THE TREATMENT OF SHOCK DUE TO SALT DEPLETION; COM-
PARISON OF THE HEMODYNAMIC EFFECTS OF ISOTONIC
SALINE, OF HYPERTONIC SALINE, AND OF ISOTONIC
GLUCOSE SOLUTIONS .2

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

(Received for publication September 15, 1945)

In the preceding paper, the peripheral vascular
collapse induced in untraumatized dogs by the
removal of sodium chloride has been described
(1). In its effects on plasma volume, plasma
protein, blood pressure, cardiac output, and circu-
lation rate this type of peripheral vascular collapse
is indistinguishable from that observed in trau-
matic shock. Depletion of water without salt, on
the other hand, depresses the circulation much
less severely. The reasons for this are not clear.
Comparable contractions of extracellular volumes
can be obtained in both, but their effects on the
tonicity and distribution of body fluids are dia-
metrically opposed. Salt depletion causes intra-
cellular overhydration and generalized hypotoni-
city, while water depletion causes intracellular
dehydration and generalized hypertonicity. Salt
deprivation is associated with a considerable loss
of protein from the circulating plasma while water
depletion is not. Whether this is a cause or an
effect of the severe vascular collapse could not be
determined.

The present experiments seek further to char-
acterize these differences in the effects of the two
procedures by studying the response of salt de-
pletion shock to therapy. Isotonic glucose infu-
sions will reexpand the extracellular volume, in-
crease the intracellular overhydration, and make
both compartments still more hypotonic. Isotonic
and hypertonic saline infusions, on the other
hand, while reexpanding the extracellular volume
also will relieve intracellular overhydration and
correct the generalized hypotonicity. By a com-
parison of the effect of these two procedures on

1 Aided by grants from the Fluid Research Fund of the
Yale University School of Medicine.

2We are indebted to Dr. S. C. Harvey and to Dr.
J. S. Lockwood for the use of the Laboratories of the
Department of Surgery, and to Dr. J. F. Fulton and Dr.
D. H. Barron for the use of the Laboratories of the
Department of Physiology.

the circulation, the importance of contraction of
extracellular volume in the pathogenesis of salt
depletion shock can be compared with that of
hypotonicity and intracellular overhydration.
From the speed and completeness of recovery
of the circulation following therapy, ‘a further
comparison of the character of salt depletion shock
with that of traumatic shock is possible. Tenta-
tive conclusions can then be drawn concerning the
effects of saline and glucose infusions in salt de-
pletion shock, as well as in other forms of shock.

EXPERIMENTAL PROCEDURES

In 22 experiments using 9 dogs, sodium chlor-
ide without water was removed by the intra-
peritoneal route, by the method described in the
preceding paper (1). Single large infusions were
then administered intravenously, using the follow-
ing solutions: 5 per cent saline (7 experiments),
0.9 per cent saline (3 experiments), and 5 per
cent glucose (7 experiments). Five untreated
animals served as controls.

Body fluid and hemodynamic measurements
were made 3 to 4 hours after the start of salt
depletion, i.e., just before the commencement of
therapy, and again 1.5 to 2 hours following
therapy. Changes in intracellular and extracellu-
lar volume, in plasma volume, in blood pressure,
in cardiac output, and in circulation rate were
followed. The analytical procedures and the cal-
culations have been described in detail previously
(1). )

RESULTS

The data are presented in Tables I, II, and III. The
effects of each type of procedure are compared in Figure
1. In Table IV the mean values of the various changes
are presented.

Extracellular fluid volume reexpanded above the initial
value following isotonic saline and almost to the initial
value following hypertonic saline. With glucose solution
the volume also increased, but in § of 7 experiments by
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TABLE 1V

Therapy of acute salt depletion
Effects of saline solutions, glucose solutions, and no solutions, on the body fluids and on the circulation,

expressed as mean values with standard deviations
Number A Extra- A A A Mean A Oxygen
Therapy of cellular fluid Plasma Circulation arterial arteriovenous A Cardiac index
experiments volume volume time pressure difference
per ¢ per 4 liters per
of initial of initial seconds mm. Hg. volumes per cent minute per
value value square meter
mean L4 mean g mean 4 mean (4 mean o mean o
Saline 10 +32 x15 | +51 +15 | -5 +2 | 437 £22 | =57 %36 | 4+2.11 +£1.29
Glucose 7 +20 15 | 424 £13 | -2 +4 | — 3 +16 | —2.8 £3.2 | 40.36 +0.97
None 6 +2 3| +16 *10 | =5 +5 | +10 +16 | —3.8 2.7 | 40.72 +0.96

Circulation Time

seconds

Mean Arterial
Pressure

Cardiac Index

liters per minute
per square meter

A Circulating
Plasma Protein

per

cent of

initial value

A Plasma Volume

per

initial

cent of
value

A [c1] Extracellular

A Extracellular «—e
Volumes

per

cent of

initial value

Fic.

hours).

