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Intravenous (iv) fluids are used for many sick and injured
children. Such fluids generally used are 0·18% or 0·2%
saline with 5% dextrose. These fluids are often given at
maintenance rates—100 mL/kg for the first 10 kg of
bodyweight, 50 mlL/kg for the next 10 kg, and 20 mL/kg
for bodyweight exceeding 20 kg.1 Some standard
paediatric texts caution the need to modify maintenance
requirements according to disease states, but this
specification has been lost in some recent empirical
recommendations: for example, WHO now suggests full
maintenance fluids for the routine treatment of bacterial
meningitis (albeit with a caution about cerebral oedema),
with an emphasis on glucose but not sodium content.2

This is partly based on concerns about dehydration, but
there is no strong evidence that this advice is ideal.3,4

Hypotonic iv fluids given at maintenance rates might be
unsafe, especially in hospitals in developing countries
where serum sodium concentration often cannot be
measured.

The traditional use of hypotonic maintenance fluid in
paediatric medicine is based on requirements of normal
physiology—eg, if an infant weighing 6 kg receives 0·18%
saline fluid for 24 h, they will receive 3 mmol/kg sodium
chloride, 100 mL/kg water, and 3·5 mg/kg per minute
glucose. These are the amounts of (1) sodium and
chloride needed for normal metabolism and growth; (2)
water needed by the kidneys to excrete nitrogenous
wastes in urine with similar osmolarity to plasma (so that
the kidneys do not need to excessively concentrate or
dilute urine); and (3) glucose needed to avoid
hypoglycaemia and glycogen breakdown. This sounds
ideal, but is it? Most healthy people do not drink this
much water each day (average for adults is 2·5–3 L), so
their kidneys usually concentrate, or if they drink more
than usual dilute, their urine. Healthy people are able to
excrete large amounts of free water. This is not the case
for many children after surgery, or with serious
infections.

Large volumes of hypotonic fluid were generally given
after surgery, until reports led to recognition that
postoperative patients have reduced free-water clearance,
and hypotonic saline solutions at maintenance rates or
greater put patients at risk of hyponatraemia and
encephalopathy—the syndrome of water intoxication.5–8
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Children with serious infections share similar
pathophysiological mechanisms and risks of adverse
neurological outcomes if given hypotonic iv solutions. We
outline the pathophysiology of hyponatraemia in acute
infections, and argue that the safest empirical iv fluid for
most children with serious infections, who cannot take
enteral fluids, is 0·9% sodium chloride with dextrose, at
rates of infusion that take account of reduced free-water
clearance.

Impaired free-water excretion during severe
infections
Antidiuresis during fever and sepsis has been known for
over a century, especially in pneumonia and meningitis.
Hippocrates’ description of pneumonia included scanty
and high-coloured urine. In a rhesus monkey model of
pneumococcal sepsis, urine volume and free-water
clearance decreased to 25% and 17% of baseline values,
respectively, during the first 9 h of infection.9 When
0·45% saline, equal to 105% of urine output in controls,
was intravenously infused into septic monkeys, their
bodyweight expanded by more than 10% during 9 h of
experimental sepsis. Of note, serum sodium
concentration or serum osmolarity did not change
greatly. In a clinical investigation, 70% of infants with
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Mechanism Setting

Dilution of ECFV
High ADH activity Despite normal or expanded ECFV 

and hypo-osmolarity, so-called SIADH
Because of hypovolaemia
Other non-osmotic ADH stimuli18,19

Pain
Nausea
Hypoxaemia
Drugs
Mechanical ventilation

Increased sensitivity of renal Drugs
tubules to ADH Severe illness
Increased intake of free water Excessive enteral water intake
Iatrogenic administration of iv administration of hypotonic 
free water solutions

Increased urinary sodium loss
ECFV expansion Retention of free-water from high 

ADH activity
Unrestricted oral intake
Iatrogenic administration

Natriuretic peptide activity Increased right atrial pressure
(ANP/BNP)
Cerebral ‘salt wasting’ Described in tuberculous meningitis 

and traumatic brain injury
Diuretic administration ··
Corticosteroids ··
ADH ADH may have a direct effect on 

increasing urinary sodium excretion

ECFV=extracellular fluid volume. ANP=atrial natriuretic peptide. BNP=brain
natriuretic peptide. ADH=antidiuretic hormone. SIADH=syndrome of
inappropriate ADH secretion.

