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INTRODUCTION

The salt and water lost during acute diarrhea
was originally presumed to derive almost entirely
from the extracellular compartment (1, 2). Sub-
sequently, it was realized that a significant loss of
potassium occurred, in excess of that which might
be attributed to the negative nitrogen balance (3,
4, 5). This observation, with the assumption that
transfer of body water depends upon primary
transfer of base, led to the suggestion that con-
siderable depletion of intracellular fluid also oc-
curred (5, 6). Results obtained by balance stud-
ies, interpreted on the premise that the distribution
of chloride is limited to the extracellular fluid, sup-
ported the belief that diarrhea of infancy induces
primary depletion of extracellular water and salt
with an additional loss of intracellular water and
potassium (7, 8). These data also suggested that
the early period of treatment may be characterized
by a further depletion of the intracellular fluid vol-
ume, coexistent with an overexpansion of the extra-
cellular compartment (7, 8).

The recent development of methods for the esti-
mation of the fluid phase of the extracellular com-
partment with inulin, sucrose, and ferrocyanide,
and of total body water with deuterium oxide and
antipyrene suggested the use of these substances
to estimate directly alterations in body water in
diarrhea of infancy. Accordingly, serial deter-
minations of plasma volume (T-1824 space), ex-
tracellular volume (inulin space), total body wa-
ter (deuterium space), and renal function (inulin
and p-aminohippurate clearances) were made dur-
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ing the acute stage of dehydration and during the
subsequent period of treatment and recovery.

METHODS

Infants from two to eight months of age suffering from
acute diarrhea were selected for study if clinical signs of
dehydration (sunken fontanelle, soft eyeballs, dry mouth,
decreased skin turgor) were present and if treatment
could be safely postponed for six to eight hours. The
volumes of distribution of T-1824, inulin and heavy water,
glomerular filtration rate and renal plasma flow, hemato-
crit, plasma protein concentration and plasma electrolyte
concentrations were measured prior to the institution of
therapy.

These studies were repeated serially at two to seven
day intervals during treatment. Following the initial
studies, treatment was begun with 0.45 gram per cent
solution of sodium chloride by continuous venoclysis at
the rate of 150 to 200 ml. per kilogram of body weight per
day. Appropriate quantities (75 to 200 ml.) of 1/6 molar
lactate were administered to correct metabolic acidosis.
Some of the more severely ill infants received in addition
10 to 20 ml. per kilogram of blood or plasma.

After signs of dehydration had disappeared (usually at
the end of the first 24 hours of treatment) intravenous in-
fusions of 0.45 to 0.225 gram per cent solution of sodium
chloride were continued in decreasing quantities until oral
intake was considered adequate. After 12 to 24 hours of
starvation the infants were fed dilute evaporated milk
formulae. Thereafter, the volume of the feedings and the
proportion of evaporated milk were gradually increased
according to individual tolerance. The length of time
during which parenteral therapy was continued varied
from infant to infant ranging between two to seven days.
Two of the infants received 6 mM per kilogram per day
of potassium chloride by mouth. Normal infants in the
same age range, free of infection and metabolic disease
on standard evaporated milk formulae, served as controls.

The volume of distribution of inulin was measured by
the constant infusion technique, in which the amount of
inulin excreted after the cessation of an equilibrating in-
fusion is divided by the equilibrium plasma level (9).
The infusion time necessary for the attainment of equi-
librium distribution of inulin in the normal infant was
estimated in two ways: I) repeat determinations of the
volume of distribution of inulin were made in the same
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RELATION TO TIME OF EQUILIBRATION

F16. 1. REePEAT INULIN SPACES IN THREE NoRMAL INFANTS WITH VARYVING INFUSION PERIODS
Each type of line represents a separate subject. '

infant with varying infusion times (Figure 1); 2) the
time necessary for the rate of excretion of inulin to equal
the constant rate of infusion was determined. Both
methods revealed that equilibrium distribution in the
normal infant was achieved after two to four hours of a
steady infusion. A comparable infusion time has been
previously demonstrated to be necessary to attain equi-
librium in adults (10). In a dehydrated infant it was
shown that the rate of excretion equaled the rate of in-
fusion three hours after a continuous infusion of inulin was
begun. Accordingly, the equilibrating infusion was main-
tained for six hours in all cases. Each infusion was pre-
pared to provide a plasma concentration of inulin of 30
to 50 mg. per 100 ml. when delivered at a rate of 10 %=
0.15 ml. per hour with a Bowman pump. The total quan-
tity of hypotonic salt solution administered during each
space measurement was approximately 60 to 75 ml.

