. Some research has shown that
apparent complete removal of the thyroid gland can produce
no physioclogical effects thus; only minute amounts of the
thyroid hormone are required for maintenance of a normal
state [55]. If the gland is ablated with radioactive iodine, l
even a remaining small portion is sufficient to give normal '
function to the animal. Also, diet is very important to ;
these thyroidectomized animals. If a normal iodine diet E
is given, the animal will also appear normal. R. C. Gold- ?
berg [55], however, has shown that dogs who have had their %
thyroid gland completely ablated became clinically myxedemic
in a period of nine months to a vyear.

In the experiments upon which this Memorandum is based,
producing myxedema was not desired; only the hypothyroid
state was sought, since in myxedema the increase of weight
due to fat accumulation might mask the primary physico- _ E
chemical changes in body composition produced by this
disease. In both current and historical literature, the
terms myxedema and hypothyroidism have been used rather

interchangeably. E. J. Wayne [56] gives a definition of the
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difference between these two states. Myxedema is defined
as a type of skin manifestation that occurs only in some
cases of hypothyroidism--as opposed to hypothyroidism, in
which an extracellular deposition exists in the connective
tissue of the skin of a metachromatically stained material,
probably consisting of combinations of a protein with
mucopolysaccharides, hyaluronic acid, and chondroitin sul-
furic acid. Proof that the animals in our experiments were
hypothyroid was shown by decreased radioiodine uptake and
protein-bound iodine, as well as increased concentration of
serum cholesterol [57]. (See Table XVIII, App. A, p. 46.)
In all the animals, after thyroidectomy, the protein-bound
iodine decreased and serum cholesterol increased; in most,
the radiocactive jodine uptake decreased.

A model of a complex biological subsystem can be ccn-
structed and then used to simulate a disease state. The
resulting model can never be fully validated because of
its complexity, but even partial validation is sufficient
to give some confidence and to indicate research directions
and potentials. The present model, which combines old and
new hypotheses for explanation of a disease state, suggests

new ideas regarding both normal and abnormal body physiology.
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Appendix A

ADDITIONAL LABORATORY RESULTS

Table XIII

PERCENT CHANGE DUE TO ACID INFUSION

LABORATORY DATA

EUTHYROID HYPOTHYROID

ke’ 504243469 645942492
PW ~6408+5425 ~0e51+2489
15w 509148499 —4+81+1149
ECW 209046477 ~3eT4+9e43
ECEVW 130641243  13.7+1143
CTwW 3448+3941  52e7+2545
ICW 0006+5467 0e32+5403

[NA]Rcw ~1e00+5450 —4¢30+—~=—
[K]RCN 243741143 2e26+13.1
[CL]Rcw 17+1+1544 12449499
[NA]Pw —2e1042e74 —2426+1439
[K1py 63¢8+4142  66e5+4143
[CL]Pw 6430+6431 346242458
PH ~1e89+40e91 —loe48+1422

PCO2 ~24¢8+1945 -31.8+421.7

%For notation see p. 52.

b
Values shown are meantone standard
deviation of the percent change from
control measurements.
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Table XIV

