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THE IMPORTANCEOF VOLUMEANDOF TONICITY OF THE
BODYFLUIDS IN SALT DEPLETION SHOCK'

By J. R. ELKINTON, A. W. WINKLER,2 ANDT. S. DANOWSKI
(From the Department of Internal Medicine, Yale University School of Medicine)

(Received for publication March 24, 1947)

It is not known whether the deterioration in cir-
culatory efficiency which follows sodium chloride
loss is related primarily to the hypotonicity, to the
changes in the volume of fluid in the various com-
partments, or to both. In experimental salt de-
pletion produced by means of the intraperitoneal
injection and subsequent removal of glucose solu-
tion, both of these factors invariably coexist. As
sodium and chloride ions enter the intraperitoneal
fluid, water moves into the cells in response to
osmotic forces. Diminution of the volume of ex-
tracellular fluid and plasma, swelling of the cells,
and generalized hypotonicity are the inevitable end
results (1, 2, 3). Since these changes occur
rapidly and almost simultaneously, it is difficult to
ascribe the primary causative role in the circulatory
collapse which ensues to any one factor. It is con-
ceivable, on theoretical grounds at least, that all of
these changes are important. It is quite possible,
for instance, that the hypotonic and swollen cells
of the cardiovascular system become inefficient,
while the blood thickens and becomes more diffi-
cult to move through the vessels.

To clarify the relative significance of each of
these changes in the production of salt depletion
shock, further experiments have been conducted
in which hypotonicity and the state of hydration of
extracellular and cellular fluid have been altered
in directions other than those seen in ordinary salt
depletion.

MATERIALS AND METHODS

A. Dilution of the body fluids in nephrectomized ani-
mals. The effects of an infusion of 5 per cent glucose
solution on the composition of the body fluids and the
efficiency of the circulation were studied in 3 nephrecto-
mized dogs on the day following removal of the second
kidney. The kidneys were removed under nembutal
anaesthesia via a retroperitoneal approach. Two to 7 days
of convalescence were permitted following the first
operation. The glucose solution was administered during

IAided by a grant from the Fluid Research Fund of
Yale University.

2Dr. Winkder died June 26, 1947.

a period of 1 hour in amounts sufficient to lower the con-
centration of serum electrolytes to approximately 94 of
the initial value. After 3 to 4 hours all 3 animals received
additional infusions. Two were given 5 per cent saline
in volumes sufficient to restore isotonicity of the body
fluids. The third received 6 per cent gelatin solution
containing sodium chloride in low concentrations (0.2
per cent).

B. Restoration of isotonicity by urea diuresis in salt-
depleted animals. Two other dogs were first depleted of
salt by the standard technique of injecting 5 per cent glu-
cose solution intraperitoneally, 100 ml. per kgm., and
withdrawing it after 3 to 4 hours (1). An overnight
diuresis was then induced in these animals by means of
an intravenous injection, 350 ml. of a 15 per cent solution
and 300 ml. of a 10 per cent solution of urea in 5 per cent
glucose, respectively. In one of these animals the effects
of a subsequent infusion of hypotonic saline, 0.6 per cent,
were investigated.

In all studies in Groups A and B, movements of water
from the extracellular compartment were calculated from
changes in the chloride space (4). Alterations in the
plasma volume were estimated from changes in the rela-
tive blood cell volume and in the hemoglobin concentra-
tion of arterial blood (1). Changes in the volume of cell
water were obtained by subtracting the increments or
decrements of extracellular water from the changes in
total body water. These later values were calculated from
the changes in body weight; in the periods lasting ?0
hours the weight change was corrected for water of oxi-
dation according to the metabolic mixture (4). The
possibility of transfers of sodium and potassium between
extracellular and cellular compartments were also in-
vestigated from the changes in their concentration in ex-
tracellular fluid, corrected for the intake and output of
these ions. The flame photometer was used in these
cation analyses (5). The hemodynamic studies at inter-
vals during the course of these experiments included meas-
urement of: (a) the fore-paw to medulla circulation time
by means of intravenous sodium cyanide, (b) the mean
arterial blood pressure by direct arterial puncture, and
(c) the cardiac output by the direct Fick principle based
upon the rate of oxygen consumption and the difference
in the oxygen content of arterial blood from the femoral
artery and mixed venous blood from the right auricle (6).