. After the equilibrating infusion had been discontinued,
the bladder was emptied and urine was collected through
an indwelling catheter until all the inulin had been ex-
creted. Complete excretion of the administered inulin in
normal, dehydrated, and convalescent infants occurred
within 12 to 18 hours (Figure 2). Urinary recoveries of
inulin averaged 98.6 per cent (Table I).

The heavy water space was measured as the two and
three hour volume of distribution of intravenously in-
jected deuterium oxide (11). No correction was made
for serum water concentration. Sufficient deuterium oxide
was injected with a calibrated syringe to provide a con-
centration in vivo approximating 0.2 volumes per 100 ml.
of body water. In all cases serial determinations of the

\

serum deuterium concentration indicated that equilibrium
had been attained within two hours.

Intracellular volume (non-inulin body water) was ap-
proximated as the difference between the simultaneous
volumes of distribution of heavy water and of inulin.
The total sodium and chloride content of the fluid phase
of the extracellular compartment was estimated by mul-
tiplying the plasma sodium and chloride concentrations
by the volume of distribution of inulin.

The volume of distribution of T-1824 was determined
according to the method of Gregerson and Stewart using
a single ten-minute blood specimen (12). Inulin and
p-aminohippurate clearances were measured during the
equilibrating infusion after the procedure of Smith and
his co-workers (13). The bladder was washed between
collection periods and at the end of the equilibrating in-
fusion with distilled water and air.

TABLE 1

Inulin recoveries*

Inulin Inulin Inulin
Age ected excreted recovered

Patient weeks mg. mg. %
H.F. 3 240 236 98.4
M. H. 32 3410 3302 96.8
B. H. 19 1072 1041 97.2
B. H. 19 1050 1029 98.0
R. H. 4 450 475 105.0
E.L. 14 800 770 96.3

* Average per cent of inulin recovered—98.6 per cent.
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Fre. 2. CoMPARrISON OF THE TIME NECESSARY FOR ToTAL EXCRETION OF INULIN IN
NorMAL, DEBYDRATED, AND EDEMATOUS INFANTS
) TABLE II
Body water determinations in normal infants
Volumes of distribution
Non-inulin
Surface Equil. T-1824 Inulin Deuterium body water
X Age Height Weight area time
Patient mo. cm. g. m2 hr. ml. ml./Kg. ml. ml./Kg. ml. ml./Kg. ml. ml./Kg.
0.G. 6 64.7 5.2 0.298 2 1100 210
"6 64.7 5.2 0.298 6 1390 263
6 64.7 5.2 0.298 4 1260 240
E.R. 4 52 3.1 0.205 6 203 65 870 280
J.F. 3 52.5 3.33 0.212 6 910 273
M.]J. 3.5 48.3 5.74 0.255 6 310 54 1480 258
S. 0. 2 58.4 5.45 0.284 6 360 66 1350 248
R. Ar. 8.5 63.5 7.48 0.344 6 400 54 1930 256 4480 597 2250 341
M. H. 7 67.3 7.71 0.360 6 361 48 2030 263 4400 570 2370 307
7 67.3 7.61 0.358 12 1870 246
7 67.3 7.61 0.358 4650 619
R. An. 4 5.23 3030 579
B. H. 4.5 64.7 5.63 0.308 8 353 63 1500 266 4085 725 2585 459
5 64.7 5.87 0.315 2 1610 274
5 64.7 5.84 0.315 12 1490 255
T.S. 1.5 59.7 5.12 0.267 6 349 68 1380 270 3160 616 1780 346
M.F. 2.5 2.92 1870 640
D. M. 7 58.5 6.86 0.313 6 1520 225 3755 546 2235 321
V. H. 5 66 6.66 0.335 6 375 49 1730 260 4690 703 2960 443
hL. 2 5.03 6 270 55 1660 330 3100 616 1440 286
.N. 3 4.31 6 1080 251
E. L 2 56 4.03 0.240 6 254 62 1280 310 2095 521 815 211
P. B. 2 53 4.70 0.239 6 270 53 1390 292 3410 725 2020 435
Average 58 267 610 350
Standard deviation 7 24 53 77
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BODY FLUID ALTERATIONS IN DIARRHEA OF INFANCY