ISOTOPE DILUTION RESULTS FROM INDIVIDUAL EXPERIMENTS

EUTHYROID DOGS®

ExP WT HCT RCW PWw ECW IsSWw ECEVW CTW ICWw TBwW
NO.
b,cC _
1€ 7 244U 4490 4496 o850 4426 3041 4492 1e51 10e7 170
18 e490 o500 866 4ell 3424 479 1e54 108 1740
2C 2349 o548 4456 o643 3649 2485 4alb 132 8407 1343
25 e58T o479 o641 3648 2484 4420 136 8404 1343
3C 2440 «590 662 0763 2669 1493 4e09 2el16 Te32 1248
35 «628 o703 «T709 2480 26414 4402 1488 7491 1343
UC 2845 o872 o379 ¢692 3¢85 3415 5el13 1698 9480 1640
4s e 502 4409 +668 387 3420 5681 2621 10e1 1646
5C 1849 o572 o495 o645 3436 2471 3471 100 6629 11l
55 e615 4537 o576 3418 2,61 4,48 1488 6,02 1146
6C 25-4 0462 .542 1002 l+002 3.00 ——————————— 1507
65 .495 .539 .929 [6.0() 3.16 ‘‘‘‘‘‘‘‘ _——— 16.3
TC 227 4489 o489 ¢B61 348 2454 4417 1663 BebsS5 1440
75 ¢527 2516 ¢781 23481 3403 5409 2406 8415 1445
BC 1940 o514 o384 0625 2693 230 3498 168 7427 1243
85 e514 «515 ¢661 36401 2435 381 1646 Te8B4 1247
GC 145 o492 o301 524 276 2423 3424 1e01 6451 1066
95 2543 2318 465 252 2406 3486 181 6430 1049
10C 2066 o464 0525 0994 3476 276 3686 1e09 927 1466
108 «4B85 49521 4941 4417 3423 5403 179 8667 1502
11C 16e2 o587 o425 ¢529 237 1a84 2469 4844 6431 9495
11s e620 o461 ¢506 251 2400 3615 1lelb 6a24 10e4

4See Table XV for explanation of table.
bNo acid infused.
°C refers to preinfusion; S to postinfusion.
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Table XV

ISOTOPE DILUTION RESULTS FROM INDIVIDUAL EXPERIMENTS

HYPOTHYRQID DOGS

a

EXP WT HCT® RCW PW ECW ISW ECEVW CTW ICW TBW
NO.

12C 2143 4507 453204855 3423 2438 3455 1417 7.01 11.9
125 ¢520 o564 o871 3430 2e43 4022 1479 6482 1245
13C 19¢5 o417 4327 o751 3432 2.57 3465 1608 6487 116
13¢ ¢433 4332 o737 2093 242 3470 1a51 732 12a1
14C  21al o400 «256 «686 2091 2422 3426 1e04 Be35 1246
145 433 0276 2647 3405 2440 4405 1665 8411 13l
15C 1945 434 0335 o716 2072 2401 2094 2939 7429 1143
155 e448 o354 o717 2053 1481 3e77 1096 6493 11e3
16C 2340 o499 o456 ¢ 788 3022 1e84 4428 LeB4& 8433 1348
165 e513 4492 792 2498 2433 6452 2433 8461 lbed
17C 2349 o513 o477 o763 3480 3404 4elb 1el2 9e24 146
175 ¢534 o513 o746 3e58 2e83 4060 leT7 9038 1502
18C 2008 o491 o447 o779 3047 2069 4028 1659 7479 133
185 e513 499 768 2489 2412 4420 2e08 8435 1348
19C 18¢3 o484 4339 4604 3.34 2476 3,70 +968 742 1241
195 487 4335 4624 3475 3,12 4454 1ab41l 7400 1245
21C 2148 382 o733 1440 4457 3418 bebb& lets7 To02 1348
21s e407 o730 1432 4016 2484 5003 2619 7426 14e3
22C 2242 o467 o479 o887 3092 3403 4435 1e32 8456 lbhe3
225 e504 «505 o837 3496 3412 5.64 2652 7485 1408

qsee p. 52 for notation.

Volumes expressed in liters.
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Table XVI

EUTHYROID DOGS?2

PLASMA RED CELLS
EXPe NA K  CL PH  PCO2 NA K CL
3¢ 1530 4,06 111 7.23  49.5C 146 7492 8348
35 159 8457 120 TelB 3445 144 7412 101
4C 153 4412 121 7431 5245 156 941 6Tk
45 150 8457 131 Tell 3445 147 1142 102
5C 152 3483 115 7432 3840 154 7498 8945
55 151 3469 124 7421 2545 150 7.68 102
6C 152 4eH67 118 7429 3940 142 8466 9540
6S 150 64764 119 7420 4440 158 B8ell 9446
7C 153 5439 119 7.31 390 160 Te24 95.3
75 145 7458 124 7422 1743 150 8478 101,
BC 151 4402 116 7424 4240 156 Te74 7148
85 165 5484 111 7.05 3665 146 8440 9248
9C 153 3e71 117 7431 4145 155 8404 8442
S 151 8418 126 7415 2740 155 8411 9547
10C 158 3482 115 7426 5540 166 7T¢76 8349
105 151 561 121 Tel6 5040 150 7455 9042
11C 166 4410 111 7440 3565 164 Be76 9248
115 158 661 132 Teld 2645 161 8429 104«

aSee Table XV

bElectro]yte concentration in MEq/liter of water.

for explanation of table.

