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ABSTRACT

Objective To examine the prevalence of dysnatraemias
among children admitted for paediatric surgery

before and after a change from hypotonic to isotonic
intravenous maintenance fluid therapy.

Design Retrospective consecutive time series
intervention study.

Setting Paediatric surgery ward at the Children’s
Hospital in Lund, during a 7-year period, 2010-2017.
Patients All children with a blood sodium concentration
measurement during the study period were included.
Hypotonic maintenance fluid (40 mmol/L NaCl and 20
mmol/L KCI) was used during the first 3 years of the
study (646 patients), and isotonic solution (140 mmol/L
NaCl and 20 mmol/L KCl) was used during the following
period (807 patients).

Main outcome measures Primary outcomes were
sodium concentration and occurrence of hyponatraemia
(<135mmol/L) or hypernatraemia (>145mmol/L).
Results Overall, the change from hypotonic to isotonic
intravenous maintenance fluid therapy was associated
with a decreased prevalence of hyponatraemia from
29% to 22% (adjusted OR 0.65 (0.51-0.82)) without

a significantly increased odds for hypernatraemia

(from 3.4% to 4.3%, adjusted OR 1.2 (0.71-2.1)).
Hyponatraemia <130 mmol/L decreased from 6.2% to
2.6%, and hyponatraemia <125mmol/L decreased from
2.0% t0 0.5%.

Conclusions Routine use of intravenous isotonic
maintenance fluids was associated with lower prevalence
of hyponatraemia, although hyponatraemia still
occurred in over 20% of patients. We propose that the
composition and the volume of administered fluid need
to be addressed.

INTRODUCTION

Intravenous solutions are used for rehydration and
maintenance fluid therapy in children unable to
receive oral fluids. Fluids can be classified according
to their tonicity as either isotonic (approximately
equal to plasma) or hypotonic (less than plasma).
Since sodium constitutes the predominant effective
osmole in plasma, the terms isotonic and hypotonic
are commonly used with respect to the sodium
concentration of the fluid. Previously, isotonic fluids
were primarily used for acute rehydration, whereas
maintenance fluids were designed as hypotonic
solutions, to meet the daily requirements of fluid
and electrolytes.” Though conceptually reasonable,
such hypotonic maintenance therapy has in clinical
practice been associated with hyponatraemia and
consequent risk for neurological sequelae and even

What is already known on this topic?

» Intravenous maintenance fluid therapy was
originally designed as hypotonic.

» The use of hypotonic solutions has been
associated with complications, including
life-threatening hyponatraemia, and isotonic
solutions are therefore currently recommended
in paediatric clinical practice.

What this study adds?

» Isotonic maintenance fluid administration is
associated with significantly lower prevalence
of hyponatraemia without increasing odds for
hypernatraemia.

» The prevalence of hyponatraemia is still high
despite isotonic fluid maintenance.

death.? The high incidence of hospital-acquired
hyponatraemia is attributed to impaired free
water secretion secondary to increased antidiuretic
hormone (ADH) secretion due to non-osmotic
stimuli in acutely ill children.’ * For these reasons, a
cautious shift to isotonic solutions for maintenance
therapy is increasingly advocated.’ ©

The use of isotonic maintenance solutions may be
associated with its own complications, for example,
hypernatraemia or hyperchloraemic acidosis, and
may be unsuitable for patients with renal concen-
trating defects or large extrarenal free water losses,
and less appropriate for infants with a limited urine
concentrating ability.® 7~

The overnight change from hypotonic to isotonic
maintenance fluid prescription (16 October 2013)
in our paediatric surgery department offered a
unique opportunity to evaluate the two different
approaches. The purpose of this study was to assess
the prevalence of hyponatraemia and hyperna-
traemia among children admitted for paediatric
surgery before and after the introduction of isotonic
intravenous maintenance fluid therapy.

