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Abnormal accumulations of sodium have been
demonstrated by direct analysis of the tissues of
dogs (1) and rats (2) that had been made hyper-
tensive by renal ischemia. These observations
are of special interest because of the reductions of
blood pressure in hypertensive patients that may

be induced by means of extreme restriction of the
dietary sodium. Taken together, these facts sug-

gest that the benefit experienced by the patients
might be due to the removal of excess sodium.

On the other hand, it must be recognized that
hypertension is not a necessary, or even a usual,
consequence of sodium retention. Accumulations
of extracellular fluid in association with normal
levels of blood pressure are of frequent occurrence

in a variety of diseases, including renal disorders.
Therefore, if the retention of sodium is to be re-

garded as contributory, rather than as merely inci-
dental, to the development of hypertension, it must
be linked to some other metabolic disturbance in
this particular disease.

In the present study five hypertensive patients
were subjected to large changes in their rations

1 The radiosodium used in this investigation was sup-
plied by Oak Ridge on allocation from the Isotopes Divi-
sion, United States Atomic Energy Commission.

of dietary sodium. Resultant changes in the so-
dium content of their bodies were measured by iso-
tope dilution. These observations have been cor-
related with the changes in their clinical status
and with inferred changes in the degree of cellular
hydration. It is suggested that the latter may be
the important factor that is linked to the depletion
of sodium.

PROCEDURE

Five patients with benign and uncomplicated hyper-
tension were chosen for a study. Apart from Grade I
changes in their ocular fundi and slight enlargements of
the heart shadow in their chest films, the results of physi-
cal and laboratory examinations were negative. In par-
ticular all patients had normal urea clearances and ab-
sence from the urine of significant quantities of protein,
casts and cells. Further clinical data are summarized in
Table I; similar data also are given for the three normal
subjects who served as controls in the measurement of
exchangeable sodium.

During the five to seven months of this study the pa-
tients remained entirely on the metabolic ward, except
for a vacation of three days during the Christmas season.
Confinement to a hospital ward necessarily limited the
physical activity of each patient; at no time, however,
were the patients restricted to bed.

A central feature in the design of the investigation was
the provision of an extended time during which the so-
dium intake was maintained at a high normal value (180

TABLE I

Clinical data

R.1.H. ~~~~Family hsoyKwndtinDisease other RatioPatien.tI H.Age Sex a hitrKnwduton than initial Wt.Patient No. of hypertension of hypertension hyperenio ideal wt.

years years

A 12,450 26 female +++ 4 0 1.12
B 12,447 44 female 0 7 0 1.07
C 12,451 27 male + 5 migraine 1.12
D 12,453 39 female 0 19 0 1.06
E 12,465 41 male 0 10 0 1.12

F normal control 35 male 0 0 0 1.01
G normal control 37 male 0 0 0 1.06
H normal control 28 male + 0 0 0.85

* "Ideal weight" for each patient was calculated from normal values which had been derived from life insurance
statistics (7).
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meq./day) by the addition of salt tablets to a diet other-
wise low in sodium (less than 7 meq./day). During this
preliminary time, changes in the daily intakes of water
and of protein were imposed in order to demonstrate any
clinical effects of these factors in the absence of sodium
restriction. After from two to four months had elapsed,
the intake of sodium was reduced to the 7 meq./day level
by omission of the supplementary tablets. Ten weeks
later the sodium intake was returned to the higher level
by resumption of the supplement in order to test the re-
versibility of the clinical and metabolic changes which
had followed the restriction of this element.

