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To the Editor
In 2011 we began a randomized clinical trial (ISRCTN 43896775)

to evaluate the safety and efficacy of near-isotonic compared with
hypotonic fluid therapy in maintaining postoperative plasma
sodium concentration (PNa) within the normal range.1 During the
screening period, post-surgery, most patients displayed hypona-
tremia. Since normal PNa levels were an inclusion criterion, the trial
was prematurely terminated due to poor accrual.1 We hypothe-
sized that they may have had high circulating plasma levels of the
antidiuretic hormone arginine-vasopressin (AVP) and that the
prescription of intravenous hypotonic fluid therapy may have
been a contributing factor to their hyponatremia.2 Consequently,
we revised our local recommendations for fluid therapy
(vide infra).
With this background, and considering that acute appendect-

omy is the most frequent pediatric operative procedure,3 the main
aim of this prospective observational single-center cohort study in
children was to evaluate the changes in PNa from hospital
admission to the end of surgery in the actual clinical setting. Since
the pathophysiology of sodium and water homeostasis in the
preoperative period is relatively unexplored,4,5 we also investi-
gated the renal handling of sodium, as well as key hormones
involved in sodium and water homeostasis.
This study was conducted in Sweden, from 31 May 2016 to 4

July 2017. Ethical approval was given by the Ethical Review Board
in Stockholm (2016/181–31/2). This study protocol was registered
at the Australian New Zealand Clinical Trial Registry (ANZCTR
12617000047392). All parents provided voluntary written
informed consent for their children to participate in this study.
During the study period, 221 previously healthy children were

admitted for suspected appendicitis. Since the enrollment of
potential eligible participants was limited to the shift when our
dedicated study team was working, 118 patients were not asked
to participate, 7 declined participation, and 9 had been enrolled in
another study. Eighty-seven children accepted participation, with
7 of these not receiving surgery and 28 excluded due to
incomplete laboratory data. Our study population consisted of
52 children (35 males). All the patients fasted from admission until
surgery and had postoperative histologically verified appendicitis:
phlegmonous in 29 cases, gangrenous in 14 cases and perforated
in 9 cases.6

On admission, our patients displayed symptoms such as
abdominal pain, fever, nausea and/or vomiting, and poor fluid
intake. Since the degree of extracellular fluid deficit is difficult to
assess only on clinical grounds,7 they were arbitrarily considered
to have a mild dehydration, i.e., 5% loss of body weight. All
patients received an intravenous infusion of 50mL/kg of Ringer’s
acetate solution (131 mmol/L sodium, 4 mmol/L potassium, 2
mmol/L magnesium, 110mmol/L chloride, 30mmol/L acetate;

Fresenius Kabi®) over four hours. In 33 patients, this infusion was
followed by a maintenance fluid and electrolyte therapy phase
consisting of a hypotonic 0.23% normal sodium chloride (40
mmol/L sodium, 20 mmol/L potassium, 60 mmol/L chloride;
extempore solution) in 5% glucose solution until the start of the
surgery. The fluid rate was decreased to 80% at the maintenance
stage in order to minimize the undesirable effects of any
unintended volume overload and fluid retention.8 The other 19
children did not receive the preoperative maintenance fluid and
electrolyte therapy because they were operated on while
receiving Ringer’s acetate infusion or shortly afterwards. Anesthe-
sia was induced with fentanyl, propofol or thiopental, and
rocuronium and maintained with sevoflurane. Fluids were
administered at anesthetist’s discretion during surgery.
On admission (baseline), and directly after surgery PNa, plasma-

potassium (PK), plasma-chloride (PCl), plasma-albumin (PAlb),
plasma-creatinine (Pcr), plasma-renin, plasma-aldosterone,
plasma-AVP, serum-osmolality (SOsm), urine osmolality (UOsm),
urine creatinine (Ucr), and urine sodium (UNa) were investigated.
Plasma sodium was also analyzed at induction of anesthesia.
Routine laboratory tests were performed according to accre-

dited hospital clinical laboratory procedure. The plasma-renin
concentration was determined from EDTA-plasma that was
incubated with plasma from a nephrectomized sheep followed
by radioimmunoassay of angiotensin I through the antibody-
trapping method as described by Poulsen and Jørgensen.9

Concentrations were measured by the rate of angiotensin I
formation and standardized in terms of international units per liter
(IU/L) based on the World Health Organization International
Standard (ref. no. 68–356; National Institute for Biological
Standards and Control, Hertfordshire, UK), with samples of 0.05
IU/L included in every run of the plasma-renin assay. The inter-
assay coefficient of variation was 6%. Plasma-aldosterone was
determined by ELISA (MS E-5200, LDN, Labor Diagnostika Nord,
Germany). Human EDTA-plasma pool was used as an internal
inter-assay standard. The inter-assay coefficient of variation was
4.3%. Vasopressin levels were determined by radioimmunoassay
as previously described,10 using a specific VP antibody (AB3096).11