RESULTS

A. Dilution of the body fluids of nephrectomized
animals. The introduction of 5 per cent glucose
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VOLTUMEAND TONICITY OF BODY FLUIDS IN SALT DEPLETION SHOCK

solution produced hypotonicity, an expansion of
the extracellular fluid volume in all experiments,
as well as an increase in the water of tissue cells
in 2 of the 3 animals (Tables I and II). Despite
this marked distortion in the concentration of the
electrolytes and a swelling of tissue cells quite as
great as that witnessed in salt depletion, circulatory
efficiency was not adversely affected. The mean
arterial pressure and the circulation time were
unaltered. The cardiac output was moderately de-
pressed prior to the dilution of body fluids in the
2 experiments in which initial observations are
available. This was presumably related to the re-
cent nephrectomy. It is highly significant, how-
ever, that it did not decline further following the
intravenous glucose solution. As a matter of fact,
in one of the dogs (Experiment 115), the cardiac
output rose to a level that was well above normal.8
These findings are in direct contrast to the pro-
found deterioration of the circulation which ac-
companies salt depletion (1).

The subsequent restoration of a normal concen-
tration of serum electrolytes in Experiments 1 lOB
and 113 by means of hypertonic saline resulted in
a normal and a supranormal cardiac output, re-
spectively, in contrast to the previous moderately
depressed values. Expansion of the plasma vol-
ume without restoration of tonicity in Experiment
115 had no adverse effect on the already high nor-
mal level of cardiac output.

B. Restoration of isotonicity by urea diuresis in
salt-depleted animals. It is evident from Tables I
and II that even though the hypotonicity of the
body fluids and the swelling of the cells were par-
tially or fully corrected by this dehydrating pro-
cedure, circulatory dynamics either failed to im-
prove or actually deteriorated. The volume of
extracellular fluid declined further in both experi-
ments. Replacement of the salt deficit and re-
expansion of the extracellular fluid by means of
saline partially restored the cardiovascular func-
tion which had not been improved by the correc-
tion of the hypotonicity (Experiment 114).

In none of the experiments in this group nor in
the nephrectomized animals was any significant ex-
change of extracellular sodium for cell potassium
detected. In the nephrectomized animals a large

8 Mean cardiac index in normal dogs was found by the
authors to be 5.45 -- 1.43 liters per minute per square
meter (1).

amount 'of intracellular base was apparently in-
activated following the glucose infusion (Table II)
(7). This was reflected in the disproportionately
large volume of the administered fluid which re-
mained in the extracellular phase. The alternative
explanation is that a water gradient was present
which decreased between 2.5 and 4.5 hours (Ex-
periment lOB). It is hard to believe that such a
long period was necessary for the distribution of
water to equilibrium. The unequal phase of dis-
tribution could also be accounted for by the entry
of chloride into cells; such a phenomenon, how-
ever, would in no way affect the calculation of ex-
changes of total water and total osmotically active
base. Following the administration of hypertonic
saline or of low salt colloid, this base once again
became osmotically active.