The detailed timing of these manipulations may be
seen in the figures. The total study was divided into
six periods, which are separated in all the figures by
vertical lines. These periods were differentiated by
changes in the water or the sodium intake; one of these
two factors remained constant throughout any consecu-
tive pair of periods while the other was changed. An up-
ward direction of the arrow in relation to the symbols in
the figures indicates that this factor was administered
in high dosage during the period; a downward direction
indicates the converse. For sodium the high dosage level
was 180 meq./day and the low dosage was the residual
amount in the diet alone, namely a value less than 7 meq./
day. During the periods of high water intake, 4,500 cc./
day of fluid were administered in addition to the pre-
formed and metabolic water of the diet; as a result the
urinary volumes were maintained at high average values
(Table II). Water restriction in the low dosage periods
was carried to the point of slight thirst; an intake of 800
to 1,000 cc./day of supplementary fluid, which maintained
the urinary volumes in the range 600 to 900 cc./day, ap-
peared to be the minimum tolerable fluid supplement when
sodium was concurrently administered in high dosage. In
the figures a symbol for water in Period I is absent be-
cause the patients were allowed uncontrolled access to
water; during this time their urine volumes ranged be-
tween 800 and 1,800 cc./day.

The changes in level of protein intake are indicated in
Figure 3. It may be seen that the daily consumption was

30-40 grams until the middle of Period III, when the
amount was approximately doubled. Prior to this time the
patients had felt dissatisfied with the diet despite the fact
that it was as diversified as was compatible with the re-

quirement of sodium restriction, and was unlimited in
quantity except with respect to the foods of moderate so-

dium content. Since the usual high protein foods fell into
the latter category, the protein intake was curtailed until
Period III, when a special low sodium, high protein
food 2 was made available for the patients to take in
amounts regulated by their appetites. During Period IV
they continued to take the increased amount of protein;
with the restriction of water in Periods V and VI the

2 "Low sodium food," Wyeth: protein, 50 per cent; car-

bohydrate, 19.5 per cent; fat, 25 per cent; total ash, 3.5
per cent; sodium, 0.02 per cent. A generous supply of this
product was donated by Wyeth, Inc.

amount of this supplement that could be conveniently
given was limited by the lack of fluid for its suspension.

One exception to the plan of deferred sodium restriction
should be noted: through oversight, the supplementary salt
tablets were not ordered for Patient C. When the omis-
sion was discovered he had already shown a reduction
in blood pressure below the value on admission and the
earlier values that had been observed in the out-patient
clinic. Therefore, it was decided to continue the study of
his response without the supplement until the final period.

METHODS

Daily measurements of blood pressure and of body
weight were made each morning except Sundays under
standardized conditions. The blood pressure was deter-
mined by the same physician for each patient; at least
20 minutes of bed rest preceded the reading. Body weight
was measured after urination and before breakfast on a
calibrated scale that was accurate to 100 grams; the pa-
tients were nude except for a covering sheet of known
weight.

At biweekly intervals a standard 2 meter chest film was
obtained for measurement of heart size. At monthly in-
tervals the basal metabolic rates were measured, and
electrocardiographic tracings taken.

A total collection of urine was made, and divided into
24 hour pools; analyses of sodium, potassium and chlo-
ride concentrations were made upon each, using methods
previously discussed (3). During two intervals of five
days each, at the ends of Periods IV and VI, collections
of stools were made; the total output from each interval
was pooled and analyzed for sodium and potassium (3).

The determination of exchangeable sodium was based
on the dilution of a measured dose of radiosodium. An
infusion fluid containing 0.8 - 1.0 Ac of Na' Cl/cc. of 5
per cent dextrose in water was injected intravenously
from a calibrated 100 cc. burette at a dose of just 1 cc./
kg.3 Samples of blood were taken at hourly intervals for
seven hours; in some tests additional samples were taken
after 24 and 48 hours.

With a Tracerlab 8-y dip-counter (TGC-5) and auto-
scaler, measurements of the radioactivity of the samples
were made after dilutions that were sufficient to bring
the counting rates within the range of linear response of
the tube. An equilibrium value (a) of the specific ac-
tivity of the serum (ratio of radioactivity in arbitrary
units to the sodium concentration) as attained in the five
to seven hour interval was estimated graphically. The
quantity (q) of sodium with which the injected dose (d)
of tracer had been mixed was calculated from the rela-
tion q = d/a. This quantity is about 10 per cent less than
that which would be calculated from the 24 hour equilibra-
tion of specific a m therefore does not include the

3 Calculation based e data given by Marinelli and
associates (4) indicated that the patients were exposed by
this test to less than 0.1 equivalent roentgen of radiation
during the first 24 hours and to negligible amounts there-
after.
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most slowly equilibrating sodium in the body. It is to
be expected, however, that equilibration would have been
complete in the soft tissues which have been shown (1,
2) to accumulate sodium in the animals with hypertension.