Vasopressin was extracted from plasma using Sep-Pak® Plus C18
extraction cartridges (Waters Corporation, Milford, MA). The
detection limit was 0.10 pg/mL plasma and the inter-assay
coefficient of variation was 8%.
The fractional excretion of sodium (FENa) was calculated from a

spot urine sample taken at baseline and at the end of surgery, as
follows:

FENa ¼ UNa=Ucrð Þ= PNa=Pcrð Þ½ � ´ 100

Statistical analyses were performed using IBM SPSS Statistics for
Windows version 24 (IBM Corp, Armonk, NY). All continuous
variables are presented as medians and interquartile ranges (IQR),
unless otherwise stated. Paired t-test was carried out to compare
individual differences, Pearson correlation coefficient was used to
measure association between two variables, Fisher’s exact test was
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used to compare dichotomous variables, and analysis of variance
(ANOVA) followed by the post-hoc Bonferroni test, was performed
for multiple pair-wise comparisons. Two-tailed p values less than
0.05 were considered statistically significant.
Participants had a median age of 9 (7-11) years. The median

time lapse from admission until the end of the surgery was 13
(9.5–19.8) hours, with a surgery duration of 1.5 (1.5–2) hours.
Table 1 shows baseline and at the end of surgery characteristics.

There was a significant decrease in PNa, PK, PAlb, and UOsm, and a
significant increase in PCl, FENa, AVP, aldosterone and renin,
respectively.
On admission, 8 patients displayed hyponatremia (PNa < 135

mmol/L). Seventeen of the 44 children who were initially
normonatremic on admission became hyponatremic at the end
of surgery. The analysis of variance showed that mean PNa differed
significantly between baseline, induction of anesthesia, and end of
surgery [F (1, 51)= 222207,926, p < 0.001]. Ten of the 17 patients
that were hyponatremic at end of surgery had normonatremia at
the induction of anesthesia. In total, 25 (48%) patients were
hyponatremic at the end of surgery and the degree of
hyponatremia was mild, i.e., PNa ≥ 130 < 135mmol/L.12

The median total fluid administered from admission until the
induction of anesthesia was 1500 (1117–2274) mL; Ringer’s
acetate solution 1200 (1000–1700) mL (n= 52) and 0.23% normal
sodium chloride 567 (332–724) mL (n= 33), respectively. There
was no significant difference between the effect of infusing
Ringer’s acetate solution alone (n= 19) or followed by 0.23%
normal sodium chloride (n= 33) on PNa levels at induction of
anesthesia; median PNa 136 (134–137) mmol/L and 136 (133–137)
mmol/L, respectively, p= 0.48. Intraoperatively, 18 participants
received Ringer’s acetate solution whereas 34 received a
hypotonic 0.4% normal sodium chloride (70 mmol/L sodium, 45
mmol/L chloride, 25 mmol/L acetate; B. Braun Melsungen AG,

Melsungen, Germany) in 2.5% glucose solution, accounting for
156 (100–250) mL. The median volume of 0.9% saline solution
(154mmol/L sodium, 154mmol/L chloride) used intraoperatively
to administer medications, mainly antibiotics, was 160 (102–223)
mL. Overall, the median fluid volume administered intraopera-
tively was 292 (200–410) mL.
Fifteen of the 17 patients that became hyponatremic and 15 of

the 27 children that remained normonatremic at end of surgery
received intraoperatively 0.4% normal sodium chloride, p= 0.044.
No significant correlations were observed between AVP and

SOsm and between AVP and UOsm (Fig. 1a–d). At the end of surgery,
patients with both low circulating AVP levels and with AVP
concentrations >5 pg/mL, which would be expected to produce
maximum antidiuresis in healthy human adults,13 showed low FENa
when urine was more concentrated (Fig. 1f, h). Supplemental
Fig. 1S (online) shows relationships between aldosterone and renin
and FENa at baseline and at the end of surgery.
In agreement with previous pediatric studies conducted in

surgical patients,2 our data show that acute non-osmotic stimuli
played a pivotal role for AVP release, supported by a lack of a
significant association between AVP and SOsm (Fig. 1a, b).
Additionally, in line with former investigations,5 hypotonic fluid
therapy may have significantly contributed to the observed
decrease in PNa, most likely due to impaired water excretion that
in turn resulted in dilutional hyponatremia,14 as suggested by a
decreased postoperative PAlb.