0.9% NaCl 5% NaCl

1504

$0
$.0

4.0
3.0
2.0

1.0
+20-

N

+20-

o-
-zo-
-.o-

+204

—-404

5% Glucose No Therapy

A AR

75 4
<<
A%

<

s~ \ ~

A Intracellular o—o +20+4

hours from start
1. Errecrs ofF THERAPY ON Bopy FLuips AND oN HEMoODYNAMICS

Salt depletion was induced between the first and second points (0 and 3 to 4
Immediately after the second point, an infusion was administered of one
of the solutions indicated at the top of the chart. Cardiac outputs were not deter-
mined preceding the salt depletion.

o
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too small an amount to restore the initial volume. With-
out treatment, it was unchanged.

Intracellular fluid volume decreased from its overex-
panded state to the initial value or below it following
isotonic or hypertonic saline solution. Glucose solution
caused a further overexpansion. With no treatment, it
remained unaltered.

Tonicity of the body fluids, as indicated by concentra-
tion -of chloride in serum, was restored from hypotonicity
to isotonicity by isotonic saline and to hypertonicity by
hypertonic saline. Glucose, on the other hand, made the
body fluids still more hypotonic, while the untreated con-
trols were unaltered.

Plasma volume rose above the initial value in all of
the isotonic and in most of the hypertonic saline experi-
ments. With glucose, there was only a partial restora-
tion. Without treatment a slight spontaneous reexpansion
occasionally was observed.

Total circulating protein was usually restored to its
initial value by both isotonic and hypertonic saline, thus
paralleling the change in plasma volume. With glucose
solution, on the other hand, total circulating protein was
but slightly restored or further depleted. Without treat-
ment it was not significantly changed.

The hemodynamic responses were not always clearly
differentiated in the various experimental procedures em-
ployed. Restoration of the cardiac index was most com-
plete with the saline solutions. With glucose therapy, the

+ 60-

A, Plasma
Volume
(APV)- 4 40-

09r sent of
faitial velué

+.20-

o

o-
[} ] L] L] ’ .
o <+ 20 + 40
A Extracellular Fluid Volume
"(AE)

per cent of Initiel velue
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cardiac index increased in 4 experiments and decreased
in the other 3. With no therapy, the cardiac index re-
mained unchanged or recovered slightly. Changes in
differences between arterial and vemous oxygen content
reflected changes in cardiac output reciprocally. Circu-
lation time returned to the initial value in all of the saline
experiments. In no instance with glucose therapy did it
return to its initial value. Without therapy, it behaved
much as it did with glucose treatment. Mean arterial
pressure returned nearly to initial levels with saline ther-
apy but improved only slightly if at all without treatment
or with glucose therapy.

Comparison of the effects of therapy by measuring the
percentile change in each experiment from the onset of
treatment (Figures 2 and 3 and Table IV) depends for
its validity on a uniform degree of cardiovascular col-
lapse. This assumption of uniform depth of shock is
approximately true (Figure 1). Reexpansion both of
extracellular fluid volume (AE) and of plasma volume
(APV) was greater with saline than with glucose ther-
apy. In almost all experiments, however, APV was pro-
portionately greater than AE (Figure 2a), and this dis-
proportion correlated well with the increase in circulating
plasma protein (ACPP) (Figure 2b). These relation-
ships are clearer in the saline than in the glucose ex-
periments because of the relatively small changes in AE
and APV with the latter. -
less marked

Hemodynamic improvement was definitely
+40-
- x
[} ()
Apv +20- ®® o
ser cent of ° *
initlel velue .
minus o £ ®
aE o
por ceont of -
initiel velue
-20-
. , ] . L] L] ’ L]
-20 o +20 +40
A Circulating Plasma Protein
(ACPP)

b

per cont of laitiel velve

F16. 2. CompARISON OF (a) PERCENTILE CHANGES IN EXTRACELLULAR FLum VoLuME witE THOSE IN
PrLasMA VoLuME, AND (b) THE DIFFERENCE BETWEEN THESE 2 VALUES WITH THE PERCENTILE Loss oF

ToraL CiRcULATING PrasMA ProtEIN

Closed figures represent the changes induced by saline infusions (triangles for isotonic, and round points
for hypertonic solutions). Open circles represent the effect of isotonic glucose infusions, and crosses the ef-

fect of no therapy.