Table 1: Causes of hyponatraemia in severe childhood illness
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release and suppression (table 1). Hypovolaemia might be
a more potent stimulus for secretion of antidiuretic
hormone than hypo-osmolarity is to its suppression. In a
retrospective study of 300 children with meningitis,
investigators noted that serum sodium was lower in those
with dehydration than in those with normal hydration.12

Conversely, a prospective investigation showed that serum
sodium concentrations were lower in children with normal
hydration than in those with clinical signs of dehydration
(figure).23 Such conflicting data suggest that
hyponatraemia arises either as a result of an appropriate
pathophysiological response of antidiuretic hormone to
restore extracellular fluid volume at the expense of hypo-
osmolarity, or as a result of hormonal activity that is
inappropriate to both osmolarity and fluid volume status.
Antidiuretic hormone also acts centrally, via aquaporin-4
water-transporting proteins expressed in astrocyte foot
processes near capillaries and in ependymal cells lining
ventricles, to increase brain water.24,25 Administration of
sodium results in a more rapid return to normal of
antidiuretic hormone concentrations than does use of low
sodium-containing fluid.4

Adverse effects of hyponatraemia
In the peripheral circulation, sodium moves freely
throughout the extracellular fluid; the hydrostatic pressure
gradient and oncotic pressure (predominantly made up of
plasma proteins) are responsible for preventing the
movement of water out of the vasculature. Cerebral
circulation is different. Endothelial tight junctions prevent
free movement of sodium across the intact blood-brain
barrier, and therefore effective osmolarity is the major
determinant of water movement into the brain interstitium
or into brain cells.18 When the blood-brain barrier is intact,
an abrupt fall in effective serum osmolarity of 5 mmol/L
decreases osmotic pressure difference between the
capillary lumen and the brain interstitium by 95 mm Hg
(17·5%), favouring water accumulation in the interstitium
or brain cells.26 Many case reports have described acute
neurological deterioration in children with serious
infections, associated with progressive hyponatraemia and
hypotonic intravenous fluid administration (table 2).
Researchers who examined the aetiology of extreme
hyponatraemia (<115 mmol/L) in a tertiary children’s
hospital, reported iatrogenic administration of excessive
free water as the most common cause.31
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acute bronchiolitis had impaired free-water excretion; at
recovery, free-water clearance was up to 15 times more
than at the time of admission.10

Hyponatraemia in severe infections
Hyponatraemia arises in between 20% and 45% of
children with meningitis,11,12 pneumonia,13 encephalitis,14

septicaemia,15 cerebral malaria,16,17 and somewhat 
less often in those with bronchiolitis.10 The patho-
physiological basis is not fully understood, but many
factors could be active in the same patient 
(table 1). Dilution of extracellular fluid because of
impaired free-water excretion and increased urinary
sodium losses seem to be the main mechanisms. Other
mechanisms, including shifts of water from intracellular
to extracellular spaces, have been shown in some models
of sepsis,20 but not in others, and are less likely to be
important in practice.21

Antidiuretic hormone
High concentrations of antidiuretic hormone are seen in
many acute febrile illnesses,22 and are traditionally
described as inappropriate. When applied generally, this
term indicates our incomplete understanding of the
potency of different stimuli to antidiuretic hormone

Disease state Reduction in serum [sodium] Intravenous fluid type Adverse event Comments
or value at time of and volume
complication (mmol/L)

Investigation
Cooke27 2-year-old girl with From 130 to 120 Not stated Coma, seizures

tuberculous meningitis
McJunkin14 La Crosse encephalitis All children with adverse Not stated Neurological 27 children developed 

(13 of 127 children had neurological deterioration deterioration hyponatraemia while in hospital, 
neurological had a reduction in sodium. including cerebral of whom 13 had neurological 
deterioration while in From 138·2 to 134·2 herniation, status deterioration
hospital) (reduction in mean) epilepticus, and 

intracranial
hypertension

Mor28 Infant with pneumonia 107 0·18% saline at 150 mL/kg Seizures and 
per day for 2 days cerebral oedema

Potts29 17-month-old with From 133 to 113 0·2% saline at Seizures Complications ascribed to SIADH 
minor burns 250 mL/kg/day but really represent iv 

free water intoxication 
Jackson30 Two children: one with 121 and 128, respectively, 5% dextrose Seizures, cerebral 

viral respiratory tract after administration of fluid at 35–40 mL oedema, and 
infection and one with per kg death
Streptococcus
pneumoniae meningitis