15 The content of chloride in Ringer’s
acetate solution may have also accounted for the postoperative
increase in PCl.
In hospitalized patients, low FENa values indicate sodium

retention by the kidneys as a mechanism to preserve extracellular
fluid volume.16,17 Patients that are expected to respond to volume
replacement are generally characterized by a FENa of < 0.5%.16,17

According to the FENa measurements obtained on admission and
at the end of surgery, our data suggest that the majority of our
patients moved from a volume-depleted to a non-hypovolemic
state (Table 1). However, contrary to what might be expected, we
did not observe a decrease in renin and aldosterone levels after
surgery (Table 1 and Fig. 1S).18 This may imply a sympathetic
nerve activation associated with surgical trauma,19 and not
necessarily a lack of response to fluid therapy. This reasoning is
furthered by the lack of significant associations observed between
aldosterone and renin and FENa at the end of surgery (Fig. 1S, B
and D). Our results should be interpreted in the context of
inappropriately high AVP levels. In healthy human adults, without
previous water loading, the acute administration of desmopressin,
a potent vasopressin receptor 2 agonist, not only increased urine
osmolality but also reduced sodium excretion,20 whereas high
hydration facilitates sodium excretion.21 After fluid therapy, we
noted that as FENa increased, the osmolality of urine decreased
(Fig. 1f, h). In addition, this was accompanied by a significant
increase in FENa (Table 1). According to the postoperative clinical
assessment, none of the participants were regarded as dehydrated
(data not shown). Taken together, these results may indicate that a
large number of patients were not volume-depleted after surgery.
However, a limitation of this study is the lack of assessment of
participants’ weight after surgery and of urinary output. This may
hamper the interpretation of patients’ hydration status.
We also noted that the degree of water retention in some

patients with high AVP levels appeared to decline as they became
euvolemic (Fig. 1h). This data raises the question whether this
observation can be regarded as an escape of the antidiuretic
effect of AVP,22 aiming at stabilizing PNa levels. Recently published
evidence-based clinical practice guidelines indicate that prescrib-
ing isotonic maintenance intravenous fluid therapy with appro-
priate potassium chloride and dextrose instead of hypotonic
solutions provides more benefit than harm for most children in
the surgical postoperative and medical acute-care setting.5 The
largest published randomized clinical trial demonstrating that the

Table 1. Characteristics of participants on admission (baseline) and at
the end of surgery

Variable Baseline (n= 52) End of Surgery
(n= 52)

p-Value

Weight (kg) 32 (24–41.7) — —

PNa (mmol/L) 139 (137–140) 135 (133–136) <0.001

PK (mmol/L) 3.9 (3.7–4.1) 4.0 (3.8–4.4) 0.039

PCl (mmol/L) 104 (102–106) 106 (104–108) <0.001

PAlb (g/L) 39 (37–40) 29 (28–31) <0.001

Pcr (µmol/L) 42 (38–50) 44 (37–52) 0.07

S-Osm (mOsm/kg) 287 (283–289) 285 (282–287) 0.07

<285mOsm/kga n= 16 n= 23 0.2

P-AVP (pg/mL) 4.2 (2.8–7.9) 9 (2.9–30.3) <0.001

>5 pg/mLb n= 24 n= 34 0.07

P-Aldo (pg/mL) 0.05 (0.04–0.09) 0.16 (0.11–0.18) <0.001

P-Renin (IU/L) 58 (35–124) 235 (124–378) <0.001

U-Osm (mOsm/kg) 904 (520–1077) 395 (319–644) <0.001

FENa (%) 0.29 (0.14–0.57) 0.73 (0.42–1.37) <0.001

<0.5%c n= 38 n= 14 <0.0001

Results are presented as medians (IQRs) unless otherwise indicated
PNa plasma sodium, PK plasma-potassium, PCl plasma-chloride, PAlb plasma-
albumin, Pcr plasma-creatinine, S-Osm serum-osmolality, P-AVP plasma-
vasopressin, P-Aldo plasma-aldosterone, P-renin plasma-reninm, U-Osm
urine osmolality, FENa fractional excretion of sodium
aDenotes number of participants (n) with serum hypo-osmolality
bDenotes number of participants (n) with P-AVP levels expected to produce
maximum antidiuresis (13)
cDenotes number of participants (n) with renal sodium retention
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use of isotonic solutions as compared to hypotonic solutions, for
maintenance intravenous fluid therapy is associated with a
significantly lower risk of hyponatremia in hospitalized children
identified only a few patients with asymptomatic severe
hyponatremia in each treatment arm.23

In summary, our results add to the growing body of
evidence that hypotonic fluid therapy contributes to the acute

decrease in PNa in hospitalized children and provides
additional information on sodium and water homeostasis
before and during surgery. Finally, further research is
warranted to elucidate any potential mechanisms that
might prevent patients with mild/moderate hyponatremia
and high circulating AVP levels from further decreases in their
PNa levels.
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Fig. 1 Baseline and at the end of surgery relationships between plasma arginine-vasopressin (P-AVP) and serum-osmolality (SOsm) (a, b),
between P-AVP and urine osmolality (UOsm) (c, d), and between UOsm and fractional excretion of sodium (FENa) in patients with P-AVP ≤ 5 and
>5 pg/mL at baseline (e, g) and at the end of surgery (f, h), respectively
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