METHODS

Design and study population

This is a retrospective consecutive time series inter-
vention study of children admitted to the paediatric
surgery ward at the Children’s Hospital in Lund,
a tertiary care university hospital, during a 7-year
period, 2010-2017. The paediatric surgery ward at
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the Children’s Hospital in Lund admits children with a weight
>2kg and a postmenstrual age >36 weeks for paediatric surgery
due to a wide spectrum of gastrointestinal and urogenital condi-
tions, for both acute and elective surgeries. Included in the study
were all children with at least one inpatient blood gas sodium
concentration measurement.

Primary exposure

Two distinct study groups were formed based on exposure to
hypotonic or isotonic maintenance solution. Hypotonic main-
tenance fluid (defined as 40 mmol/L sodium chloride and 20
mmol/L potassium chloride in 5% glucose solution) was used
during the first period (9 June 2010 to 15 October 2013).
Isotonic solution (defined as 140 mmol/L sodium chloride and
20 mmol/L potassium chloride in 5% glucose solution) was used
during the second period (16 October 2013 to 17 December
2017). During both periods, the amount of intravenous mainte-
nance fluid followed the Holliday-Segar formula and the Euro-
pean Society for Paediatric Gastroenterology, Hepatology, and
Nutrition recommendations.! '* During the entire study period,
full maintenance rates for a 24-hour period were calculated as
follows: bodyweight <10kg 100 mL/kg/24 hours, 10 to <20kg
1000 mL+50x (weight (kg)—10) mL/24 hours, >20kg, 1500
mL+20x (weight (kg)—20) mL/24 hours.

The study was blinded to the exact timing of blood samples
and rates of infusion, but typically, children admitted for elective
surgery started intravenous maintenance fluid treatment before
surgery, with blood gas analyses postoperatively according to
perceived clinical needs. The intraoperative fluid composition,
the timing of fluid therapy and the practice of blood gas testing
all remained unaltered throughout the study period, but on an
individual level, the study was not able to differentiate between
preoperative, perioperative and postoperative sodium values. No
cases were excluded from analysis, and group assignment was
based strictly on the cut-off date. In other words, the exposure in
this study was based on an intention-to-treat policy, from which
clinicians were free to deviate as deemed clinically appropriate.
For example, the amount and composition of maintenance fluid
could be individualised in rare cases of known renal failure and
electrolyte disturbance. The scope of surgical care did not differ
significantly during the study period (online supplemental figure
1).

Primary outcome and independent variables

The primary outcome was sodium concentration and prevalence
of hyponatraemia and hypernatraemia. Sodium concentrations
were retrieved from the hard drive of the two blood gas measure-
ment machines (ABL 800, Radiometer, Copenhagen, Denmark)
used during the study period. Hyponatraemia was defined as
sodium concentration <135mmol/L and hypernatraemia as
>145 mmol/L. Patient-level information on age and sex was
derived from each patient’s personal identification number.

Statistical analysis

The highest and the lowest measured sodium concentrations per
patient are presented, as well as the presence of hyponatraemia
and hypernatraemia, visualised per age. The x* test was used
to compare the two exposure groups in terms of age and sex
distribution, and the Mann-Whitney U test was used to compare
the number of blood samples per patient. To compare the prev-
alence of dysnatraemia in the hypotonic and isotonic groups,
we used multivariable logistic regressions with hypernatraemia
or hyponatraemia as the dependent variable, study group as the

Table 1 The age and sex distribution of the hypotonic group and
the isotonic group
Hypotonic Isotonic P value

n 646 807
Number of tests (median (IQR)) 2(1,5) 2(1,4) 0.07
Age (%) 0.2

0-1 months 106 (16) 168 (21)

1-6 months 140 (22) 175 (22)

6-24 months 119 (18) 129 (16)

Above 24 months 281 (44) 335 (42)
Sex=male (%) 374 (58) 493 (61) 0.2

independent variable, and with adjustment for age and sex. P
values <0.05 were considered statistically significant. Data were
analysed using the R software V.3.5.1 (Vienna, Austria).

