
Archives of Disease in Childhood, 1985, 60, 614-620

Effect of varying water intake on renal function in
healthy preterm babies
M G COULTHARD AND E N HEY

Department of Child Health, Princess Mary Maternity Hospital, Newcastle upon Tyne

SUMMARY Renal control of water and electrolyte homeostasis was studied in 10 healthy babies
(gestation 29 to 34 weeks; birthweight 1-19 to 2-19 kg) while water intake was varied. Glomerular
filtration rate and urine flow were estimated daily from spot plasma and urine samples for six
days using a constant inulin infusion, and simultaneous sodium, potassium, osmolar, and free
water clearances were calculated. The infusion was started at an average age of 14 hours. Each
baby received a total fluid intake of 96 ml/kg daily on study days 1, 2, and 5, and about 200 ml/kg
on study days 3, 4, and 6. Daily sodium intake was kept constant at 3 mmollkg.
At the end of the first study day the babies were undergoing a diuresis, but thereafter their

estimated daily water balances remained stable regardless of intake. Glomerular filtration
remained stable; alterations in urine flow reflected a change in the percentage of filtrate excreted.
Plasma electrolytes and osmolality were stable throughout, and on study days 2 to 6 the urinary
excretion rates of sodium, potassium, and other osmoles remained the same regardless of urine
flow. The delivery of sodium to the distal tubule was estimated to be between 17 and 20% of the
filtered load. Well preterm babies can cope with daily water intakes between 96 and 200 mVlkg
from the third day of life.

Until about 20 years ago it was standard practice to
withhold virtually all fluid during the first 2 to 4 days
of life. 1 In 1964 it was shown that early feeding could
prevent hypoglycaemia,2 and six years later it was
shown that restricting early feeds could lead to poor
brain growth.3 Since then there has been a trend
towards giving more fluid, especially to the smallest
infants. Recently, however, it has been suggested
that there may be a swing back towards older
practices.4
Two factors have influenced this more cautious

approach. Firstly, it has been suggested that there
may be a link between a high fluid intake and the
development of problems such as necrotising entero-
colitis and cardiac failure associated with a patent
ductus arteriosus.5 Secondly, some authors have
implied that preterm babies are unable to tolerate
such large fluid intakes without becoming over-
loaded with water6 or losing appreciable amounts of
sodium in the urine.6 7We have therefore studied 10
healthy preterm infants during sustained periods of
both low and high rates of fluid intake while their
sodium intakes were kept constant, each baby thus
acting as its own control.

Patients and methods

Patients. Ten healthy preterm infants (Table) were
studied with fully informed parental consent and
with the approval of the local ethical committee. All
had birthweights above the fifth centile for their
gestational age. Babies 8 and 9 were twins. Baby 4
developed clinical signs of a patent ductus arteriosus
on the sixth day of life which resolved by the 10th
day. Three infants received five day courses of
penicillin and gentamicin because of prolonged
rupture of membranes, but no other drugs were
administered. All the babies were nursed in incuba-
tors at an ambient water vapour pressure of 4 to 5
kPa.

Study design. The study protocol lasted six days,
starting an average of 14 hours after birth. Observa-
tions on three babies were stopped early because
they no longer required intravenous fluids. A low
total fluid intake (mean 96 ml/kg) was given on the
first two and the fifth study days, and a high total
intake (mean 200 ml/kg) on the third, fourth, and
sixth days. These intakes fell within the ranges
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Table Study details

Case Gestation Birthweight Age at onset Water intakes Sodium intakes Study days completed
no (weeks) (gm) of infusion (mllkg per day) (mmollkg per day) (1, 2, 5=low days

(days) 3, 4, 6=high days)
Low High Low High 1 2 3 4 5 6
days days days days

1 34 204) 0-7 80 2()0 3-) 2-9 + + + + + +
2 32 1680 (09 87 201 2-9 2-7 + + + + +
3 32 1500 0)6 87 209 3-1 2-8 + + + +
4 32 1610 1-3 80 200 2-9 2-8 . . . . .
5 34 1990 0.3 1()1 198 3-4 27 + + + + + +
6 33 2190 0.1 80 200 3-0 3-0 + + ++ +
7 29 1250 05- 81 198 3-4 3-3 + ++ + +
8 31 1190 0-5 120 200 3-1 2-8 + + + + + +
9 31 1200 0-5 120 200 2-9 3-1 .+ + + +
10 33 1725 0-3 120 198 3-0 3-0 + + + + + +

Means 32-1 1638 0-57 95-6 200-4 3-07 2-91 Low High
28 26

Low days, fluid intake='96 mi/kg; high days, fluid intake-200 ml/kg.

normally prescribed at that time for healthy preterm
babies in the newborn nurseries in Newcastle. Each
day the volume of oral fluid (SMA Gold Cap) was
decided by the clinical staff, and it was increased
gradually over the study. The balance was provided
intravenously as dextrose solution with added
sodium chloride, which was adjusted to provide a
total daily sodium intake of about 3 mmol/kg
(Table) regardless of their fluid intakes.

