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SUMMARY Serial measurements of plasma sodium, sodium balance, water intake, and urine
volume were made for a mean period of 5*9 days in 10 preterm infants of mean gestation 30.5
weeks and mean birthweight 1506 g. In five infants weighed regularly, estimates of insensible
water loss averaged 2-6 (range 1*4 to 6-2) ml/kg/hour. High insensible water losses were the cause
of hypernatraemia that occurred in two of the 10 infants. Net sodium balance was negative during
the study and represented contraction of the extracellular fluid volume associated with weight
loss. The negative sodium balance did not seem diminished by increasing sodium intake and there
was no evidence that sodium intake need exceed 3 to 4 mmol/kg/day. Hyponatraemia was not due
to changes in sodium balance but to water retention associated with inappropriate increases in
urinary arginine vasopressin excretion and urine osmolality in 8 of 10 infants. Frequent, accurate
measurements of body weight and of plasma sodium are the two most reliable indicators of
changes in water balance.

Both hyponatraemia and hypernatraemia, which lower sodium intakes (in the region of 1 to 3
may occur in preterm infants during the first few mmolUkg/day) provided careful attention was paid to
days after birth, result from changes either in total water balance. Their data suggested that water
body sodium or total body water, or both. Whether retention might be a more important cause of
the plasma sodium rises or falls ciepends, therefore, hyponatraemia than sodium loss. Causes of hyperon the magnitude and direction of change in total natraemia are less controversial; this usually results
body sodium and water and as this information is from high insensible water losses that occur in
difficult to obtain in preterm infants, the cause is not preterm infants-7 but the contribution of changes in
always evident and the wrong treatment may be sodium balance have not been studied.
prescribed.
Our purpose was to increase understanding of
Butterfield et all showed that preterm infants these problems by making continuous sequential
were in negative sodium balance during the first measurements of sodium and water balance and
week of life and concluded that this was an urinary arginine vasopressin excretion in very low
obligatory physiological event associated with birthweight preterm infants during the first week of
weight loss and represented the contraction of the life to discover the relation between these variables
extracellular fluid volume known to occur after and the plasma sodium concentration.
birth.2 More recently Engelke et a13 proposed that
In this study we have investigated only those
the sodium diuresis and associated negative sodium infants who had the most severe problems-namely
balance they observed in the first week of life were very low birthweight preterm infants with respirathe cause of the hyponatraemia in their infants and tory disease requiring mechanical ventilation. These
suggested that some preterm infants required a very infants obviously pose enormous difficulties to the
high sodium intake (greater than 7-5 mmol/kg/day) investigator and there is least information about
to prevent hyponatraemia. Lorenz et al4 showed, them. Results show that water retention, often
however, that normal plasma sodium concentrations associated with arginine vasopressin release, rather
could be maintained in the first week of life on much than negative sodium balance is the main cause of
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hyponatraemia in sick, preterm infants in the first
week of life, while excessive insensible water losses
are the main cause of hypernatraemia. The factors
affecting arginine vasopressin secretion have been
reported in detail in Part Ix and here we deal mainly
with changes in sodium and water balance and their
relation to arginine vasopressin release.
Patients and methods

Patients. The data presented here are from 10 of the
14 boys studied in Part i.8 They were investigated
for a period of 5-9 (range 4 to 8) days. Four were
omitted because of insufficient data on sodium and
water balance. Six of the 10 infants were delivered
by caesarean section and four by vaginal delivery.
All the infants were ventilated for hyaline membrane disease. Data from two infants of 26 and 27
weeks' gestation and birthweight 800 and 824 g
respectively who developed hypernatraemia, and
from one infant of 30 weeks' gestation and birthweight 1400 g who developed water overload
secondary to inappropriate arginine vasopressin
secretion are presented separately. The remaining 7
infants are grouped together. Their mean gestational age was 30-5 (range 27 to 35) weeks and
mean birthweight 1506 (range 1165 to 2290) g.
The infants were nursed under an Ohio Overhead
heater (Ohio Medical Products, USA) and phototherapy was used when necessary to control the
plasma bilirubin concentration. Ten per cent glucose
in 0-18% saline was the principal intravenous
solution used and the volumes given are shown in
Fig. 1. Adjustments to sodium and water intake
were prescribed by the physician managing the

Urine collection
The method is described in Part I."

Analytical methods
Urine and milk were analysed for sodium by atomic
emission spectrophotometry using an Instrumentation Laboratories Model 343 Flame Photometer
(Analytical Instrument Division, USA).