The deuterium oxide content of serum water was de-
termined by the falling drop method (14). Inulin analy-
ses were performed by the resorcinol technique (15) and
p-aminohippurate by the method of Bratton and Marshall
as modified by Smith et al. (13, 16). Sodium and po-
tassium concentrations were analyzed in an internal stand-
ard Perkin-Elmer flame photometer (Model 52A). Chlo-
ride was determined by the Van Slyke and Hiller modifi-
cation of the Sendroy technique (17); total protein by
the copper sulfate method (18) ; hematocrit with a Win-
trobe tube (19); plasma carbon dioxide content by the
method of Van Slyke and Neill (20).

Infants were weighed daily on a tare balance sensitive
to 45 grams at a weight of 3 kilograms. Surface area 'was
calculated from height and weight by the formula of Du-
bois and Dubois as graphed by Boothby and Sandiford,
(21, 22).

RESULTS
A. Normal infants

The volume of distribution of deuterium oxide
determined 12 times in 11 normal infants averaged
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610 ml. per kilogram of body weight, with a range
from 520 to 725 ml. per kilogram (Table II).

The volume of distribution of inulin, measured
19 times in 16 normal infants, averaged 267 ml.
per kilogram with a range from 210 to 330 ml. per
kilogram (Table IT). Duplicate serial determina-
tions of the absolute inulin space in three of these
infants (O. G., M. H., B. H.) agreed within 10,
8, and 1 per cent, respectively.

In nine normal infants the non-inulin body water
averaged 350 ml. per kilogram with a range from
211 to 459 ml. per kilogram (Table II).

The volume of distribution of T-1824 in 10 nor-
mal infants averaged 58 ml. per kilogram with a
range from 48 to 68 ml. per kilogram (Table II).

B. Dehydrated infants

The volume of the various body water spaces in
the infants during dehydration are presented in
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Table III. The volume of distribution of deuterium
determined in three dehydrated infants averaged
580 ml. per kilogram of body weight at the time
of admission, while volume of distribution of inu-
lin in eight such subjects averaged 200 ml. per kilo-
gram. In terms of absolute volumes, the inulin
and heavy water spaces in three infants at time of
admission averaged 400 and 500 ml., respectively,
less than when these patients were fully recovered.
The volume of the non-inulin body water in the
dehydrated infants remained within the wide range
of normal. The T-1824 space averaged 54 ml. per
kilogram which was only 4 ml. per kilogram below
the average values obtained in the same infants
following recovery.

C. Infants during treatment and after recovery

Data obtained in three patients reveal that after
one or two days of therapy the volume of distribu-

tion of deuterium increased to values which ap-
proximated those obtained after complete recovery
(Table IIT). Simultaneously, the volume of distri-
bution of inulin expanded to an average value of
367 ml. per kilogram. This represents an incre-
ment of 75 ml. per kilogram above the average
value obtained when the patients were fully re-
covered.” Three of the infants concomitantly de-
veloped puffiness of the eyelids and face. The ex-
pansion of the inulin space to a supernormal vol-
ume appeared within two days after onset of ther-
apy. In some instances these high values persisted
for 10 days after parenteral fluids were discon-
tinued—a period of 14 days (Table III, Figures
3,4).