“Value expressed in mm Hg.
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Table XVII

BLOOD CHEMISTRY RESULTS FROM INDIVIDUAL EXPERIMENTS

HYPOTHYROID D0GS?

PLASMA RED CELLS

EXPe NA K CL PH PCO2 NA K cL

12C 153 3466 120 7423 355 160 7488 9045
125 150 7487 123 7422 2540 148 7485 9842
13C 157 589 119 7442 3740 151 B8.18 86.3
135 152 5494 118 7445 155 160 8475 B6e6
14C 153 4431 117 7434 3365 170 948 92.2
145 150 8484 119 7414 2740 160 103 107.
15C 159 44,40 121 7431 51.0 167 100 6943
155 154 Te48 127 7420 2840 158 8480 7547
16C 154 4422 117 7446 3940 158 Be92 7743
165 151 4490 122 7429 =—==- 153 8479 8145
17C 149 3,99 113 7440 3040 " 150 B8.84 B8l.3
175 145 7482 122 7619 2045 147 8449 93,2
18C 145 44,50 118 7el4 3140 163 936 Tl46
185 146 84,00 123 6499 3345 142 7471 95.8
19C 154 4417 121 Te29 3545 156 10.1 83.0
195 148 6431 126 T.24 1940 152 1246 9244
20C 146 4435 113 721 5140 153 8495 9546
20S 150 7497 123 7417 355 150 1148 106,
21C 156 4e42 122 Te43 5060 162 7471 910
21S 163 659 125 Tel6 4440 158 9.03 94.8

aSee Tables XV and XVI for explanation.
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Table XVIII

HISTORY OF HYPOTHYROID DOGS

TIME BETWEEN

EXPe THYRODECTOMY WTe RADIOIODINE PBI SERUM
NQ. AND EXPERIMENT UPTAKE CHOLESTEROQL
(DAYS) (KGe) (%) (UGRAMS) (MG. %)
%

12 2345 7.0 lel 106
46 213 3.7 0e9 400

13 18495 1440 le6 151
49 1945 340 A 296

14 21e5 2240 340 154
56 21e1 049 1s1 320

15 1948 4640 1e7 209
42 1945 2.0 le6 378

16 1946 940 242 158
49 23.5 0«1 le2 259

17 2240 ——— 249 230
42 24435 Oets let 392

18 18.0 S 1.8 140
44 21le1 0e6 049 225

19 - 345 162
40 1847 840 leb6 207

20 2049 2940 — —
120 218 0.7 0.8 160

21 2640 540 - —-——
263 225 25 - -
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Appendix B

LABORATORY MATERIALS AND METHODS

EXPERIMENTAL PLAN

Twenty-one mongrel dogs were divided into two groups.
Group A, the normals or euthyroids, were spleenectomized
and bilaterally nephrectomized the morning of the experi-
ment. Group B, the hypothyroids, were surgically thy-
roidectomized. Six weeks post-thyroidectomy, the hypo-
thyroids (Group B) were also bilaterally nephrectomized
and spleenectomized, and the experiment was then performed.
Group B was placed on a low-iodine diet approximately two
weeks before the experiment. Each dog in this group was
measured for protein-bound iodine, serum-cholesterol con-
centration, and radioactive-iodine uptake both before and
five weeks after the removal of the thyroid gland.

In both groups measurements were made of red-cell
volume, plasma volume, arterial blood hematocrit, pH and
PCOZ, extracellular water, total body water, water content
of plasma and erythrocytes, and sodium, potassium, and
chloride concentrations; these were taken before and after
an infusion of hypertonic hydrochloric acid. Two animals

of Group A (controls) received no infusion.