With the exception of 1 glucose experiment, the proportional reexpansion of the plasma volume was
greater than that of extracellular fluid. The disproportions between the changes in these 2 fluid compart-
ments correlated well with the changes in total circulating plasma protein.
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+4.00-

+3.00-
A Cordiac
index
liters peor "’2-00;
minute por
84. metor
+1.00-
[+) -
-1.00-
] ] . ) . [
(o] + 20 + 40 :
A Extracellular Fluid Volume
0 per cent of initial value

" 0
] + 20

. i ] L] L]
+ 40 + 60
A Plasma Volume

b _per cent of initiel value

F1c. 3. CoMparisoN oF CHANGES IN CArpIAc INpEX wITH THOSE IN (a) EXTRACELLULAR FLulD VOLUME,
AND (b) PrasmMA VoLUME

Symbols are interpreted in Figure 2.

Although the extracellular fluid volume and the plasma volume reexpanded in all of the saline and in all
of the glucose experiments, the cardiac index decreased further in 3 of the glucose experiments.

with glucose than with saline. Indeed, the mean values
in Table IV indicate that the effects of glucose were not
distinctly different from those found after no treatment
at all. While the extracellular fluid and plasma volume
did reexpand to some degree in all the glucose experi-
ments, the changes in cardiac output were not propor-
tional nor even necessarily in the same direction since
cardiac output actually decreased still further in 3 of the
7 glucose experiments (Figure 3). The improvement in
cardiac output per unit volume of reexpansion of extra-
cellular fluid was, therefore, much less in the glucose than
in the saline treated animals (Figure 3a). The changes
in cardiac output in all types of experiments were not
directly proportional to changes in plasma volume and
even differed in direction in some of the experiments
(Figure 3b).

DISCUSSION

These experiments demonstrate the greater
therapeutic efficacy of saline solutions at the 4- to

S-hour point in shock due to salt depletion, com-.

pared with that of isotonic glucose solutions.
Cardiac output, blood pressure, and circulation
time return almost to normal within 2 hours after

treatment. Plasma volume expands to or above
normal. Protein lost from plasma during the
process of salt depletion is usually wholly re-
placed within this same period. These changes
accompany a restoration of normal tonicity to
body fluids, a reexpansion of extracellular fluid,
and a contraction of the overexpanded intracellu-
lar fluid. These observations are consistent with
the few clinical observations available on the ad-
ministration of saline intravenously to patients de-
pleted of salt (2, 3). It should be noted that
studies of the effects of saline by various routes
on the circulation in normal subjects are not di-
rectly pertinent (4 to 8).

At first sight, they may seem inconsistent with
findings of other workers who have found that
the intravenous administration of saline solutions
to animals early in traumatic shock as the blood
pressure is falling usually results in a further
loss of circulating plasma protein, rather than its
restoration (9, 10, 6). On the basis of these
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studies, the administration of saline intravenously
in large amounts in any form of shock has been
held inadvisable. OQur observations have been
confined to a different type of shock. Moreover,
at the time therapy was undertaken, the animals
had been in circulatory inadequacy for 4 to 8
hours. With these two differences clearly in
mind, it can be stated that when saline solutions
are given to subjects with salt depletion shock, the
protein is restored rather than lost. The other
workers referred to above were dealing with shock
due to trauma, in which salt depletion was only
one of several factors. It is possible that the re-
sponse to saline in our experiments would have
been different had therapy been given earlier or
withheld longer. Obviously, the response to
saline depends on the phase of the shock, its re-
versibility, and on the importance of salt depletion
in its etiology. In this connection, it is of interest
that some investigators have found that in hemor-
rhagic shock saline solutions intravenously favor
the restoration of plasma protein (10). It is not,
of course, known whether the same protein which
has been removed from the circulation during salt
depletion is restored, or merely replaced by other
newly formed plasma protein.