Criteria of Significance
Average values of blood pressure were calculated from

the consecutive readings obtained during the last two
weeks of each period except Period VI for which only
the last week was taken. Fisher's "t test" (5) was used
to calculate the probability that the differences between
successive averages might occur by chance alone. Changes
were considered significant when this probability was less
than 0.01; these changes are indicated by an asterisk in
Table II.

Heart diameter on a given chest film could be meas-
ured reproducibly within 2 mm. In order to exclude the
effects of differences in projection and heart cycle it was
taken as necessary that changes must exceed 10 mm. to
be significant. These are indicated in Table II.

The exchangeable sodium is calculated from four pri-
mary measurements: the counting rates of solution in-
jected and of the serum at equilibrium, the volume of
fluid injected and the sodium concentration of the serum
sample. Since the fluid was delivered into the subject
from a calibrated burette which was accurate to less than
0.1 cc., the error in this factor may be neglected. The
average counting rates of the diluted infusion fluid, di-
luted serum and the background were 5,000, 400, and 44
cpm., respectively, and were counted for 20,480, 2,048, and
4,096 total counts. From these values it may be estimated
that the coefficients of variation (ratio of standard devia-
tion to mean value) were 0.007 and 0.022, respectively, for
the infusion fluid and the serum samples (6). For the
variation in the determination of total sodium concen-
tration the coefficient 0.020 was assumed. These factors
contribute to the uncertainty of estimation of their product
according to the formula E = (F' + S' + C3)1"2 where the
symbols indicate the coefficients of variation of the ex-
changeable sodium, the infusion fluid counting rate, the
serum counting rate, and the serum sodium concentra-
tion, respectively. Substitution of the values above give
E = 0.031. Since the final value for body sodium was
based on at least three independent serum samples the
coefficient for the final result is reduced by the factor
(1/v4) and thus was approximately 0.02. In the case of an
adult of average weight this value corresponds to a stand-
ard deviation of less than 60 meq. The changes discussed
in this paper were of considerably greater magnitude; in
Table II, under the heading of "Exchangeable sodium,"
the asterisks signify a change of five standard deviations
or more.

OBSERVATIONS

The blood pressures of all patients remained ele-
vated during the periods in which the intake of
sodium was maintained at 180 meq./day (Fig-
ure 1). During the two to four months which were
spanned by these three periods, large variations of

water intake were imposed and considerable losses
of weight occurred; there were no significant
changes in the average values of blood pressure or
in the heart sizes (Table II).

When the sodium was reduced to the dietary
level of about 7 meq./day by omission of the tab-
lets, a statistically significant reduction of blood
pressure was observed in each patient. Of the five
patients three became normotensive (or nearly
so), while the other two remained in the hyper-
tensive range. The latter patients had the most
marked elevations of blood pressure during the con-
trol periods and, therefore, would have had to ex-
perience greater reductions in order to approach
the normal range.

Three of the four patients who were given salt
tablets in the final period showed increases in their
average blood pressures. Since the trend of the
daily blood pressure values was upward in Period
VI (Figure 3), it is probable that even higher
averages would have been obtained in a more ex-
tended period. With the return of hypertension
there were increases of the heart size which abol-
ished earlier reductions (Table II).

Weight losses were observed in all patients (Fig-
ure 2). The graphical form of the weight curves
was similar to that previously reported for a group
of patients who received the rice-fruit diet (3);
with both diets the weight losses proceeded at a
rate which was rapid at first but which decreased
with time. The rates of adaptation were so slow,
however, that several additional months probably
would have been required for attainment of defi-
nite weight equilibrium.