Measurement of body weight
All measurements of body weight were performed
by one of us (LR). The infant was weighed on a
Marsden Beam Balance (Marsden Weighing
Machine Group, UK) accurate to within ± [-0 g. As
a preliminary, a record of all attachments was made
and their total weight determined by weighing
duplicates. Then all monitoring devices were unplugged and drips disconnected and plugged with
sterile plugs (No R94 Avon Medicals, UK). The
scales were set to the previous day's weight and then
the weight of the baby and attachments was quickly
determined. The weight of the baby was calculated
as the difference.
Estimates of extrarenal water loss
Extrarenal water losses were defined for the purpose of this paper as:
Water intake (g/day)-(urinary water (g/day)
+change in body weight (g/day)).
This estimate ignores any change in body dry
weight, which we were unable to measure. Since
total body water in these infants is approximately
80% of body weight, however,2 calculations showed
that the error would not alter materially the practical value of the estimates of extrarenal water loss.

patient.

Results

Methods.
Measurement of sodium and water intake
At first water and sodium intake were measured by
weighing the intravenous bottles and drip tubing at
the beginning and end of each day and analysing the
solutions. Water intake determined by this method
compared with water intake estimated from nurses'
records was so similar, however, that weighing was
abandoned and the records were used instead. The
amount of sodium given in milk was determined
from the volume of milk given and the chemical
analysis of the milk used.

The changes in plasma sodium concentrations,
sodium balance, and fluid intake and output in the
group of 7 infants are shown in Fig. 1. The mean
plasma sodium concentration soon after birth was
133 mmol/l indicating that water overload was
present at delivery in some infants. There was no
significant change in the plasma sodium concentration over the first 24 hours but during the second day
this rose towards normal values.
Mean sodium balance was positive at age 1 and 2
days but became negative at age 3, 4, and 5 days.
Because it was not possible to weigh all the infants
regularly estimates of insensible water loss and
therefore water balance could not be made for the
whole group. Urine volume on day one was,
however, lower than at any other time and averaged
41 (range 17 to 69) ml/kg/day, while fluid intake
averaged 89 ml/kg/day. Since the mean plasma

Measurement offaecal sodium loss
Attempts were made to collect meconium on
Whatman's ashless filter papers for analysis but so
little was passed that faecal sodium loss was left out
of the calculations.
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Fig. 1 Changes (mean SEM) in plasma sodium
concentration, sodium balance, and water intake and
output in 7preterm infants of mean gestation 30 5 weeks
and mean birthweight 1506 g.

sodium concentration did not rise over the first 24
hours and sodium balance was positive, it can be
deduced that mean water balance was also positive.
During the second, third, and fourth days as the
plasma sodium rose the urine volume increased and
was so close to intake that together with insensible
water loss (see the Table) output must have exceeded intake leading to negative water balance.
Fig. 2 gives examples of serial measurements in
one of the 7 infants who was weighed on four
occasions enabling estimates of insensible water loss
to be made. Both sodium and water balance were
positive during the first 24 hours of life and since the
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Fig. 2. C hcanges in body uveight, plasma sodium
conicenitrationi, sodium balanice, and water balance in a
single infitai of birtlh weight 1270 g anid ge.stational age 30
weeks after birth. The black areas represent estimnates of
insenlsible water loss (IWL).

plasma sodium concentration fell as the body weight
increased, water must have been retained in excess
of sodium. A spontaneous increase in water excretion occurred on day two and in sodium excretion on
day three, leading to negative sodium and water
balance. Since the plasma sodium concentration
rose as the weight fell water must have been lost in
excess of sodium.
Because changes in sodium balance were in
opposition to the changes in plasma sodium concen-
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tration, it is clear that changes in water balance
rather than sodium balance were the principal
determinant of the plasma sodium concentration in
these 7 infants.
Infants with hypernatraemia. The two infants with
hypernatraemia were the smallest and most immature studied. Changes in sodium balance and water
balance were similar in both and the data from only
one are therefore shown in Fig. 3. Sodium balance
during the first 48 hours of life was positive but not
sufficiently so to have affected materially the plasma
sodium concentration. The principal cause of the
hypernatraemia was negative water balance due to
very high insensible water losses averaging 4-9
ml/kg/hour during the first two days of life (see the
Table). As the hypernatraemia developed the
plasma osmolality, urine osmolality, and urinary
arginine vasopressin excretion increased8 indicating
an appropriate antidiuretic response to the period of
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Fig. 3. Changes in plasma sodium concentration, sodium
balance, and water balance in an infant of birthweight
800 g and gestational age 26 weeks who developed
hypernatraemia due to high insensible water losses.
The black areas represent estimates of insensible water loss.