RESULTS

Patient characteristics

A total of 7711 blood tests from 1453 patients were available
for final analysis: 646 patients were included in the period when
hypotonic maintenance fluids were recommended (hypotonic
group) and 807 patients in the period with isotonic maintenance
fluids (isotonic group) (online supplemental figure 2). The age
and sex distribution of our cohorts is presented in table 1.

The prevalence of hyponatraemia decreased but remained
high after the introduction of isotonic maintenance fluid
therapy

First, we analysed the entire cohort, irrespective of age. After
introduction of isotonic maintenance fluid therapy, the overall
prevalence of hyponatraemia (<135 mmol/L) decreased from
190/646 (29%) to 175/807 (22%), adjusted OR 0.65 (0.51—
0.82) (figure 1, all ages). The prevalence of hyponatraemia
<130mmol/L decreased from 40/646 (6.2%) to 21/807 (2.6%),
adjusted OR 0.39 (0.22-0.66), and the prevalence of hypona-
traemia <125 mmol/L decreased from 13/646 (2.0%) to 4/807
(0.5%), adjusted OR 0.24 (0.08-0.73). The prevalence of
hypernatraemia (>145 mmol/L) was not significantly different
between the hypotonic group (22/646 (3.4%)) and the isotonic
group (35/807 (4.3%)), adjusted OR 1.2 (0.71-2.1). Very few
children had both hyponatraemia and hypernatraemia during the
same admission (1.4%), and the range of sodium concentrations
in individual patients did not significantly differ between the two
time periods (p=0.3). The regression models were adjusted for
sex, which did not meaningfully change the results with regard
to the main outcomes.

To assess the risk of dysnatraemia according to age, we anal-
ysed sodium levels with age as a continuous variable. In figure 2,
the highest and lowest measured sodium levels per patient are
depicted against the patients’ age. Although the prevalence of
dysnatraemias was higher in the neonatal group, fluid prescrip-
tions in this age group were highly individualised, and dysna-
traemias were deemed as secondary to events other than isotonic
fluid administration. When analysing only children older than
1 month of age as a sensitivity analysis, the regression models
confirmed a reduced odds for hyponatraemia (adjusted OR 0.61
(0.46-0.80)) after introduction of isotonic maintenance fluid
administration, without increasing the odds of hypernatraemia
(adjusted OR 0.70 (0.35-1.4)) (figure 1).
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Age group  Hypotonic period Isotonic period Hypnnah:mamla OR
All ages 190/646 (29 %) 175/807 (22 %) - 0.65 [0.51 - 0.82) ***
> 28 days 152/540 (28 %) 123/639 (19 %) —— 0.61 [0.46 - 0,80) ***
Hypernatraemia
All ages 22646 (3.4 %) 35/807 (4.3 %) ——-l'—— 1.2[0.71-21)
> 28 days 19/540 (3.5 %) 16/639 (2.5 %) ——0—-— 0.70[0.35 - 1.4]