Since the caloric intakes of the patients remained
under their control, it is evident that some factor
in the regimen must have reduced their appetites.
This factor certainly was not restriction of sodium
since four of the five patients of the present study
received 10 grams NaCl/day during the initial
phase of rapid loss, and the remaining patient (C),
who received no salt supplement, experienced a
weight loss which was indistinguislhable from the
others. Moreover, the weight changes were not
related to adaptation of the basal metabolic rates;
these were measured at monthly intervals and
were found to remain within normal limits (+ 10
per cent) in all patients.

The explanation which seems most probable is
that the limitation of protein intake caused the
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weight losses. The basic diet was deficient in pro-
tein, as compared to the standard which was estab-
lished by the patients themselves when given free
choice in the matter, since each patient nearly

A

B

* 72

.,s 66

70

68

D

doubled his protein intake when the protein sup-
plement was made available for unlimited consump-
tion (Figure 3, Periods III and IV). With the
increased intakes of protein there were associated

FIG. 2. MORNINGWEIGHTS
Symbols are defined in the legend of Figure 1.
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increases of non-protein calories, amounting to 100
to 300 calories per day.

A more direct demonstration of the relation be-
tween protein intake and change in body weight
under the conditions of this study has been obtained
in subsequent work. Three other patients, who

were given the same diet under the same circum-
stances except that their protein intakes were main-
tained from the onset at 70-90 grams/day by a
prescribed administration of the supplement, not
only failed to lose weight but actually gained 1 to
4 kg. during a three month period of observation.

I

eo _
60 -

40
soL

A
PvvA~

400
a

c
.g .5 60g

0
WO ao t

24004

D 160 _
so _

20L_

100
80
60
40

a

11

~w4

Ha

aI

I I

'Oct. 1949' Nov.

III IV V VI

Jjv 4aH

It

ti

T

I

Dec. 'Jan. 1950' Feb. I NCLiV1A 2

FIG. 3. CALcuLArm DAILY CONSUmPONSOF ToTAL CALORIS AND OF PROTEN
Symbols are defined in the legend of Figure 1.