dehydration. The hypernatraemia was corrected by
increasing water intake and decreasing evaporative
water losses by increasing the relative humidity of
the air surrounding the baby. Water balance became
positive and sodium balance negative leading to a
fall in the plasma sodium concentration.
Extrarenal water loss. Estimates of extrarenal water
losses in those infants who were weighed are given
in the Table. These averaged 2-6 (range 1-4 to 6-2)
ml/kg/hour.
Obligatory sodium loss after birth. Cumulative,
mean, net negative sodium balance in the 7 infants
represented in Fig. I and in the two infants with
hypernatraemia was -5-1 mmol sodium/kg, equivalent to a mean loss of extracellular fluid amounting
to 4-2% of body weight. For reasons outlined
in the discussion this is probably an under
estimate.
Effect of inappropriate secretion of arginine vasopressin on sodium and water balance. Eight of the 10
infants had raised urinary arginine vasopressin
excretion associated with a rise in urine osmolality
that occurred at a time when their plasma sodium
was <135 mmol/l.
Fig. 4 gives details of urinary arginine vasopressin
excretion and of changes in the plasma sodium
concentration, sodium balance, and water intake
and output in one of the infants who developed
water intoxication. His plasma sodium concentration was normal at birth but fell over the first 30
hours to 123 mmol/l. This fall was associated with a
raised urinary arginine vasopressin excretion after
birth and a sharp increase in excretion of this
hormone between 24 and 32 hours of age-the cause
of which is not clear, though it followed a grade I
periventricular haemorrhage.8 Because the results
of the arginine vasopressin analysis were not available at the time the cause of the hyponatraemia was
not appreciated, in spite of the fact that the baby
was passing small volumes of concentrated urine.8
Instead of water restriction, sodium supplements of
11 mmol/kg/day were given to this infant without
increasing water intake proportionately. His plasma
sodium concentration rose and water balance was
almost certainly positive at this time. Between 36
and 64 hours of age there was a massive release of
arginine vasopressin associated with the development of a right grade IV intraventricular haemorrhage and his plasma sodium concentration began to
decline again. Though sodium balance became
negative, net water balance was probably positive
until after the last big peak of urinary arginine
vasopressin excretion on day five. On day 6 when his
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mean intake of 3-6 mmol/kg/day. Balance thereafter
became negative returning to positive by the fifth to
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Fig. 4. Changes in urinary arginine vasopressin (A VP)
excretion, plasma sodium balance, and water intake and
output in an infant of birthweight 1400 g and gestational age
30 weeks who developed inappropriate secretion of A VP
and water overload secondary to hyaline membrane disease
and intracranial haemorrhage.

urinary arginine vasopressin excretion fell, urine
volume exceeded water intake for the first time,
water balance became negative, and the infant's
plasma sodium concentration rose to normal.
Discussion
It is well known that errors in metabolic balance
techniques are additive and tend always to overestimate positive and underestimate negative balances.i
Moreover, since this study was conducted among
very sick infants metabolic balance measurements
were difficult and some errors were inevitable. For
these reasons the obligatory sodium loss is almost
certainly an underestimate and it would be quite
wrong to make quantitative estimates of changes in
body composition from these results. Nevertheless
the direction of the changes were very consistent
and valuable deductions can be made.
Sodium balance. The changes in sodium balance
were very similar in all the infants, and sodium
balance was invariably positive at age 1 day on a