DISCUSSION

For purposes of discussion published data on
simple dehydration and on salt depletion studies
are summarized in Figure 1 for comparison with
the dilution experiments in the nephrectomized
animals. Analysis of these 3 sets of experiments
permits certain generalizations. It is immediately
apparent that an expansion of the body water, as
in the dilution studies with nephrectomized dogs,
does not interfere with circulatory efficiency (Col-
umn A). A decrease in the total body water, on
the other hand, such as that which occurs in sim-
ple dehydration does impair cardiovascular func-
tion to a limited degree (Column B). This is evi-
dent in the drop in the cardiac output, but the
decrease is by no means marked or consistent. In
the third group of experiments, those in which
salt depletion was produced, profound deteriora-
tion of the circulatory efficiency was present (Col-
umn C). In these animals the total amount of
body water remained essentially unchanged. It
is apparent, therefore, that extensive alterations
in the total amount of body water can be induced
with only moderate, if any, effect on cardiovascular
dynamics, and that marked circulatory inefficiency
can develop even though the total volume of water
in the body remains constant. These findings sug-
gest that factors other than the total body water
condition cardiovascular function.

Study of the changes which occur in the various
subdivisions of the total body water in these 3

1oos
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Procedure:

Number of xperimnts:

AC0loride Concentration
in Dtracellular Water

(m.eq. per liter)

A Extracellular
Fluid Volume

(per cent of
initial value)

A Plasms Volume

(per cent of
initial value)

A Cariac Index

+ 20 -

0- T-1
-~~~~~~~~~~~~.20

X20 -
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0

(liters per minute
per square meter)

- 2.00

0

4.2

+44

A circulation Time
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A Mean rterial
Pressure

(DEL. mg)

V TT1--
- 20 -

40

FIG. 1. CHANGESIN CIRCULATORYDYNAMICSFOLLOWINGVARIOUS ALTERATIONS IN
THE BODYFLUIDS

Each column represents the mean value for the number of experiments indicated.
Columns B and C are taken from previously reported data (1). The changes shown
were produced in animals with normal body fluids. It is evident that a decrease in
both volume and concentration (salt depletion experiments in Column C) causes more
profound circulatory deterioration than does a similar change in either volume alone
(water depletion experiments in Column B) or in concentration alone (water excess
experiments in Column A).

groups of experiments serves to identify some of
these factors. In the dilution experiments with
the nephrectomized preparations, cell water, extra-
cellular water, and plasma water were all overex-
panded without circulatory impairment. In the
simple dehydration experiments all of these com-
partments were contracted in volume- with some

attendant deterioration of the circulation. In the
.third group of animals, those depleted of salt, only
the extracellular water and the plasma water were
decreased, and yet profound shock was present
The decrease in the plasma volume, however, was
much greater in the salt-depleted dogs than in the
simple dehydrated animals. It would appear, there-

B
Water

Depletion
7

A
Water

3

+ 20

- Q

- 20

C
salt

Depltim
8
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VOLUMEAND TONICITY OF BODY FLUIDS IN SALT DEPLETION SHOCK

fore, from these experiments, as it has from work
on other types of shock, that the volume of plasma
is an important factor in the development or mani-
festations of the salt depletion shock state. The
increase in the volume of cell water which attends
salt depletion is probably not a contributing factor,
since similar degrees of cellular overhydration in

the diluted nephrectonized dogs had no deleterious
effect on the circulation.

Up to this point no account has been taken of
the changes in tonicity which accompany these
manipulations of the water in the various compart-
ments of the body. The body fluids of the dehy-
drated animals were hypertonic, while the salt-

A
Urea

2

Theray:
Number of experiments:,

AChloride Concentration
in IEtracellular Water

(sLrq. per liter)

Aitracellular
Fluid Volme

(per cent of
initial value)

3

Gluacose
7

C

10

0TX- 11111111

°+20

0--AmL
i~~~.fl

&plasna Vome

(per cent of
initial value)

ACardiac Index

(lters per minute
per square meter)

ACirculaton Time'

(3ecand.)