crux

A
1200L_

2400_

1600 _
~~~80_

~40 -

20 L

591

T

42AAn -%PMWV

26W-
E

ieoo-



V. P. DOLE, L. K. DAHL, G. C. COTZIAS, D. D. DZIEWIATKOWSKI, AND C. HARRIS

The changes in exchangeable sodium are shown
in Table II. The hypertensive patients, before
omission of the salt supplement, did not differ from
the three normal subjects with respect to the quan-

tity of exchangeable sodium per unit body weight.
These data do not exclude the possibility that a

small difference between the average values of
hypertensives and normals might be demonstrable
in a larger series, but they indicate that the hyper-
tensive subjects are not distinguished from the nor-

mals by a consistent or gross discrepancy.
The first measurements of exchangeable sodium

were made at the end of Period III, two days be-
fore reduction of intake from 180 to 7 meq./day;
the second were made one month later. In three
of the four patients a reduction of 14-20 per cent
was found. The explanation for the failure of Pa-
tient A to conform is not apparent; however, at the
time of the third measurement two weeks later she
was found to have a comparable reduction, while
the other patients were unchanged. The fourth
measurements were made three weeks later (a
total of nine weeks from reduction of the sodium
intake) and showed no further change in any of
the patients.

The final measurements were made 16 days after
the sodium intake had been returned to 180 meq./
day. In the three patients (A, B, D) for whom
the comparison could be made it was found that
the exchangeable sodium had been returned to the
control level.

The concentration of sodium in the serum was

measured with each determination of exchangeable
sodium. In contrast to the large changes which
occurred in the latter, the concentration was not
significantly affected by the variations of sodium
intake.

The urinary excretions of sodium are shown
graphically in Figure 4. Following reduction of
their sodium intakes, the patients reduced their
urinary excretions quite slowly: at least a week
was required for reduction to the level of dietary
intake. By the third week the urinary loss had
fallen to 1 meq./day or lower, the output at this
extremely low level being somewhat accelerated by
a large urine volume and reduced with restriction
of fluids.

After increase of the sodium intake in Period
VI, the urinary excretions rose. Again there was

a lag in the renal response to the changed situation.

When the fecal excretions of sodium were meas-
ured during the last five days of Period IV and of
Period VI, it was found that the daily losses by
this avenue averaged less than 1.5 and 2.2 meq./
day, respectively. Losses of this magnitude, al-
though important with respect to a long-term
balance under severe restriction of intake (3),
evidently are negligible by comparison with the
acute imbalances between intake and urinary ex-
cretion that were observed to follow a radical
change in the level of intake. Therefore, since no
gross sweating occurred during these observations,
it is probable that the changes in the exchangeable
sodium were due mostly to the lags in adjustment
of the urinary excretion. Given time, the patients
were able to resist further depletion, as shown
by the constant values of the exchangeable sodium
in the second, third, and fourth measurements;
conversely, in the periods of high sodium intake
they maintained a constant urinary excretion de-
spite wide variations in their urine volumes.

It will be observed that the decreases in ex-
changeable sodium (Table II) were greater than
the urinary excretions of the element during the
first five days after reduction of intake (Table
III). The probable reason for this is that the iso-
tope equilibrations were attained in the afternoon,
when the sodium ration of the day had been ab-
sorbed but not yet excreted (unpublished observa-
tions). The data for the excretions during the 14
hours that followed the last dose of NaCl were
omitted from the calculations of Table III in order
to present the ratios of sodium to chloride excre-
tions on the subsequent days when no salt was
administered.

The urinary excretions of chloride tended to
parallel those of sodium. In particular it was
noted that the net urinary losses of the two ele-

TABLE III

Comparison of the net urinary losses of sodium and chloride
during the five days following omission of salt tablets

Urinary output less dietary intake

Patient Na/Cl
Na ci

meq./5 days meq./5 days

A 131 82 1.60
B 144 119 1.21
D 146 132 1.11
E 166 115 1.44
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ments during the five days following reduction of
intake occurred in ratios that approximated their
ratios in extracellular fluid (Table III).

The urinary excretions of potassium tended to
be greater during the early periods of rapid weight
loss than subsequently. There was no clear rela-
tion of the urinary or fecal excretion of potassium
to the changes in sodium intake.

INTERPRETATION

The proportional relation between the sodium
and the chloride excretions on the days that fol-
lowed reduction in intake (Table III) suggests
that the sodium, which was lost from the body
early in Period IV, was derived from a source with
the composition of extracellular fluid. A similar
inference with respect to reaccumulation may be
drawn from the immediate weight changes that
follow readministration of salt. It was observed
in an earlier study (3), and confirmed in the pres-
ent one, that the patients for a time gain weight at
a rate which is just sufficient to account for the
formation of extracellular fluid from the newly-
available sodium.

It will be assumed, therefore, that the component
of the body which gained and lost sodium as a re-
sult of the dietary changes was the extracellular
fluid. If 20 per cent of the sodium of the extra-
cellular fluid were lost, it would cause a profound
drop in the concentration of sodium in the serum
(e.g., to 115 meq./L or lower), unless the loss of