EXPERIMENTAL PROCEDURE

The animals of both groups were given no food or water
the day before the experiment. On the morning of the ex-
periment they were lightly anesthetized with a sodium pento-
barbital solution, weighed, bilaterally nephrectomizéd, and
spleenectomized. Canulas were inserted in both femoral
arteries and one femoral vein, and a gastric tube was in-
serted via the esophagus for collection of gastric juice.

At the beginning of the experiment a venous blood

sample was taken to establish control values for sodium,
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potassium, and chloride concentrations and water content

of the blood; and an arterial sample was drawn for back-
ground determination of radioactivity. Radiosucrose (Cl4),
tritiated water (H3), and radiobromide (Br82) were injected
into the venous system; and arterial blood samples were with-
drawn after 100, 120, 140, and 160 minutes to determine

plasma radioactivity. After the 120-minute point, isologous
51

blood tagged with radiochromate (Cr 04) was injected; samples

of arterial blood were removed after the 160~minute point to
determine the radioactivity, pH, PC02, and hematocrit. Fol-
lowing the sampling period, 0.2N HCl (25 ml/kg of body weight)
were infused through a polyethyline canula into the femoral
vein by a constant-speed infusion pump. The rate of infusion
was adjusted for a total infusion time of 90 minutes.

Ten minutes after infusion of the HCl, an arterial blood
sample was taken to determine the residual radioactivity.

The radiosucrose and the radiobromide were reinjected into
the animal and arterial blood samples were withdrawn 100,
120, 140, and 160 minutes after injection time. At 100
minutes a sample was taken for measurement of pH; PCOZ;
hematocrit,; sodium, potassium, and chloride concentrations:
water content; and radioactivity of radiochromate in the red
cells and plasma.

The gastric contents of the animals were collected in
some experiments before and after infusion of the acid and
at the end of the experiment. One ml was used to determine
radioactivity and the remainder was replaced via the stomach
tube.

Sixty ml of blood were withdrawn before the acid in-
fusion, 5 ml during the infusion, and 40 ml in the period-
after the infusion. The animal received approximately

50 ml of normal saline before the infusion period, 10 ml

during the infusion, and 40 ml in the period after the in-

fusion. Following each experiment an autopsy was performed

to determine if bleeding occurred at the operating sites.
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ANALYTICAL METHODS

Plasma and erythrocyte water content were determined
by weighing 0.5 ml amounts, drying them at 100°C for 24
hr, and then reweighing. The weighing was performed on
a Mettler Balance to the nearest 0.1 mg. Plasma and
erythrocyte sodium and potassium concentrations were de-
termined in heparinized samples by internal, standard-flame
photometry [58]. The sodium heparin used for collecting
the blood samples changed the sodium concentration in the
plasma by less than one percent. The chloride content of
plasma and erythrocytes was measured by the method of D. D.
Van Slyke and J. Sendroy, Jr. [59]. All analyses were per-
formed in duplicate.

An International Microcapillary Ultracentrifuge de-
termined the hematocrits. Samples were taken in quintupli-
cate, put into heparinized capillary tubes, spun at 11,000
RPM for five minutes, and then read on an optical reader.
These hematocrits were corrected for two percent trapped
plasma [60].
| Samples for whole blood pH and PCO2 were collected
anaercbically in heparinized syringes and measured at 37°%
within five minutes of sampling by an Astrupf pH meter.
PCO2 was calculated using the Astrup Diagram. The sodium
heparin used did not change the pH of the sample.

RADIOISOTOPE METHODS

The volume of the red-blood cells in the animal was
measured using sodium chromate -51. The procedure was to
withdraw 20 ml of arterial blood from the dog before the
injection'of any isotopes. This blood was injected into
a 100 ml siliconized bottle, prepared by Abbott Labsff, con-

taining 4 ml of Strumia formula [61] ACD solution. Thirty

:f.

