PiCO2 Long rationale: Does the use of isotonic solutions versus hypotonic solutions as intravenous maintenance fluid therapy impact on outcomes in acute and critically ill children?
​​Background and Pathophysiology
The term ‘tonicity’ describes the effect of plasma on cells: it explains the net vector of force on cells relative to a semipermeable membrane; hypotonicity makes cells swell while hypertonicity makes them shrink [1]. The tonicity of intravenous maintenance fluid therapy (IV-MFT) is primarily affected by the sodium and potassium concentration. Isotonic fluid has a sodium concentration similar to plasma (135–144 mEq/L). Hypotonic fluid has a sodium concentration lower than that of the aqueous part of plasma. Although glucose contributes to the initial osmolality of infused fluids, its rapid cellular metabolism ultimately leads to the provision of excess free-water to the body [2]. It is important to distinguish fluid osmolarity (which comprises all the components of the solution, including glucose and buffers) from “real” fluid tonicity which can be considered  the lasting effect of fluid on the extracellular fluid after infusion; some components of which are rapidly metabolized and disappear from the plasma and do not impact on tonicity, such as glucose and buffers. The osmotic force created by the sodium concentration (about 40 mmHg for every difference in concentration of 1 mmol per liter) maintains the water content in the tissue, allowing it to withstand pressures [3]. The plasma sodium concentration is altered by changes in overall sodium and potassium balance and water balance. Sodium readily crosses systemic capillary membranes through clefts between endothelial cells. Consequently, in most tissues, the sodium concentrations of plasma and interstitial fluid are nearly identical, with a small difference created by intravascular albumin. In contrast, brain capillaries have tight endothelial junctions and are lined by astrocytic foot processes, creating a blood brain barrier that sodium cannot cross.  Consequently, an abnormal plasma sodium concentration causes water to enter or leave brain tissues [4].
Hypotonicity promotes the release of organic osmolytes from cells. These adaptations allow cells to maintain intracellular solute concentrations that are equal to the osmolality of hypotonic or hypertonic plasma, with little change in cell volume  [5]. Extreme hypotonicity ruptures cell membranes and extreme hypertonicity damages the cytoskeleton and causes breaks in DNA, ultimately leading to apoptosis [6].
Hyponatremia (serum sodium concentration < 135 mmol/L) is the most common electrolyte abnormality in hospitalized patients, affecting approximately 15% to 30% of children and adults [7].  The most serious complication of hyponatremia is hyponatremic encephalopathy, which is a medical emergency that can be fatal or lead to irreversible brain injury [8]. Most hyponatremia in hospitalized patients is hospital acquired and related to the administration of hypotonic IV-MFT [9, 10] in the setting of elevated arginine-vasopressin (AVP) concentration. This situation occurs frequently in acutely ill patients and it impairs free-water excretion [11]. Non-osmotic stimuli of AVP release include pain, nausea, stress, hypovolemia, medications and pulmonary and central nervous system (CNS) disorders, including common childhood conditions such as pneumonia and meningitis. These conditions can lead to the syndrome of inappropriate antidiuresis (SIAD) or SIAD-like states [12]. 
Children have historically received hypotonic maintenance IV-MFT [13]. This practice is based on theoretical calculations from the 1950s [14]. The water requirement was based on the energy expenditure of healthy children, with 1 mL of fluid provided for each kilocalorie (kcal) expended, or 1500 mL/m2 per day. The electrolyte concentration of IV-MFT was estimated to reflect the composition of human and cows milk, consisting of 3 mmol of sodium and 2 mmol of potassium per 100 kcal metabolized. 
After the recognition of hospital-acquired hyponatremia in patients receiving hypotonic IV-MFT and recommendations for avoiding them, the use of 0.2% saline has declined with an increase in the use of 0.45% and 0.9% saline [13]. Some believe that this approach could lead to complications such as hypernatremia, fluid overload with edema and hypertension, and hyperchloremic acidosis  [15]. There have been concerns raised about the safety (eg. risk of hypernatremia) of the proposed use of isotonic IV-MFT in children who are acutely ill for the prevention of hospital-acquired hyponatremia  [16].
IV-MFT survey of current practice
A recent survey on IV-MFT practices in acutely and critically ill children of the European Society of Pediatric and Neonatal Intensive Care [17] described the European practices relating to the use of isotonic or hypotonic solution as IV-MFT. There were 154 responses, mostly from pediatric intensivists, from 35 European and Middle Eastern countries. Responders were asked to rate the importance of choosing isotonic fluids over hypotonic fluids in both critically ill and acutely ill children in the general pediatric wards; the mean score was 9/10 for the first group and 8/10 for the latter. This large survey suggests that in current practice isotonic fluids are used preferentially as maintenance fluids in critically and acutely ill children.