Table 2: Adverse events after progressive hyponatraemia induced by hypotonic solutions in children with serious infection or injury
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Serum sodium in well hydrated and dehydrated children with
meningitis
p=0·03. Well hydrated, n=286; dehydrated, n=40. Horizontal lines
represent mean (SD).
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Avoidance of hyponatraemia is essential, but not
sufficient, to prevent adverse events associated with iv
fluid in all children. Fluid overload occurs in children
with impaired free-water clearance who receive 100% or
more of maintenance fluid. In a randomised trial of fluid
management in bacterial meningitis, facial oedema
developed 48 h after admission in 45 of 176 (25·6%)
children who received 100% of maintenance fluids using
0·45% saline. The relative risk of death or severe
neurological sequelae when facial oedema was present
was 2·5 (95% CI 1·4–4·8), despite the absence of
differences in serum sodium or osmolarity (Duke T,
unpublished). This finding suggests that fluid overload,
even without progressive hyponatraemia, can contribute
to adverse neurological events, which might be explained
by disruptions to the blood-brain barrier in children with
meningitis. Thus, generation of cerebral oedema in
severe infections is multifactorial: the effective osmolar
gradient, administered fluid volume, and a direct effect
of antidiuretic hormone on aquaporin proteins are each
important.

Table 3 shows the estimated effect of two types of
fluid management regimens on serum sodium and
volume status in an infant weighing 6 kg, with impaired
free-water excretion. Renal function was assumed to be
otherwise normal. After use of 0·18% saline at 100
mL/kg per day, serum sodium would be expected to fall
from 135 mmol/L to 131 mmol/L within 24 h,
associated with a 5% increase in total body water. With
0·9% saline at 75 mL/kg per day, serum sodium would
increase by 2 mmol/L and total body water by 1·5%,
with no increase in intracellular water. These are the
initial changes; secondary effects might include part
correction of the fall in serum sodium in those receiving
0·18% saline, because of intracellular water shifts, but
increased urinary sodium losses because of expansion of
the extracellular fluid. 

Few clinical trials have assessed these differences. A
non-randomised comparison of 0·18% and 0·9% saline
in 24 postoperative patients, showed a similar
biochemical effect to our predicted result. Adults
receiving 0·18% saline at 3 L per 24 h had a median fall
in serum sodium at 24 h and 48 h of 5·4 mmol/L and 
7·1 mmol/L, respectively, but serum sodium did not
change in those receiving 0·9% saline.32 In patients in
whom renal clearance of free water is reduced by more
than 50%, maintenance fluid will need to be
considerably less than 75% of normal maintenance
volumes to avoid oedema. This approach is not fluid
restriction, as it is sometimes interpreted: restriction of
fluids to the point of dehydration in the hope of avoiding
cerebral oedema is dangerous, and will result in worse
outcomes.23

Potential pitfalls
Use of an isotonic, rather than hypotonic, solution does
not mean that progressive hyponatraemia would not
take place, but that it is much less likely. Although use
of high-sodium-containing solutions in children with
meningitis in the first 24 h was not associated with

development of hypernatraemia,6 during the later phases
of illness there is a theoretical risk of hypernatraemia if
isotonic saline is used. Diuresis and low urine osmolarity
is a feature of the convalescent phase of childhood
infections. However, during this phase of illness iv fluid
rates are reduced, and enteral feeding reintroduced.
Children with severe infections, who are not taking
enteral feeds, are at risk of hypoglycaemia; isotonic
saline should always have glucose added (5–10%) when
given as maintenance fluid. Early correction of clinical
signs of severe dehydration or shock is essential.23

In renal failure there is no safe substitute for
measurement of urine output and serum sodium, and
adjustment of water and solute intake accordingly.
Severe hyponatraemia should be corrected slowly to
avoid the demyelinating syndrome.33 Although there is
no evidence that correction of moderate hyponatraemia
in children with isotonic saline causes a large risk of this
syndrome, to increase sodium by no more than 
1 mmol/L every 2 h, seems sensible when this can be
measured. Isotonic saline has a pH of 5–6. When it is
used in large volumes for children in shock, metabolic
acidosis can persist, and in some circumstances
bicarbonate or other buffer might be needed.

Possible solution
We postulate that 0·9% saline (with 5% dextrose) at less
than standard maintenance volumes results in a lower
frequency of hyponatraemia, seizures, and adverse
neurological events than do hypotonic solutions
(0·18%–0·3% saline), in acutely unwell children with
brain injury of any type (meningitis, encephalitis,
cerebral malaria, febrile seizures); serum sodium less
than 138 mmol/L;30 or severe infection associated with
greatly impaired free-water excretion.