Astrup, Radiometer, Copenhagen.
fTAbbott Labs, N, Chicago, Illinois.
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u-curies of the isotope (in 0.1 to 0.15 ml of normal

saline) were then injected into the bottle. This mixture
was intermittently swirled over a period of 40 minutes at
room temperature, and then fifty mg of ascorbic acid were
added to halt the tagging process. After a ten-minute
incubation period 15 ml of this mixture were injected into
the femoral vein of the animal. Fbrty minutes later
arterial blood was withdrawn to determine hematocrit and
radiochromate radioactivity. Standards were prepared to
determine the radioactivity of the whole tagged mixture
injected and of the noncellular phase of the tagged mixture.
These standards were counted to correct for the isotope
that did not tag the red cells. A Nuclear Chicago Auto
Gamma Counter determined the radioactivity. Approximately
two hours after the infusion another blood sample was with-
drawn to measure the red-cell volume. Since the animal

was spleenectomized and minimal bleeding and sampling
occurred between the two red-cell volume measurements, the
isotope was not reinjected [60].

The measured red-cell volume of the animal and the
total-body hematocrit determined the plasma volume (Egs.
1,2). The ratio of total-body hematocrit to large-vessel
hematocrit in normotensive, spleenectomized, anesthetized
dogs was taken as 0.88.

Radiosucrose (Cl4) was used to measure the volume of
water in the plasma and interstitial-1lymph compar tments
since sucrose equilibrates very slowly with dense connec-
tive tissue and does not enter cells [50,54]. Thirty
u-curies were injected in three ml of normal saline. The
theoretical concentration of this isotope at the time of
injection (assuming instantaneous mixing) was determined
by fitting a single exponential through the four data
points (taken éfter the mixing period) and extrapolating
to injection time. The radiosucrose was counted in total
darkness in a Packard Liquid Scintillation Counter Model
527 at 8°C. The scintillation fluid consisted of 17 ml of
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a toluene, ethanol, POP, POPOPvmixture [62] and 1 ml of
Hyamine+ hydroxide [63] to dissolve protein; 0.25 ml of
plasma was counted. Quench correction was necessary in
these expéfiments since the color of the solution, the
Hyamine+ hydroxide, and the water in the solution shifted
the characteristic spectrum of Cl4.

The correction was accomplished by using a set of
quenched standards, made by adding 0.5 ml of a solution of
radiohexadecane (Cl4) and 0.25 ml of various concentrations
of hemolyzed blood to the 17 ml of the scintillation fluid
and the 1 ml of Hyamine+ hydroxide. These samples were
counted for their C14 activity and for activity of the
external standard (a radium source). A curve was generated
that showed the gquenching of C14 activity as a function of
the external standard activity [64]. For an unknown sample,

the percent quenching of C14

could be determined by the
activity of the external standard for that sample. The
correction factor obtained was multiplied by the measured
isotope concentration of each sample.

Sodium Bromide-82, which equilibrates rapidly with
erythrocytes [52] but enters other body cells very slowly,
was the isotope that measured the volume of water in the
extracellular-extravascular space; 251 curies were injected
‘'in 10 ml of sterile saline for each injection. The bromide
ion distributed as the chloride ion [54], and thus the large
outward gradient in muscle cells impeded entry. Mixing of
this ion was essentially complete after 100 minutes [65],
and the exponential disappearance curve remaining showed
entry into cells. The four data points taken after mixing
were fit by a single exponential and extrapolated to in-
jection time to give the theoretical equilibrium concentra-
tion in plasma. The concentration of the bromide ion in

red cells and in the interstitial space was computed from

1.Pa.ckard Instruments.
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the Gibbs-Donnan ratio for chloride ions in these fluids.
The extracellular-extravascular water volume was then
calculated by determining the activity of injected radio-
bromide existing in this space and dividing by its activity
per ml of water in the interstitial space.

The total body water was measured by the dilution of
tritiated water. The tritium and C14 were counted simul-
taneously in the liquid-scintillation counter using two
separate channels. The measurement was made before the
acid infusion,.and the final body water volume was de-
termined by the sum of the measured value plus the volume
of acid infused; 300y curies were injected in 3 ml of
sterile saline.

The intracellular water was defined as the total body
water less the sum of red-cell water, plasma water, and

extracellular-extravascular water.