Adult IV-MFT recommendations
The most recent Cochrane systematic review in 2004 [18] found no difference between the use of isotonic or hypotonic saline in terms of improving outcomes because of a lack of randomized controlled studies (RCT).  Since then, 2 RCTs and 1 crossover study have examined this in adults. Both RCTs were conducted with a similar number of patients, 64 in the Sedaghattalab et al study [19] and 70 in the TOPMAST study [20]. Sedaghattalab et al compared 0.9% versus 0.45% saline in critically ill adults with no difference in serum sodium levels at 48 hours (139.39 ± 0.9 vs 137.49 ± 0.64 p=0.94). The TOPMAST study compared 0.9% versus 0.32% saline in critically ill adults after major thoracic surgery. Hyponatremia (< 135 mmol/L) developed in 4/34 patients in the 0.32% saline group and one of the episodes was severe (< 130mmol/L); there were no cases of hyponatremia in the 0.9% saline group (p=0.04 and 0.31, respectively). Conversely, 3/35 patients developed hypernatremia (> 145 mmol/L) in the 0.9% saline group with no cases of hypernatremia in the 0.32% saline group (p=0.08). The crossover study conducted by Van Regenmortel et al in 2017 [21] focused on fluid balance and urine output. Serum sodium level was only a secondary endpoint and although higher serum sodium concentrations were found in patients with 0.9% saline (p < 0.001) no hypo or hypernatremia was observed. Despite this, hypotonic solutions in adults are commonly indicated for states of excessive free-water loss (diabetic ketoacidosis, hyperosmolar hyperglycemic syndrome and correction of hypernatremia) while isotonic solutions are indicated for resuscitation and as IV-MFT.
Published recommendations in other pediatric settings 
Recommendations for fluid management exist for resuscitation, as well as maintenance fluid therapy in various clinical settings, such as perioperative, acute pancreatitis, gastroenteritis, diabetic ketoacidosis, and traumatic brain injury.  The 2020 American Heart Association Guidelines for Pediatric Cardiopulmonary Resuscitation and Emergency Cardiovascular Care [22] state that either isotonic crystalloids or colloids can be used as initial fluid for shock.  However, both the European Resuscitation Council guidelines [23] and the Surviving Sepsis Campaign International Guidelines [24] recommend isotonic electrolyte solutions as first choice for fluid resuscitation in children, with balanced solution considered preferable and normal saline as an acceptable alternative (weak recommendation, very low quality of evidence). The evidence on the use of hypertonic saline was considered too limited to allow for a practice recommendation [23].
Regarding the perioperative setting, the American Academy of Pediatrics, in their IV-MFT guidelines, recommend the use of isotonic solutions with appropriate potassium chloride and glucose to reduce the risk of hyponatremia [25]. This is consistent  with the 2017 guidelines on Perioperative fluid therapy in children from the Association of the Scientific Medical Societies in Germany [26], where isotonic solutions are recommended for both maintenance and replacement infusions, due to lower risk of hyponatremia and subsequent cerebral edema. The authors recall the higher risk for these complications in neonates and children in the perioperative setting, attributable to increased ADH secretion triggered by surgical stress and smaller intracranial volume [26].
Both the 2018 NASPGHAN (North American Society For Pediatric Gastroenterology, Hepatology & Nutrition) acute pancreatitis guidelines [27] and the 2014 ESPGHAN (European Society For Pediatric Gastroenterology, Hepatology & Nutrition) guidelines on the management of acute gastroenteritis [28] also recommend initial resuscitation using isotonic crystalloids (either 0,9% saline or Ringer lactate). While the pediatric pancreatitis guidelines do not comment on further IV-MFT choice, the acute gastroenteritis guidelines equally recommend isotonic crystalloid solutions (0.9% saline or Ringer lactate) for initial fluid replacement (up to 2 to 4 hours), but suggest that subsequent hydration over the first 24 hours should be done with a solution containing glucose and at least 0.45% saline [28].
The 2018 international society for pediatric and adolescent diabetes guidelines [29] recommend isotonic saline as the initial fluid for resuscitation in diabetic ketoacidosis (DKA). Based on the results of the PECARN FLUID study [30], which found no effect of rate of administration or sodium chloride content of IV-MFTFs on neurological outcomes, the guideline authors considered that subsequent fluid management could be achieved with either 0.45% or isotonic solutions [29]. However, most patients in the PECARN fluid study had a normal mental status at baseline and thus findings may not be generalizable to all DKA patients; on the other hand, clinically apparent brain injury was a rare event (0.9%). Therefore, clinical judgment remains crucial, and clinicians are recommended to use hydration status, serum sodium and osmolality as guides for the choice between hypotonic and isotonic fluids, with the aim of gradually decreasing osmolality and increasing natremia. 