Measurements. At the end of each study day, the
glomerular filtration rate and urine flow rate were
estimated from plasma and urine inulin concentra-
tions after prolonged inulin infusion.8 A solution of
inulin in water (25 mg/ml) was infused throughout
the entire study period, using a syringe pump set to
deliver 15 mg/kg per hour. Plasma samples were
taken by heelprick before the study began and daily
thereafter; small aliquots of urine were collected at
the same time from a plastic nappy liner. Inulin
concentrations were assayed as previously described
in triplicate on 10 R1 samples of plasma, of diluted
urine, or of infusate.8 Glomerular filtration rate was
calculated from the inulin infusion rate divided by
the plasma inulin concentration, and urine flow rate
from the inulin infusion rate divided by the urine
inulin concentration. If the inulin infusion was
stopped during the resiting of an intravenous can-
nula, a period of infusion at least six times the
duration of the interval was allowed before further
samples were taken. Because of this restriction
samples were not collected on two occasions (cases 6
and 7).

Osmolality was measured on 200 RI samples of
plasma and urine by depression of freezing point,
and free water clearance was calculated by subtract-
ing the osmolar clearance from the urine flow.

Sodium and potassium concentrations were
measured in duplicate on 10 ,ud samples by flame
photometry. In each case the coefficient of variation
of the estimation was less than one per cent. Filtered
loads of substances were calculated as the product of
their plasma concentrations and glomerular filtra-
tion rate, excretion rates as the product of their
urine concentrations and urine flow rate, and
-fractional excretion values as their excretion rates
divided by their filtration rates.

Clearance data were expressed per kg9 birth-
weight until the babies had exceeded this, and of
body weight thereafter. Data from each study day
were compared with those from other study days
using paired t tests, and data from combinations of
study days were compared with those from other
days using grouped t tests. Unless stated, the P
values given refer to grouped t tests.

Results

All the babies were in negative water balance at the
end of the first study day, but not subsequently.
Thus, only data from 2 to 6 are considered in the
first two results sections, and the diuresis seen on
the first day is considered separately in the next
section.

Water balance. The estimated daily water balance
(excluding insensible and stool losses) averaged + 15
ml/kg on days 2 to 6, and there were no significant
differences between any of these days or groups of
days. Thus, allowing for unmeasured losses, the
babies seemed to have achieved stable water
balance by making appropriate adjustments to urine
flow by the third day of life (Fig. 1). Alterations in
urine flow were the result of variations in the
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616 Coulthard and Hey

fraction of filtered water that was excreted and not
due to changes in glomerular filtration rate (Fig. 2).
The percentage excretion of filtrate was mean (SD),
7.4 (3.5)% on days 2 and 5, which was much lower
than the 13-1 (3-6)% seen on high volume days
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Fig. 1 Fluid intake and estimated urine volume and water
balance plottedfor each study day.

Bars represent ±SD values.
*P<0-02 that estimated fluid balance on first study day is less than on study
days 2 to 6.
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Fig. 2 Percentage excretion ofglomerularfiltrate and
glomerularfiltration rate (GFR) plotted as mean (SD) for
each study day.

(P<0001). Glomerular filtration rate averaged 092
ml/kg per min overall. Although the means were
slightly higher on the high volume days, and towards
the end of the study, these differences were not
significant.

Sodium, potassium, and osmolar balance. The osmo-
lality and sodium and potassium concentrations of
plasma were stable throughout the entire study
period, being unaffected by postnatal age or fluid
intake (Fig. 3(a)). Similarly, from days 2 to 6 there
were no differences in the urinary excretion rates of
sodium, potassium or of other osmoles between the
high and low intake days (Fig. 3(b)), the excretion
of 'other osmoles' being calculated as the osmolar
excretion rate -2 (sodium + potassium excretion
rates). Thus on high volume days, with a high urine
flow rate but a similar solute excretion rate, the
urine was more dilute with respect to osmolality,
sodium, and potassium than on low volume days
(P<0001 in each case) (Fig. 3(c)).