sixth day (Fig. 1).
Our data suggest that a negative sodium balance
is not affected by increasing sodium intake since the
infant in Fig. 3 received twice as much sodium as the
infants in Fig. 1, with no change in the pattern of
postnatal sodium loss. In particular, the sodium
diuresis illustrated in Fig. 3 began when the baby
was dehydrated showing that this was not caused by
volume expansion in this infant. "' The negative
sodium balance after birth seems to be an obligatory, self limiting event associated with contraction
of extracellular fluid volume. Our findings therefore
confirm the similar conclusions of Butterfield et al.
It is clear from the data in Figs. 1 and 2 that the
changes in plasma sodium concentrations reflect
mainly changes in water balance rather than sodium
balance. These results therefore contradict those of
Engelke et al3 who concluded that the negative
sodium balance was the main cause of the hyponatraemia in their patients. Our results show that in the
first week of life when the sodium intake is in the
region of 3 to 4 mmol/kg/day, negative sodium
balance is not an important cause of hyponatraemia.
These conclusions agree with those of Lorenz et a14
who showed that normal plasma sodium concentrations could be maintained with no ill effect on even
lower sodium intakes if water balance was carefully
controlled by daily weighing.
Water balance. The initial hyponatraemia shown in
Fig. 1 was almost certainly the result of maternal
water overload as described by Tarnow-Mordi et al.
The positive water balance on the first day, however, was probably due to raised plasma arginine
vasopressin concentrations associated with vaginal
delivery'2 and deteriorating hyaline membrane
diseases and to the very low glomerular filtration
rate on the first day of life. The average of reported
values for glomerular filtration rate in infants of 33
weeks' gestation or less during the first day is only
0-3 ml/kg/minute. '3 14 Since depression of the glomerular filtration rate has been shown to occur in
hyaline membrane disease' the actual values in
these infants may be even lower.
The negative water balance that occurred on the
second to fourth days (Fig. 1) was due to an increase
in urine volume. After birth there is a fall in renal
vascular resistance leading to increased renal blood
flow '6and perfusion of cortical nephrons'7 'swhich
results in an increase in effective glomerular filtration pressure and a rise in the glomerular filtration
rate. 1 Reported values for glomerular filtration rate
in infants of 33 weeks' gestation or less, aged 2 to 3
days, average 1() ml/kg/minute'3 14 indicating a
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threefold rise since birth. By 7 to 14 days of age the
glomerular filtration rate averages 1-6 ml/kg/
minute'4 2() So the rate of increase declines after age
3 days. The big increase after birth suggests that the
glomerular filtration rate may be less likely to limit
water excretion after the first 24 hours of life.
Causes of hyponatraemia and hypernatraemia.
Changes in plasma sodium concentrations observed
in these infants resulted in the main from changes in
body water and it is noteworthy that the sodium
balance was often positive when the plasma sodium
concentration was falling and negative when it was
rising (Figs. 1, 2, and 4). The only two exceptions
were the infants with hypernatraemia (Fig. 3). In
particular, inappropriate arginine vasopressin release associated with intracranial haemorrhage,
pneumothorax, or acute deterioration of respiratory
function during hyaline membrane disease was very
common,8 and was the most frequent, though often
unrecognised, cause of hyponatraemia in the first
week of life (Fig. 4). Late hyponatraemia described
by Day et a2 1 has apparently a different cause.
Sodium balance was positive in their patients and
the hyponatraemia, which was probably due to
limited tubular sodium reabsorption,- could be
corrected by increasing the intake of sodium to
about 3-0 mmol/kg/day.26 Hypernatraemia in this
study occurred only in the most immature infants
and was caused mainly by their high insensible water
loss (Table), while the positive sodium balance on
day one made only a small contribution. It is
reassuring that our estimates of extrarenal water loss
using very different methods are very close to those
for insensible water loss in the published reports.5-7
These findings have important implications for
the management of sick, preterm infants. They
shown that sodium intake in the first week of life
need not exceed 3 to 4 mmol/kg/day and that if
water balance is controlled as it was in the study of
Lorenz et al, a sodium intake of as little as I0
mmollkg/day may suffice for some. Sodium diuresis
and negative balance seem to be a self limiting
physiological event which should not be taken on its
own as a signal to increase sodium intake. Indeed it
may be particularly dangerous to treat hyponatraemia caused by water overload with large amounts
of sodium. In the infant illustrated in Fig. 4 it is
possible that the intracranial haemorrhage was
precipitated by expanding extracellular fluid volume
due to prescribing extra sodium, rather than fluid
restriction. Normal or excessive postnatal weight
loss in the presence of hyponatraemia, however, is
certainly an indication for increasing sodium intake.
When an event known to cause inappropriate
release of arginine vasopressin is identified it should

be possible to prevent water overload developing by
fluid restriction and by checking its effectiveness
with regular weighing. Great caution must be
exercised in the interpretation of urine osmolality
(or specific gravity) because, whereas a rise in
osmolality may indicate dehydration requiring an
increase in water intake, it may equally indicate
inappropriate arginine vasopressin secretion necessitating a reduction in water intake.8 The urinary
sodium concentration can also be very misleading
because of the sodium diuresis after birth. We would
emphasise therefore that the two most useful
measures of sodium and water balance are the
plasma sodium concentration and accurate measurement of body weight.
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