Ideal testing of this hypothesis would be done in a
large randomised controlled trial of hypotonic versus
isotonic saline in children with severe infections,
stratified for types of infections. However, we think it
would be unethical to include some infections,
particularly encephalitis and meningitis, because there is
already substantial experience of harm from hypotonic
solutions and pathophysiological plausibility of the cause
of such harm. Such infections also have a much higher
risk than do other infections of cerebral oedema and
adverse outcomes if hyponatraemia occurs. 

An alternative approach, in hospitals in which
hypotonic fluids at maintenance volumes are the routine
standard of care, would be to change the policy such that
isotonic saline at reduced infusion rates (60–70% of
maintenance) becomes the standard iv fluid for seriously
ill children. Although not as robust as a randomised
control trial, this approach might allow for a detailed
before-and-after analysis. Outcomes could include
differences in the proportions of children who have
neurological events associated with progressive falls in
serum sodium. Assessment of harm could include
differences in frequencies of severe hypernatraemia, or
neurological complications associated with rapidly rising
serum sodium.

Fluid Volume Volume per Urine output Insensible losses Total output Total net water Na+ added 24-h serum 
(mL/kg/day) day (mL) (mL) (mL) (mL) added (ICF/ECF) (mL) (mmol) [Na]*

0·18% saline 100 600 210 180 390 210 (84/126) 7·2 130·6
0·9% saline 75 450 210 180 390 60 (0/60) 13·5 137·5

Total body water=70% of bodyweight (35% ECF, 35% ICF. ICF=intracellular fluid. ECF=extracellular fluid. Free-water excretion reduced by 50% normal (urine volume from
70–35 mL/kg/day) due to increased activity antidiuretic hormone. Starting serum [Na] 135 mmoL/L; total ECF Na=0·35!6!135=283·5 mmol.
*24-h serum [Na]=(pre-existing ECF [Na]+[Na] added)/(pre-existing ECF+ECF added).

Table 3: Expected changes after 24 h of fluid administration to an infant weighing 6 kg



For personal use. Only reproduce with permission from The  Lancet publishing Group.

VIEWPOINT

THE LANCET • Vol 362 • October 18, 2003 • www.thelancet.com 1323

Reference
1 Winters RW. Maintenance fluid therapy. In: The Body Fluids in

Paediatrics.. Boston: Little, Brown and Company, 1973: 113–33.
2 WHO. Fever. In: Management of the child with a serious infection or

severe malnutrition: guidelines for care at the first-referral level in
developing countries. Geneva: World Health Organization, 2000:
64–108.

3 Singhi SC, Singhi PD, Srinivas B, et al. Fluid restriction does not
improve the outcome of acute meningitis. Pediatr Infect Dis J 1995;
14: 495–503.

4 Powell KR, Sugarman LI, Eskanazi AE, et al. Normalization of
plasma arginine vasopressin concentrations when children with
meningitis are given maintenance plus replacement fluid therapy. 
J Pediatr 1990; 117: 515–22.

5 Hughes PD, McNicol D, Mutton PM, Flynn GJ, Tuck R, Yorke P.
Postoperative hyponatraemic encephalopathy: water intoxication.
Aust NZ J Surg 1998; 68: 165–68.

6 Paut O, Remond C, Lagier P, Fortier G, Camboulives J. Severe
hyponatraemic encephalopathy after pediatric surgery: report of seven
cases and recommendations for management and prevention.
Ann Fr Anesth Reanim 2000; 19: 467–73.

7 Arieff AI. Hyponatraemia, convulsions, respiratory arrest, and
permanent brain damage after elective surgery in healthy women.
N Engl J Med 2002; 314: 1529–35.

8 Levine JP, Stelnicki E, Weiner HL, Bradley JP, McCarthy JG.
Hyponatraemia in the postoperative craniofacial pediatric patient
population: a connection to cerebral salt wasting syndrome and
management of the disorder. Plast Reconstr Surg 2001; 108: 1501–08.

9 Bilbrey GL, Beisel WR. Depression of free water clearance during
pneumococcal bacteraemia. Ann Surg 1973; 177: 112–20.

10 Poddar U, Singhi S, Ganguli NK, Sialy R. Water electrolyte
homeostasis in acute bronchiolitis. Indian Pediatr 1995; 32: 59–65.

11 Kanakriyeh M, Carvajal HF, Vallone AM. Initial fluid therapy for
children with meningitis with consideration of the syndrome of
inappropriate antidiuretic hormone. Clin Pediatr 1987; 26: 126–30.