The overexpansion of the volume of distribution
of inulin in the early phase of therapy was not as-
sociated with a comparable increase in the volume
of distribution of deuterium or of body weight.
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Accordingly, during this period of treatment the
non-inulin body water decreased below values
present on admission (Table III, Figures 3, 4).
Thereafter, during convalescence (10 days to two
weeks after therapy was begun), the volume of
distribution of inulin reverted to normal control
values with little change in total body water or
body weight (Table III). By this time the volume
of the non-inulin body water thereby expanded
to normal control values (Table III, Figures 3,
4). The volume of distribution of T-1824 showed
only slight changes. However, the small changes
observed tended to vary in the same direction as
those manifested by the inulin space (Table III).
From the time of admission to the time of full re-
covery body weight increased an average of 60
grams per kilogram (Table III). One infant
(M. N.) treated with potassium was the only sub-
ject who did not display excessive expansion of
the volume of distribution of inulin (Table III);
however, the inulin space of the other infant so
treated (V. H.) expanded to a level 430 ml. above
the final recovery volume while the non-inulin
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body water decreased to a level 900 m. below the
final volume (Table III, Figure 4).

Three infants on admission showed abnormally
high plasma sodium and chloride concentrations
(Table III). The other patients revealed no sig-
nificant change in these concentrations. On ad-
mission the majority displayed a reduction in
plasma CO, content. Within 48 hours these
changes in electrolyte concentrations usually re-
verted to normal. The course of recovery of the
infants with hyperelectrolytemia was indistinguish-
able from that of the other patients. In most in-
stances the plasma potassium concentration dimin-
ished from a high normal range on admission to a
low normal range during the first week of therapy
(Table III).

On admission the electrolyte deficit of the fluid
phase of the extracellular compartment averaged 60
mM of sodium and 44 mM of chloride, or 10 mM of
sodium and 7 mM of chloride per kilogram of
body weight below subsequent recovery values
(Figure 5). The cases with hyperelectrolytemia
demonstrated comparable deficits of total extra-
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cellular sodium and chloride. At the time of maxi-
mal expansion of the volume of distribution of inu-
lin the total sodium contained in this compartment
averaged 28 mM per kilogram more than on ad-
mission and 15 mM per kilogram more than sub-
sequent recovery values. The comparable increase
of the chloride contained in this compartment av-
eraged 17 mM per kilogram over admission values
and 11 mM per kilogram over subsequent recovery
values (Figure 5).

In four of six subjects prior to the onset of ther-
apy, the inulin and p-aminohippurate clearances
were slightly lower than those determined after
recovery (Table IIT). During the early period of
therapy the inulin clearance and the filtration frac-
tion tended to reach supernormal values (consider-
ably in excess of the final recovery values) coin-
cident with the maximal expansion of the inulin
space.

Hematocrit and plasma protein concentrations
on admission were within the normal range (Table
IIT). After the onset of therapy they usually de-
creased. Subsequently, the hematocrit values and
plasma protein concentrations reflected the use of
plasma or whole blood transfusions.

DISCUSSION

The reliability of the volumes of distribution of
inulin as a measure of the fluid phase of the extra-
cellular compartment and of the volume of distri-
bution of deuterium oxide as a measure of the total
body water has been previously discussed (23-
26). These methods may be applied to the infant
with little modification (see Methods). The vol-
ume of distribution of inulin and of heavy water
in the control subjects (Table II) are in reasonable
agreement with those reported by others (27-30).

The average expansion of the total body water
detected from the time of admission to.that of re-
covery is similar to that calculated by Darrow and
his co-workers from balance studies in infants re-
covering from diarrhea (8). Similarly, the deficit
of extracellular electrolyte exhibited on admission
agrees with Darrow’s data (8). However, from
studies of a single infant dying from severe diar-
rhea, Steinitz and Weigert obtained data from
which a total body water deficit of 210 ml. per kilo-
gram may be calculated (31). This infant was
undoubtedly more severely ill than those studied
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in our series. Indeed, it is probable that if the
methods utilized in this study permitted the in-
vestigation of more severely ill infants, a greater
depletion of the extracellular compartment and a
consistent and significant decrease of the non-inulin
fluid volume might have been detected during the
stage of acute dehydration.