CALCULATIONS

The following notations are used in the formulas needed

to calculate the various fluid volumes measured in the

experiments:
M (0) % measurements taken before first injection of
isotope
M (1) = measurements taken in control period after
first injection of isotope
M (2) T measurements taken after acid infusion
M (1,2) Z measurements taken immediately before second
injection of isotope
I % injected activity of isotope n
C Z extrapolated zero time concentration of
n,z isotope n in compartment z
C_(s,Xx) % concentration of isotope n in the internal
n standard per ml of fluid X
H Z large-vessel hematocrit corrected for trapped

plasma
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total~body hematocrit (=.88-H)

red-cell volume
red-cell water volume
plasma volume ‘
plasma-water volume

volume of extracellular water as measured by
radiosucrose

volume of interstitial water as measured by
radiosucrose

volume of extracellular-extravascular water
as measured by radiobromide

volume of water measured by difference
between radiosucrose volume and radiobromide
volume

total body water

volume of intracellular water
water content of plasma

water content of red cells
Gibbs-Donnan ratio

concentration of ion Y in MEq of Y/ml of
compartment z

concentration of ion Y in MEq of Y/ml of
water in compartment z

General Notations

B
P

{11 (¥ [} (1 (11 fx} ({1} (13 (1) (1)

11

refers to blood

refers to plasma

refers to red cells

refers to interstitial fluid
refers to intracellular fluid
refers to internal standard
refers to water

refers to dilution factor
refers to volume injected or infused
multiplication

refers to fluid load added
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Formulas:

1) Red Cell Volume (Cr5104)7

Cr
RCV (1) = (1)
Cer,retl) - Ccr,re(0)
I
Cr
RCV (2) = ()
Cor,rc(?) ~ Cop g (0
I, = {cCr(S,B) = | Cop(8/PY {1 - H(S)} © Per  Ver

(3)

Cor,5(1) - [CCr,P(l) - (1 - H(l))}

CCr,RC(l) = o (4)
C (2) - [C (2) - 1 - H(2) ]
_ ~Cr,B Cr,P
CCr,RC(Z) - H(2) (5)
2) Plasma Volume
1l - HT(l)
PV(1l) = RCV(1l) - (6)
HT(15
1 - H_,(2)
PV (2) = T

RCV(2) - —ﬁ-T—(is—— (7)




3)

ISW(1l)

ECW(1)

PW(1l) =

Interstitial Water Volume

ECW (1)
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- PW(1l)

Ic(l)/WCP(l)

" oo™

PV (1) /WCP (1)

IC(l) = C,(S,W)

ISW(2)

ECW(2)

PW(2)

- CC,P(B?]

. Vc(l)

ECW(2) - PW(2)

Ic(2)/WCP(2)

) [Cc,p(

PV (2) /WCP (2)

4)

ECEVW (1)

where GDR

Br,P,IS

2)

- CC’P(l,ZU

- Vo (2)

(Cl4

(8)

(9)

(10)

(11)

(12)

(13)

(15)

Extracellular-Extravascular Water Volume (Br82)

IBr(l) - (CBr,P(l) .« PV(1)

CBr,RC(l) . RCV(l))

= 1.

WCP (1)

[CBr,P(l) - CBr,P(O)] _ [GDRBr,P,IS]

05.

(16)
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T (1) = Cp (S,W) - Dy - Vg (1) , (17)
[C1] o (1) |
“r, e = Cpr,p M) - TETT_(TT 18
I..(2) - |c (2) - pv(2)| - (c (2) - RCV(2))
ECEVW(2) = —E - (Ef'f = — Br ,RC ,
| Car,p Br,p 2] [GDRp, 4 g
| | WCP (2)
(19)
g (2) = Cp (S,W) - Dy - v (2) (20)
[C1],.(2)
C (2) =¢C (2) RC
Br ,RC Br,P . 'm)-— (21)

5) Volume of water measured by difference between
radiobromide volume and radiosucrose volume

'CTW(1) = ECEVW(1l) - ISW(1l) (22)

CTW(2) = ECEVW(2) - ISW(2) (23)
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6) Total Body Water (H3)

Iy

H,Pw(l) - CH,PW(U)

TBW(l) = c

TBW (2)

TBW(l) + L

(24)

(25)
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11.

12.
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