&Mbn Artrial
Pressure

(M. 1(g)

- _
4 20

0

-20

- 10
I~-

FIG. 2. CHANGESIN CIRCULATORYDYNAMICSFOLLOWINGVAEous TYPES OF TomA-
MENTOF SALT DEPLETION SHOCK

Each column represents the mean value for the number of experiments indicated.
Columns B and C are taken from previously reported data (2). The changes shown
were produced in animals already in salt depletion shock. In such a state, restoration
of concentration alone by urea diuresis (Column A), or of volume alone by glucose in-
fusion (Column B), failed to improve the circulation. Restitution of both volume and
concentration by infusion of saline (Column C) was followed by prompt recovery
from the shock state.
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depleted dogs became hypotonic. Since hyper-
tonicity was accompanied by less striking changes
in the circulation, hypotonicity, as seen in salt de-
pletion, would appear to have a significantly greater
adverse effect on cardiovascular function. Hypo-
tonicity, however, cannot be the sole determinant,
since a comparable lowering of the concentration
of body electrolytes was produced in the dilution
experiments with nephrectomized dogs without im-
pairment of the circulation. In these animals, how-
ever, in contrast to those depleted of salt, the vol-
ume of body water was expanded rather than
contracted.

These facts suggest, therefore, that not only the
volume of fluid in the body and its various com-
partments, but also the concentration of electro-
lytes present are important determinants of
whether or not salt depletion shock develops.

The statement that both the volume of extra-
cellular fluid and plasma and the concentration of
electrolytes in the body fluids operate in maintain-
ing the integrity of the circulation can be further
supported by analysis of the responses of salt de-
pletion shock to various forms of treatment. From
Figure 2 it is immediately evident that restoring
concentration alone, as in the urea diuresis experi-
ments (Column A), or restoring volume alone as
in the animals given glucose solution (Column B),
failed to relieve the circulatory collapse produced
by salt depletion. -Yet when both volume and con-
centration were restored by saline infusions (Col-
umn C), prompt recovery from shock was ob-
served.

The finding that both the volume of body fluids,
especially plasma, and the concentration of electro-
lytes in them are important factors in maintaining
circulatory efficiency has many clinical implica-
tions. The most obvious of these lies in the well-
known fact that extensive depletion of body water
and electrolytes, as in patients who sweat or who
have losses of gastrointestinal fluid, can coexist
with isotonicity. These normal concentrations,
however, can no longer be viewed with the as-
surance that they protect the organism against salt
depletion shock, nor can they be interpreted as
evidence against a need for salt and water. This
is true even though isotonicity is encountered only
in the less severe degrees of salt depletion. None-
theless, in these patients as well as in those with
greater salt deficits, when volume is restored to-

nicity should be maintained. If -salt solutions alone
do not restore cardiovascular efficiency, supportive
treatment with colloid solutions is indicated.

It should be pointed out, however, that hypo-
tonicity is not necessarily the result of a loss of
salt in excess of water. It can also indicate simple
dilution, as in anuric or oliguric patients treated
with excessive amounts of non-electrolyte con-
taining fluids. The problem becomes even more
complicated when both depletion and dilution are
present in the same subject, as in nephritics and
patients on a limited intake of salt during periods
of salt loss. Irrespective of whether the hypo-
tonicity is the result of depletion or dilution, the pa-
tient should receive treatment which restores the
concentration to normal. Withholding salt in such
patients because of the fear of augmenting edema
or congestive heart failure may prove to be a seri-
ous error, whereas the circumspect use of saline
almost always turns out to be either beneficial or
benign (8, 9).

SUMMARYAND CONCLUSIONS

1. Hypotonicity of body fluids produced by glu-
cose infusions in nephrectomized dogs with intact
body salt stores did not impair circulatory effi-
ciency.

2. Elimination of hypotonicity and cellular over-
hydration following urea diuresis in dogs in salt
depletion shock, without replacement of salt defi-
cits and extracellular fluid reexpansion, failed to
improve cardiovascular dynamics.

3. Both the volume of fluid in the body, particu-
larly the volume of plasma, and the tonicity of this
fluid are important factors in salt depletion shock.
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