The overexpansion of the fluid phase of the ex-
tracellular compartment which was noted during
the early period of therapy is in reasonable agree-
ment with previous observations. Darrow and his
co-workers demonstrated a significant expansion
of the chloride space and a loss in the volume of
“intracellular water” during the first phase of re-
covery from diarrhea (8). Twenty-five to fifty per
cent of the infants with dehydration treated with a
standard regimen displayed clinical edema com-
parable to that observed at the time of maximal
expansion of the extracellular compartment in
these subjects. Edema appearing during treatment
for diarrhea has been repeatedly observed (7, 32,
33).

The sodium, chloride, and water which ex-
panded the volume of distribution of inulin beyond
values obtained after recovery may have derived
from the administered fluid and electrolyte which
was retained, from salt and water which was trans-
ferred from non-inulin body fluid compartments, or
from both. That a load of extracellular electrolyte
may be excreted only after a delay of 24 to 36
hours in the normal infant and adult has been re-
peatedly demonstrated (34-38). Indeed, a normal
infant may retain saline given subcutaneously for
as long as five days (39). Furthermore, renal
function and the rate of salt excretion is reduced
during the stage of hydropenia and electrolyte
deficiency (40, 41). Increased adrenal cortical
activity with a resultant decrease of sodium and
chloride excretion may be expected under stress
of infection, fever, dehydration, and trauma sub-
sequent to admission (42). The large amounts of
sodium, chloride and water retained thereby ac-
count in large part for the overexpanded volume
of distribution of inulin detected during therapy.

The retention of salt and water does not, how-
ever, explain entirely the excessive increase in the
volume of distribution of inulin. In the cases stud-
ied neither the volume of distribution of deuterium
nor the body weight demonstrated an increment
comparable to that of the inulin space. On the
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average, only half of the increment of the volume of
distribution of inulin was accounted for by a con-
comitant increase in the volume of distribution of
deuterium or of body weight ® (Table III, Figures
3,4). In each infant in whom simultaneous inulin
and deuterium spaces were measured, therefore,
the non-inulin fluid volume decreased significantly
early in the treatment period (Table III, Figures
3, 4). Specifically, one infant (M. J.) displayed
an expansion of the volume of distribution of inulin
of 1,350 ml. over the admission value after 48 hours
of parenteral fluid therapy. The electrolyte con-
tent of the fluid phase of the extracellular com-
partment increased by 195 mM of sodium and 140
mM of chloride. However, the subject had re-
ceived in this period of time only 125 mM of so-
dium and 90 mM of chloride, which were adminis-
tered intravenously with 1760 ml. of water. Fur-
thermore, this expansion of isotonic extracellular
fluid volume persisted in some instances for 14 to
18 days, or for 10 days after discontinuance of
parenteral therapy (Table III, Figures 3,4). Late
in the treatment phase, when the inulin space re-
verted to control values, no comparable reductions
in body weight or total body water were detected.
The non-inulin fluid volume therefore did not ex-
pand until the second or third week of hospitaliza-
tion (Table III, Figures 3, 4). These considera-
tions suggest that, in part at least, the prolonged
over-expansion of the volume of distribution of
inulin without proportionate reduction in plasma
electrolyte concentrations may be attributed to an
endogenous redistribution of sodium, chloride, and
water into the fluid phase of the extracellular
compartment,

The source of the sodium, chloride, and water
transferred into the volume through which inulin
is distributed is not known. It may have arisen
from the cells or from any of those tissues not
readily accessible to the inulin molecule. These
tissues may include bone and dense connective tis-
sue (the “solid phase of the extracellular compart-
ment”), succus entericus, or bile (4345). Sig-
nificant quantities of salt and water may be confined

5 During the early phase of treatment three infants
(R. Ar,, R. An,, P. B.) exhibited an increment in total
body water which averaged 350 grams more than that in
body weight. It is likely that this discrepancy reflects
the utilization of body solids by sick infants maintained
on inadequate caloric intakes.
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in the solid phase of connective tissue (46). Large
stores of labile sodium are located in the crystalline
structure of bone; salt and water are contained in
the gastrointestinal tract (47). The salt and water
may derive, in part at least, from any one of these
sources.