The unsatisfactory results of glucose therapy
are obvious. In contrast to saline therapy, ex-
tracellular volume and plasma volume reexpanded
to a lesser degree, protein was not restored to the
circulating plasma, and the hemodynamic status
of the animal was not distinctly improved. Even
in the 2 glucose experiments in which considerable
reexpansion of the extracellular fluid did take
place, the circulation was not greatly benefited.
In 1 of these experiments, the cardiac output actu-
ally decreased further in the presence of an in-
creased plasma volume. These facts strongly
suggest that contraction of extracellular volume
alone is not the only factor in shock due to salt
depletion.

On the other hand, the administration of glu-
cose could hardly be said to be disastrous to the
animals in most cases, since they not only sur-
vived the experiment but subsequently recovered
completely with salt replacement. Indeed the one
serious ill effect which could undoubtedly be di-
rectly attributed to the glucose infusion was the
occasional development of the convulsions of water
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intoxication.® These experiments make it doubt-
ful that hypotonicity and intracellular overhydra-
tion are the primary factors in the pathogenesis
of salt depletion shock, since both of these ab-
normalities are made much more marked by
glucose infusion.

No entirely adequate explanation of the pe-
culiarly deleterious effects of extracellular salt
depletion on the cardiovascular system can yet be
offered. It is apparently not due primarily to
contraction of extracellular volume, to hypotoni-
city, nor to intracellular overhydration. It is dis-
tinguished from other forms of dehydration by the
loss of protein from the circulating plasma. It is
possible that salt depletion acts by favoring this
loss in some way, but the reverse may equally
well be true, i.e., the ill effects of salt depletion on
the circulation may be responsible for the loss of
protein rather than the result of it. At present it
is only possible to reemphasize the fact that salt
depletion or segregation, with or without loss of
water, strongly favors the development of peri-
pheral circulatory collapse.

The therapeutic role of saline is traumatic and
other forms of shock is evident. Insofar as there
is any element of salt depletion or segregation in
the origin of the state of shock, administration of
saline is urgently indicated. Insofar as other
factors are operative, saline cannot be expected to
be effective. The success of saline therapy in
Rosenthal’s experiments (12) with shock due to
temporary constriction of the leg of a mouse was
demonstrated under carefully controlled condi-
tions. These were selected in such a way that
pooling of body salt in the injured limb was
prabably the main factor in producing the shock.
With shorter or longer periods of occlusion, this
situation was altered, and the therapeutic effective-
ness of saline correspondingly reduced.

It is quite possible that administration of the
saline by other routes than the intravenous would
have been even more effective in our experiments,
but no data bearing on this point are yet available.
On the other hand, our experiments clearly prove

8 These experiments furnish additional evidence that the
manifestations of water intoxication are primarily due to
intracellular overhydration. This interpretation, though
perhaps implicit in the earlier work on the nature of water
intoxication, has not always been clearly formulated (11).
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that conclusions concerning the deleterious effect
of intravenous saline derived from many experi-
ments on traumatic shock cannot be applied to all
other forms of shock (9, 10, 6). At the 4 or 5
hour point of a shock state produced by salt de-
pletion, intravenous administration of saline is a
therapeutically valid procedure. Whether saline
containing protein (i.e., serum or plasma) would
be even more valuable therapeutically is now be-
ing investigated. Finally, whatever hypothetical
dangers may result from administration of ex-
cessive amounts of saline (13, 14), the harmful
effects on the circulation or failure to restore the
saline lost are too evident to require discussion.

SUMMARY AND CONCLUSIONS

1. In shock due to acute salt depletion without
trauma, the intravenous injection at 4 to 5 hours
of either isotonic or hypertonic saline rapidly and
almost completely restores the circulation to nor-
mal within 2 hours.

2. This improvement of the circulation with
saline therapy is accompanied by a restoration of
the plasma protein which had previously been lost
during salt depletion. v

3. In shock due to salt depletion, intravenous
glucose is without distinct beneficial effect on the
circulation, although extracellular and plasma vol-
umes may reexpand somewhat. The protein lost
from the circulating plasma is not restored.

4. It is not possible under the limited conditions
of these experiments to assign any deleterious
effects directly to such glucose infusions, provided
that they do not provoke the convulsive mani-
festations of water intoxication. Additional salt
may be lost in the urine.

5. Insofar as any form of shock has an element
of salt depletion or segregation, salt administration
is urgently indicated, and the intravenous route
can be used.
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