Early diuresis. The estimated fluid balance at the
end of the first study day (mean age 38 hours) was
-42 ml/kg, significantly less than during the rest of
the study (P<002) (Fig. 1). Compared with the
other days on a low fluid intake, the glomerular
filtration rate was similar, but the percentage excre-
tion of filtered water was higher, at mean (SD) 10O8
(3.8)% (P<0005) (Fig. 2).
Sodium excretion was lowest and potassium

excretion highest at the end of day 1 (for each ion,
P<005 compared with days 2 to 6) (Fig. 3(b)). Thus
the sodium:potassium concentration ratio in the
urine was significantly lower on the first than on any
other study day (P<005, paired t test). The
excretion rate of the other osmoles was also higher
on study day 1 than on either the other low volume
days 2 and 5 (P<0-02) or study days 2 to 6 (P<005)
(Fig. 3(b)).
Thus, at mean age 38 hours these babies were

undergoing a diuresis which was associated with an
excess loss of potassium and other osmoles, but not
of sodium.

'Distal tubular sodium delivery'. Under conditions
of maximal diuresis, when very little water is
reabsorbed in the distal tubule, the delivery of
sodium by the proximal tubule is approximately
equal to the sum of the sodium and free water
clearances multiplied by the plasma sodium
concentration.10 During antidiuresis this value will
be a considerable underestimate because more
water will be reabsorbed in the distal segment. The
logarithm of the fractional delivery of filtrate to the
distal tubule (the sum of the sodium and free water
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Fig. 4 Regression of the sum ofsodium andfree water
clearances (ml/lOO ml ofglomerular filtration rate (GFR))
on the urine osmolality (mosmlkg). Note that the vertical
scale is logarithmic.

clearances expressed per 100 ml of glomerular
filtration rate) was negatively correlated with urine
osmolality (Fig. 4).

Discussion

This is the first study of fluid homeostasis in the
healthy preterm baby in which water was the only
factor altered and in which babies acted as their own
controls.6 7 We have shown that there is an early
diuresis after birth, and that fluid balance is subse-
quently maintained over a wide range of water
intakes. We have also shown that the glomerular
filtration rate changes little between 38 hours and 7
days of age, and is not influenced by the volume of
water taken; changes in urine flow reflect adjust-
ments to the proportion of water reabsorbed in the
tubules.

Early diuresis. A shortcoming of our study is the
lack of data in the first 38 hours, due to the method
used to measure glomerular filtration rate and urine
flow. Evidence, however, that the babies underwent
a diuresis comes from their early weight loss (4 to
16%) and their negative water balance at 38 hours.
Others have concluded7 that the early diuresis is a

controlled physiological event because wide varia-
tions in fluid intake have a relatively small effect on

the amount of weight lost. This even seems to apply
when infants are starved,' although the small

volume of concentrated urine which they then pass
has been shown to relate to the osmolar excretion
rate. I

It is widely assumed that sodium is the main ion
lost during the physiological diuresis, as the loss of
body fluid is mainly from the extracellular
compartment.12 We saw a relatively higher potas-
sium excretion rate on the second postnatal day, as
did McCance and Widdowson in starved infants." It
may be that the babies had excreted more sodium
before we began making measurements, or that they
were born potassium replete, were losing intracellu-
lar water, or were catabolic. Electrolyte balances in
the first two days of life need further investigation.

Maintenance of water balance. The positive fluid
balance of 15 ml/kg per day which the infants
maintained from the third day of life is close to the
insensible losses expected in healthy infants of their
age and gestation nursed in high humidity.13 The
maintenance of such a balance despite varying water
intake was not mediated by changes in the glomeru-
lar filtration rate. Although young rats given infu-
sions of salt and water to achieve acute volume
expansion may experience an increase in glomerular
filtration rate and a fall in renal vascular
resistance,'4 there is no reason to believe that a
maintained increase in water intake alone would
have a similar effect. The only human study which
claims such an effect6 measured glomerular filtra-
tion by an invalid technique8 after brief fluid
infusions were administered to different babies with
widely varying backgrounds of salt and water intake.
The fraction of the glomerular filtrate that