More recently, two published British guidelines on pediatric DKA  recommend isotonic 0,9% saline for both resuscitation and replacement: the  2021 British Society for Paediatric Endocrinology and Diabetes guidelines (BPSED) [31] and the 2021 Update of National Institute for Clinical Excellence (NICE) guidance on DKA in children [32];  the BPSED recommendation considers that the use of balanced isotonic solution (Plasmalyte®) is an acceptable alternative for both resuscitation and maintenance and that hypotonic 0,45% saline with potassium chloride should be used in children with large gastric aspirates [31]. Finally, the Brain Trauma Foundation 2019 guidelines on management of pediatric severe traumatic brain injury recommend isotonic saline solution as initial fluid therapy, with or without dextrose [33].
Results of the literature search, paper critical appraisal and meta-analysis 

A total of 24 studies, 3 cohort studies and 21 RCTs were considered eligible for data extraction. All studies were conducted in emergency or critical care settings, although the patient age and diagnoses varied widely. Moreover, the outcome measures assessed in the studies were not consistent. Most studies focused on change in sodium levels. Therefore, only for the occurrence of (severe) hypo- and hypernatremia meta-analyses were possible. 
Isotonic fluids were predominantly 0.9% saline (154 mmol/L Na). In two studies plasma-lyte® [34, 35] 2021) and in one Hartmann’s solution [36] were used as isotonic solution. Hypotonic solutions varied in sodium concentration 0.18% - 0.45%.
Regarding the risk of developing hyponatremia, a meta-analysis of 17 RCTs [34–50] (3356 patients) showed that isotonic solutions significantly reduced the risk of developing hyponatremia compared with hypotonic fluids, with an odds ratio (OR) of 0.41 (95%CI [0.26-0.67], p=0.0003), although the heterogeneity was high between studies (I2=72%, p<0.0001). Because the timing of hyponatremia differed between studies from within 24 hours (n=5, 129 patients [41, 43, 44, 48, 49]) or during admission (n=12, 2547 patients [34–40, 42, 43, 45–47]) a subgroup analysis was performed. Isotonic solutions did not reduce the risk of occurrence of hyponatremia within 24 hours with an OR of 0.41 (95%CI [0.14-1.46], p=0.19), but did reduce the risk during admission with an OR of 0.39 (95%CI [0.24-0.63], p<0.001). When focusing on severe hyponatremia (Na < 130 mmol/L) we extracted data from 10 studies [35, 37–43, 51, 52] (2071 patients) which showed no significant difference (Risk difference 0.0 95%CI [-0.01-0.0], p=0,32).
Regarding the risk of developing hypernatremia, a meta-analysis of 12 RCTs [34, 37–44, 46, 49, 50] (2260 patients) showed that isotonic solutions did not significantly increase the risk of developing hypernatremia as compared with hypotonic fluids with an OR of 1.22 (95%CI [0.63-2.33], p=0.56), with low heterogeneity between studies (I2=17%, p=0.29). In addition, the subgroup analysis between studies on risk of hypernatremia within 24 hours (n=3, 445 patients [43, 46, 49]) or during admission (n=9, 1815 patients [34, 37–42, 44, 50] showed no difference (OR 1.53 (95%CI [0.18-12.79], p=0.69) and OR 1.25 (95%CI [0.57-2.73], p=0.58), respectively). When focusing on severe hypernatremia (Na > 150 mmol/L) we could only extract data from 7 studies (2099 patients [34, 35, 37, 43, 44, 49, 52]) which showed no significant difference (Risk difference 0.0 95%CI [-0.00-0.01], p=0,36).
Only three studies [39, 40, 51] reported PICU length of stay and 3 studies [35, 39, 45] reported hospital length of stay. Furthermore, the heterogeneity of the methodology and how findings were reported prevented further analyses [53–55].
Regarding mortality as an outcome measure, 9 studies [35, 38, 41, 44, 49–52, 56] reported this. However, the timing of mortality (overall, during PICU, within 30 days) varied widely and could not be pooled for meta-analyses. Therefore, a difference in risk difference between isotonic and hypotonic solutions cannot be adequately reported. The 9 studies reported a mortality of 18/709 (2.5%) with isotonic solutions and 14/684 (2.0%) with hypotonic solutions during the different time windows.
Volume of evidence, Applicability, Generalisability, Consistency and Clinical impact
According to SIGN grading, of the 22 RCTs only 2 were graded with a very low risk of bias, 4 had a low risk of bias and 16 had a high risk of bias. Of the cohort studies, 2 were graded with a low risk of bias. The meta-analyses for the risk of hyponatremia were very heterogeneous. The number of patients included in the studies were large. Most studies were conducted in high income countries. Most studies analyzed included critically ill children, including cardiac patients, which reduces the generalizability of the results for other levels of severity of illness. However, one study focusing on term neonates and a few others on acutely ill children found consistent results with benefits of isotonic solution use.
Recommendation 
Isotonic fluids should be used in acute and critically ill children as maintenance fluid to reduce the risk of hyponatremia. Grade A.
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