0.25 050 100 200 4.00
Odds Ratio

Figure 1  The prevalence (left) and odds ratio (right) for hyponatraemia (upper panel) and hypernatraemia (lower panel) are plotted according to
administered fluid composition (isotonic period vs hypotonic period (reference). The odds for hyponatraemia decreased significantly but remained
high, also in a sensitivity analysis of only the children older than 1 month (>28 days).
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Figure 2 Dysnatraemia during hospitalisation. Highest measured sodium concentrations per patient (upper panels) and lowest measured sodium
concentrations per patient (lower panels) are plotted against age (0-18 years) in logarithmic scale. Panels on the left represent patients in the
hypotonic group and panels on the right represent patients in the isotonic group. Values within the normal range (135-145mmol/L) are plotted in
green, values above the normal range in red and values below the normal range in blue. For neonates, the maintenance fluid administration was
highly individualised, and hypernatraemia in this age group was most often secondary to events other than isotonic fluid administration.
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DISCUSSION
Maintenance fluids are used daily and worldwide, and the scien-
tific evidence behind current clinical practice is still growing.
Holliday and Segar in 1957 suggested a hypotonic composi-
tion of maintenance fluids based on basal daily requirements
for water and electrolytes,’ and this practice was used for more
than 50 years despite being associated with iatrogenic hypona-
traemia. More than 100 cases of hyponatraemic encephalopathy
with permanent neurological sequelae or even death have been
reported.” ™ During the last 15 years, several studies found an
association between hypotonicity of maintenance fluids and
the development of hyponatraemia,’® * and more than 15
randomised prospective trials have evaluated the safety and effi-
cacy of isotonic fluids for the prevention of hyponatraemia.'® '’
This resulted in new recommendations accepted by many centres
including ours to use isotonic solutions for maintenance fluid
therapy.” ¢ '®

In October 2013, the tonicity of standard maintenance fluids
was changed overnight from hypotonic to isotonic at our tertiary
paediatric surgery centre. This offered a unique opportunity to
evaluate the effects of the introduced maintenance fluid strategy.
To our knowledge, our cohort of children is the largest ever
reported in this context. In line with previous studies and clin-
ical trials, we found that perioperative isotonic maintenance
fluid therapy was associated with lower prevalence of hypona-
traemia without a corresponding significant increase in preva-
lence of hypernatraemia. Yet, importantly, even with isotonic
maintenance, more than 20% of children were diagnosed with
hyponatraemia. This highlights the difficulties of guidelines for
fluid therapy to address the physiologic needs of all children.
Our study includes children admitted for paediatric surgery, a
group subjected to several non-osmotic stimuli for ADH secre-
tion, such as pain, stress and certain medications. In this group
of patients with increased levels of ADH, hyponatraemia may
develop although isotonic fluids have been administered. If the
urine is more concentrated than the ‘isotonic’ fluid, then the
administered fluid solution is actually hypotonic relative to urine
and will thus result in excess free water administration.'” In our
setting, the isotonic fluid prescribed had an effective osmolarity
of 320 mOsm/L (140 mmol of Na, 20 mmol of K and 160 mmol
of Cl). Thus, excretion of these administered osmoles would
result in a net gain of water, in the case of the patient’s urine
effective osmolarity (without urea) exceeding 320 mOsm/L.

Our study excluded neonates from analysis of incidence of
dysnatraemias. The reason was that in the majority of cases
fluid treatment was individualised for neonates, and therefore
the identified cases of neonatal dysnatraemia could not be
attributed to isotonic maintenance fluid exposure. Water and
sodium balance in neonates is more precarious due to several
reasons, including a higher water content in the body, larger
body surface area predisposing to higher insensible water losses
and a limited ability to express and satisfy thirst. In addition,
several aspects of renal function are immature in the neonates.
Both glomerular filtration rate and tubular functions continue to
develop during the first 2years of postnatal development. The
diluting ability of the neonatal kidneys is usually sufficient to
maintain normal serum concentrations of sodium during intake
of hypotonic breast milk. Conversely, urine concentration ability
is significantly compromised, as it develops during the first year
of life.” 192%22 Because of the individualised fluid prescription in
neonates in our study, no conclusions should be drawn regarding
the treatment with isotonic or hypotonic fluids in this age group.
Indeed, most studies on intravenous maintenance fluid therapy
have excluded neonates, and the recently released clinical

practice guidelines of the American Academy of Pediatrics are
cautious about the use of isotonic maintenance fluids in neonates
due to lack of data.® Further studies are needed to determine the
best standard maintenance solution in this age group.