appears as urine is much higher than in adult life:
this is an inevitable consequence of the higher fluid
turnover and the lower glomerular filtration rate/kg
in babies. Similar values have previously been
interpreted as providing evidence of osmotic
diuresis.'5 Even when the urine osmolality fell,
however, to 45 mosm/kg in the present study there
was no evidence that a maximal diuresis had been
achieved; neither the osmolar excretion rate nor the
plasma osmolality changed. When the urine osmo-
lality was as low as 45 mosm/kg, the mean value for
the sum of the sodium and free water clearances was
16-9% of the glomerular filtration rate (Fig. 4).
Under conditions of maximal water diuresis this
figure may be assumed to approximately equal the
percentage of filtered sodium delivered to the distal
tubule.10 Assuming a maximally dilute urine to have
an osmolality between 35 and 45 mosm/kg, the distal
sodium delivery in our infants would be between 17
and 20% of the glomerular filtrate; this is similar to
that reported for older infants,'( but higher than
claimed for newborns.'6 In the latter study, how-
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Effect of varying water intake on renal function in healthy preterm babies 619

ever, maximum urine flow was assumed to have
been reached at urine osmolalities of around 150
mosm/kg. Figure 4 illustrates the size of the error
caused by this assumption.
From a knowledge of the glomerular filtration

rate in preterm infants9 and of the fractional distal
sodium delivery, it may be estimated that the
smallest subjects are likely to have an upper limit for
urine flow of about 7 ml/kg per hour, whereas the
larger babies may achieve double this rate. The most
immature infants may therefore be expected to
excrete a fluid bolus more slowly, and to be at the
greatest risk from fluid overload. It has been shown,
however, that the peak urine flow of mature infants
given water load is the same as in adults when the
results are expressed per unit of body water.'7 It
should also be noted that some of the widely
accepted evidence suggesting that newborns excrete
only a small fraction of a water-load'8 was obtained
in infants who may have been dehydrated1 because
of the then standard practice of giving only minimal
fluids for the first few days of life.

Sodium balance at high urine flow. The sodium
balance of our infants remained negative throughout
their first week of life, as reported by others.'9 It
was completely unaffected by urine flow, which is at
variance with the findings of Leake et al.6 Problems
with the experimental design of the latter study have
already been discussed. In addition, recalculation of
their statistics for fractional sodium excretion under
high and low fluid conditions shows that the
difference claimed is not significant (P> 0*05, t test).
The immature kidney is capable of producing

dilute urine, and of concentrating up to 600 mosm/
kg in the presence of a normal plasma urea. As long
as urine osmolality is kept well within these limits
there is no reason to expect a change in urine flow to
influence sodium excretion. The widely held view
that a high urine flow in a preterm infant will cause
an excess loss of sodium,4 20 and the recommenda-
tion that extra salt be given to compensate for this20
are without foundation.

Recommended fluid intakes. Attempts to produce
guidelines for precise fluid requirements in babies
are complicated by the number of factors that can
influence non-renal water losses.'3 These include
gestation and postnatal age, ambient humidity and
the use of radiant heaters and phototherapy lamps,
as well as pathology such as diarrhoea and some skin
disorders. On the basis of our data we question the
need for guidelines and special allowances in healthy
preterm babies because we have shown that they
cope with a wide range of fluid intakes without
stressing either their diluting or concentrating capa-

cities. If there were any doubt whether a particular
fluid regimen was causing either over hydration or
dehydration, a check that the urine osmolality lay in
the range 80 to 400 mosm/kg would confirm that the
kidneys were working well within the limits of their
homeostatic capabilities.
Because our babies coped with a daily fluid intake

of 200 ml/kg (once the initial diuresis was over) in
conditions that allow only minimal insensible losses,
it is likely that this volume would be tolerated by
healthy preterm infants under most conditions from
the third postnatal day. This intake, however, may
not be appropriate for babies with respiratory
distress; their increased incidence of necrotising
enterocolitis and of heart failure complicating patent
ductus arteriosus5 may be related in part to the
amount of water (or sodium) that they are given.

Conclusions

This study indicates that healthy preterm infants are
capable of exercising close control of water homeos-
tasis over a wide range of intakes, and that this is not
mediated through a change in the glomerular
filtration rate and has no effect on renal sodium
handling. It is suggested that fluid intakes in well
preterm babies should be guided more by the urine
osmolality achieved than by fixed schedules, and
that a daily intake of 200 ml/kg is likely to be well
tolerated from the third day.

We thank the nursing staff of the neonatal unit, Mrs Valerie
Ruddock for skilled technical assistance, and Mrs Marjorie
Renwick for her secretarial help.
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