sodium were compensated by a parallel loss of
water. Therefore, since there were no significant
changes in the concentration of sodium in the se-
rum, it follows that water, as well as sodium, must
have left the extracellular fluid at the time of the
sodium loss, and conversely, that the extracellular
volume must have expanded during reaccumulation.

It now becomes of interest to inquire into the
fate of this extracellular water. If it had been ex-
creted from the body, there would have been a
weight loss of about 1 kg. for every 140 meq. of
sodium which were lost, providing that an im-
mediate large increase in the solid matter of the
body had not occurred. The latter possibility
seems quite unlikely, partly because the antecedent
weight curves show that body tissue was being
lost rather than gained at the time of the sodium
depletion, and partly because this hypothesis leads
to the unlikely supposition that this solid matter

was abruptly expelled following the subsequent
reaccumulation of sodium. Since the weight losses
of all patients fell significantly short of equivalence
with their losses of exchangeable sodium (Table
II), the simplest hypothesis is that part or all of the
water which left the extracellular space did not
leave the body. Under this interpretation the
average cellular hydration was increased by about
5 per cent as a result of the sodium depletion.

This hypothesis also simplifies the explanation
of the biphasic nature of the weight change (Fig-
ure 2) following readministration of sodium. The
initial effect, as mentioned above, probably is an
expansion of the extracellular fluid. The sec-
ondary effect is a loss of the newly-gained weight
but, as shown by the elevated final value of ex-
changeable sodium, not of the sodium which was
accumulated. Therefore it appears that the water
which entered the cells during the previous adap-
tation to a low sodium intake was removed from
them and excreted during the secondary phase of
readjustment to a high intake of sodium.

The general interpretation which may be given
to these changes is that there is a reciprocal rela-
tion between the volume of the extracellular fluid
and the volume of part or all of the cellular fluids.
A radical reduction in the level of dietary sodium
shifts the balance slightly in the direction of cel-
lular hydration and a return to a high intake level
reverses the shift.

CLINICAL-METABOLIC CORRELATION

The persistent hypertension of all patients dur-
ing the periods of high sodium intake was an im-
pressive control for the reductions in blood pres-
sure that occurred after omission of the salt tab-
lets. Whether or not the antecedent two to four
months of hospitalization, with the weight losses
and the changes in protein metabolism, may have
contributed to the ultimate therapeutic response
cannot be said at present, but it is clear that these
factors were not sufficient to reduce the blood pres-
sure in the absence of sodium restriction.

The most obvious metabolic consequence of the
reduction in sodium intake was the reduction in
exchangeable sodium. However, this fact alone
may not be a sufficient explanation of the clinical
effect since there was no consistent correlation be-
tween the clinical status of the subjects and the
quantity of exchangeable sodium per unit body
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weight. Moreover, the reductions in blood pres-

sure and in exchangeable sodium were separated
in time; the latter was mostly completed before
the former became manifest.

Evidence has been brought forward to support
the conclusion that the reduction of sodium intake
caused an increase of intracellular water in addi-
tion to the contraction of extracellular volume. An
indication that the change in intracellular water
might be more closely related to the change in
blood pressure than the change in extracellular
volume is given by the delay in rise of blood pres-

sure when salt was readministered; in this process

it appears that the immediate effect is the expan-

sion of extracellular volume and the delayed effect,
which coincides with the blood pressure rise, is
the expulsion of cellular water.

It is obvious that this hypothesis needs to be
tested by direct measurements. Such test, how-
ever, must await the development of more precise
methods for the measurement of small changes in
the quantity of intracellular water in human sub-

jects.
SUMMARY

1. Restriction of dietary sodium to 7 meq./day
caused statistically significant reductions in the
average blood pressures of five patients with un-

complicated hypertension. These reductions were

due to the limitation of dietary sodium, since no

blood pressure changes had been observed during
a preliminary equilibration stage of two to four
months duration in which the low sodium diet was

supplemented with salt tablets (10 grams/day).
Weight losses and large variations in the intakes
of protein and of water during this time were with-
out significant effects on the blood pressure.

2. Following withdrawal of the salt supplement,
the patients lost 14 to 20 per cent of their ex-

changeable sodium during the first month of adap-

tation and then apparently attained balance. On
readministration of salt 10 weeks later, the patients
reaccumulated sodium approximately to the con-
trol level.

3. On the supposition that the lost sodium was
derived from extracellular fluid, the losses of body
water appeared to be disproportionately small.
The interpretation offered was that the surplus ex-
tracellular water, not excreted with its sodium,
shifted into an intracellular position and thereby
increased cellular hydration by about 5 per cent.
The reverse effects were observed following read-
ministration of salt. The hypothesis was advanced
that the low sodium diet exerted its beneficial ef-
fect in the hypertensive patients by causing an in-
crease in cellular hydration.
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