12 von Vigier RO, Colombo SM, Stoffel PB, Meregalli P,
Truttmann AC, Bianchetti MG. Circulating sodium in acute
meningitis. Am J Nephrol 2001; 21: 87–90.

13 Dhawan A, Narang A, Singhi S. Hyponatremia and the inappropriate
ADH syndrome in pneumonia. Ann Trop Paediatr 1992; 12: 455–62.

14 McJunkin JE, de los Reyes EC, Irazuzta JE, et al. La Crosse
encephalitis in children. N Engl J Med 2001; 344: 801–07.

15 Jensen AG, Wachmann CH, Poulsen KB, et al. Risk factors for
hospital-acquired Staphylococcus aureus bacteraemia. Arch Intern Med
1999; 159: 1437–44.

16 Sowunmi A. Hyponatraemia in severe falciparum malaria: a clinical
study of nineteen comatose African children. Afr J Med Sci 2002; 25:
47–52.

17 English M, Waruiru C, Lightowler C, Murphy SA, Kirigha G,

Marsh K. Hyponatraemia and dehydration in severe malaria. 
Arch Dis Child 1996; 74: 201–05.

18 Moller K, Stolze Larsen F, Bie P, Skinhoj P. The syndrome of
inappropriate secretion of antidiuretic hormone and fluid restriction
in meningitis: how strong is the evidence? Scand J Infect Dis 2001; 33:
13–26.

19 Halberthal M, Halperin ML, Bohn D. Acute hyponatraemia in
children admitted to hospital: retrospective analysis of factors
contributing to its development and resolution. BMJ 2001; 322:
780–82.

20 Schwenk A, Schlottmann S, Kremer G, Diehl V, Salzberger B,
Ward L. Fever and sepsis during neutropenia are associated with
expansion of extracellular and loss of intracellular water. Clin Nutr
2000; 19: 35–41.

21 Hannon RJ, Boston VE. Fluid and ion redistribution in skeletal
muscle in an animal sepsis model. J Pediatr Surg 1990; 25: 599–603.

22 Sharples PM, Seckl JR, Human D, Lightman SL, Dunger DB.
Plasma and cerebrospinal fluid arginine vasopressin in patients with
and without fever. Arch Dis Child 1992; 67: 998–1002.

23 Duke T, Mokela D, Frank D, et al. Management of meningitis in
children with oral fluid restriction or intravenous fluid at maintenance
volumes: a randomised trial. Ann Trop Paediatr 2002; 22: 145–57.

24 Papadopoulos MC, Krishna S, Verkman AS. Aquaporin water
channels and brain edema. Mt Sinai J Med 2002; 69: 242–48.

25 Vajda Z, Pedersen M, Doczi T, et al. Effects of centrally administered
arginine vasopressin and atrial natriuretic peptide on the development
of brain oedema in hyponatraemic rats. Neurosurgery 2001; 49:
697–704.

26 Zornow MH, Prough DS. Fluid management in patients with
traumatic brain injury. New Horizons 1995; 3: 488–97.

27 Cooke RE. The rapidity of serum sodium fall. Clin Pediatr (Phila)
1972; 11: 493.

28 Mor J, Ben-Galim E, Abrahamov A. Inappropriate antidiuretic
hormone secretion in an infant with severe pneumonia. 
Am J Dis Child 1975; 129: 133–35.

29 Potts FL, May RB. Early syndrome of inappropriate secretion of
antidiuretic hormone in a child with burn injury. Ann Emerg Med
1985; 15: 834–35.

30 Jackson J, Bolte RG. Risks of intravenous administration of hypotonic
fluids for pediatric patients in ED and prehospital settings: lets
remove the handle from the pump. Am J Emerg Med 2000; 18:
269–70.

31 Dunn K, Butt W. Extreme sodium derangement in a paediatric
inpatient population. J Paediatr Child Health 1997; 33: 26–30.

32 Thomas TH, Morgan DB. Post-surgical hyponatraemia: the role of
intravenous fluids and arginine vasopressin. Br J Surg 1979; 66:
540–42.

33 Sterns RH, Riggs JE, Schochet SS. Osmotic demyelinating syndrome
following correction of hyponatraemia. N Engl J Med 1986; 314:
1535–42.


	Intravenous fluids for seriously ill children: time to reconsider
	Impaired free-water excretion during severe infections
	Hyponatraemia in severe infections
	Antidiuretic hormone
	Adverse effects of hyponatraemia
	Potential pitfalls
	Possible solution
	Reference