It is not certain why infants recovering from de-
hydration lose their facility for homeostatic extra-
cellular volume control. In normal adults in whom
the salt load was suddenly increased from 6 to
18 grams per day, the expansion in the volume of
distribution of inulin was slight and persisted for
only 24 to 48 hours (38). It has been demon-
strated previously that desoxycorticosterone ad-
ministration to the dog and cortisone or ACTH
administration to man induces a simultaneous
exogenous retention and endogenous redistribu-
tion of salt and water (11, 48). These hormones
therefore may endogenously augment the extra-
cellular volume., If hormone therapy is pro-
longed, redistribution is reversed and the total ex-
tracellular volume returns toward normal. These

‘alterations are qualitatively similar to those ob-

served in infants recovering from diarrhea. Thus
it is conceivable that the concomitant redistribution
and retention of salt and water observed in these
infants may relate to increased adrenal cortical
activity. Furthermore, recent studies have shown
that an acute reduction in plasma volume may
cause a rapid transfer of salt and water into the
fluid phase of the extracellular compartment (49).
Whether this acute redistribution is similarly
mediated via adrenal activity is not known. Inany
event, the stimuli of plasma volume depletion and
adrenal cortical stimulation are probably both
present in infants suffering from acute diarrhea
and may be related to the salt retention and re-
distribution that were observed in these infants.
The overexpansion of the fluid phase of the ex-
tracellular volume per se has not been shown to be
deleterious in infants. Since continuous infusion
of electrolyte solutions may be essential during the
early treatment of diarrhea, the concern with pos-
sible untoward effects of an overload of electrolyte
may lead to inadequate therapy. A repair solu-
tion recommended in order to avoid overtreatment
(50) would have been less than adequate for re-
pair of extracellular deficits within 48 hours in
four of five cases studied. However, the decrease
of the non-inulin body water during the early stage
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of recovery may be etiologically related to those
fatalities which sometimes occur during treatment
after extracellular dehydration has been corrected.

One patient who received early therapy with po-
tassium was the only subject who did not display
the characteristic pattern of body fluid alterations
during treatment and recovery (M. N., Table III).
One other -case so treated underwent a typical
course, however, and in Darrow’s cases those in-
fants who displayed changes most similar to those
described here were subjects who received early
potassium therapy (8). Whether the administra-
tion of potassium will regularly inhibit the pro-
gressive depletion of non-inulin body fluid is not
yet known. Insofar as these stores of sodium and
chloride derive from the solid phase of the extra-
cellular compartment—bone and connective tissue
(51)—one would not expect the administration of
potassium to inhibit such a redistribution. Al-
though a reduction in plasma volume was present
during the stage of dehydration (Table III) neither
this volume nor the hematocrit nor the plasma pro-
tein concentration afforded a reliable index of the
diminution in the volume of the fluid phase of the
extracellular space (11).

The association of increased glomerular filtra-
tion rate with an expanded volume of distribution
of inulin has been previously observed under hor-
monal influence (11, 48). The retention of salt
and water despite the concomitant increase in glo-
merular filtration rate reflects the enhanced rate
of tubular resorptiod of salt during early therapy.
This finding similarly suggests that increased
adrenocortical activity may underlie the altera-
tions which were noted.

SUMMARY AND CONCLUSIONS

1. In the normal infant two to eight months of
age, the T-1824, inulin, and deuterium volumes of
distribution averaged 58, 267, and 610 ml. per
kilogram, respectively.

2. In infants suffering from acute, moderately
severe dehydration, there was a considerable dim-
inution of total body water due chiefly to extra-
cellular fluid loss. Early in the treatment phase
(two to 14 days after the onset of therapy) the inu-
lin space expanded to supernormal volumes. This
overexpansion of the inulin space was not associ-
ated with a comparable increase in the deuterium
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space or of body weight. During convalescence
(two to three weeks after the onset of therapy), a
reduction of the inulin space to normal values
without comparable fall in body weight or deu-
terium space was observed.

3. The T-1824 space increased to normal within
two to three days after the onset of therapy.

4. Glomerular flitration rate tended to be low
during the state of dehydration. Thereafter, the
inulin clearance increased to levels higher than
those observed after recovery. The maximal in-
crease in filtration rate and inulin space coincided.
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