Given that hyponatraemia in the context of intravenous fluid
therapy is attributed to an excess of free water secondary to
increased ADH secretion and not to a deficiency of sodium,*
infused fluid volume might need to be considered. So far, few
studies have addressed the volume of maintenance fluid in addi-
tion to fluid tonicity for the prevention of hyponatraemia. A
small study by Yung and Keeley suggested a lower prevalence
of hyponatraemia when the maintenance fluid rate of hypotonic
fluid was decreased by one-third (p=0.12, n=50).* Similarly,
a larger study by Kannan et al found a non-significant drop in
the prevalence of hyponatraemia from 14% to 3.8% (p=0.056,
n=109), when the amount of hypotonic maintenance fluid was
reduced to two-thirds.” Neville et al addressed the administra-
tion rate of both hypotonic and hypertonic maintenance fluids
(n=31 in each group). Although the reduction of hypotonic
fluid volume did not influence the prevalence of hyponatraemia,
the 50% reduction of isotonic fluid reduced the prevalence of
hyponatraemia from 21% to 8%, a non-significant finding.?
The statistical power of these studies is low and does not allow
for any conclusions. However, considering these and our results,
we believe that the tonicity and the volume of maintenance fluid
should be addressed in a large controlled prospective randomised
study.

Several previous studies have shown significant, but possibly
clinically irrelevant differences between analysers using direct
(blood gas analyser) and indirect (hospital laboratory autoanal-
yser) sodium measurements. The major source of disagreement
was the variable concentration of plasma proteins causing
pseudohyponatraemia or pseudonormonatraemia when the indi-
rect electrodes were used, and these studies therefore favour the
use of direct electrodes.”’ Throughout the study, we used the
same type of direct ion selective electrode analyser, which might
be considered an advantage in terms of reliability and validity.

Our findings must be interpreted in the context of our study
design. Despite the comprehensive inclusion of a large cohort in
a mixed tertiary paediatric service, this remains a retrospective
study, and while there was a clear pre-post exposure separation
with an intention-to-treat policy and no known confounding
factors changing synchronously, we cannot refute confounding
with certainty. No other fluid administration aside from the
maintenance fluids, for example, oral fluids or intravenous
medications, has been considered in our analysis. Moreover,
blood gas analyses were performed according to perceived
clinical needs and not in a controlled research manner. Also,
we provide data on plasma sodium concentrations, but do not
have markers of kidney function, such as creatinine, as this
is not measured on the blood gas analyser. We believe that
acute or chronic kidney failure is an unlikely contributor to
the observed prevalence of dysnatraemia in our cohort, since
the vast majority of patients were admitted for gastrointestinal
surgery and had no suspicion of underlying kidney disease, and
since the rate of urological surgery remained constant. The
question at hand in this study was the incidence of hospital-
acquired dysnatraemia, yet as the study design was blind to
the prevalence of preoperative hyponatraemia and hyperna-
traemia, we cannot claim that all reported dysnatraemia was
a consequence of maintenance fluid administration. However,
we can find no reason to suspect that the incidence of preop-
erative dysnatraemia would differ between the two exposure
groups, and we therefore believe that the described differences

4

Chromek M, et al. Arch Dis Child 2020;0:1-5. doi:10.1136/archdischild-2019-318555

1ybuAdoo
Ag pe1siold seanes Alelqi] TON e 0202 ‘2 J8quisAoN uo /wod’fwig-ope//:dny wolj papeojumod "020¢ 1890100 82 U0 GGG8TE-6T0OZ-PIIYISIPYIIE/9ETT 0T S paysiignd 1s1y :pjiyd sid yaly


http://adc.bmj.com/

Original research

between the two periods indeed can be attributed to changes in
maintenance fluid protocol.

Despite the discussed limitations, the large number of patients
included and the clear separation of administered hypotonic
versus isotonic fluids due to the overnight change in mainte-
nance fluid regime provide powerful evidence for a significantly
but insufficient decreased odds for hyponatraemia with isotonic
fluid administration.
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