PiCO 5 long rationale: Does the use of a restrictive fluid volume therapy versus a standard fluid volume therapy impact outcome in acutely and critically ill children? 
Background and Pathophysiology 
The prescription of intravenous fluids (IV) represents one of the most common therapies administered in acute and critically ill children [1, 2]. The physiological goal of maintenance IV fluids is to preserve the extracellular volume for tissue perfusion whilst maintaining a normal electrolyte balance. The ideal maintenance fluid regime should provide an adequate quantity of both water and electrolytes, resulting in a net zero balance to avoid fluid overload. The risks associated with fluid administration, if hypotonic fluids were administered provoking iatrogenic (sometimes fatal) hyponatremia, have been known for several decades [3]. More recently, the potential harm associated with fluid overload has been demonstrated for critically ill children [4], resulting in increased mortality, prolonged intensive care unit (ICU) stay, and an increased rate of acute kidney injury [5, 6]. However, previous reports investigating fluid overload were based predominantly on total fluid intake, or bolus fluids alone, whereas the role of maintenance fluid administration has received less attention.
[bookmark: _heading=h.gjdgxs]As a consequence of the lack of high-grade evidence, practice is highly variable, and largely based on spurious or inferred evidence from adults or preterm neonates. The maintenance requirements for water in IV maintenance fluid therapy (IV-MFT) were derived from an estimation of daily water losses in normovolaemic children with preserved renal function, leading to the Holliday and Segar formula [7] published in 1957 which has formed the mainstay of pediatric practice ever since. However, it remains unclear to what degree this simplification matches the needs of acute and critically ill children. Critically ill children often are at risk of organ hypoperfusion, dehydration, and may suffer complications from intravascular hypovolemia such as renal dysfunction; at the same time, they are vulnerable to cumulative fluid overload and suffer from the adverse of this seen as tissue oedema in various organs, most prominently the lungs (pulmonary oedema). 
A range of adult studies indicate increased mortality and morbidity such as lower ventilation free-days or increased ICU length of stay associated with fluid overload and venous congestion [8–10]. A retrospective cohort study in adult ICU patients admitted with sepsis showed that the impact of non-resuscitation fluids (maintenance and fluid creep) on cumulative fluid balance plays a larger role than resuscitation fluids during the first 5 days of ICU stay [11]. 
Observational evidence in children is increasing, showing particular patterns of fluid overload, the contribution of maintenance fluids, and associations with worse outcomes including mortality. Many PICU patients will develop fluid overload during the first days of admission, which in as many as 30% of cases may be missed by clinicians [12]. 
In mechanically ventilated critically ill children [13], 23.4% of water intake was specifically  by IVF-MT, 34.2% as a result of fluid creep, with 32.8% of the total sodium intake accounted for by IVM-FT. 
In a multicentre retrospective observational cohort study, Barhight et al. analysed the volume of different sources of fluid for each of the first three days following PICU admission. In their adjusted model, non-resuscitation fluids in excess of the child’s hydration requirement were independently associated with an increased in-hospital mortality and reduced ventilator-free days [14]. Observational data indicates that this fluid creep extends beyond the first 48 hours of PICU, and that both severe fluid overload as well as late timing of peak fluid overload (after 48 hours) was associated with worst outcomes [15]. 
In summary, while intravenous fluid therapy remains a cornerstone of pediatric acute and critical care, evidence to guide accurately estimate fluid requirements in acute and critically ill children is lacking. Given the observational evidence for adverse outcomes associated with fluid overload, there is urgency to define fluid-restrictive regimens (“bundles”), and patients most likely to benefit from such regimens through adequately powered randomised-controlled trials.
IV-MFT survey of current practice 
A recent survey of 154 respondents from 35 European and Middle East countries found considerable variability in practices around IV-MFT [16]. All used a formula to calculate the daily amount for IV-MFT, most commonly using the Holliday-Segar formula (76%). However, respondents stated they restricted IV-MFT in children who have cardiac conditions (87%), after cardiac surgery (86%), in renal failure (78%) and those on invasive mechanical ventilation (56%). Although all respondents reported that fluid balance monitoring was important, what was included in this calculation varied. Most respondents included continuously infused medications (99%), enteral nutrition (91%) and parenteral nutrition (100%). The majority also included IV bolus drugs (78%), blood products (71%), arterial and venous flush solutions (74%), fluid boluses (73%) and oral nutrition (77%).  
Our survey found most clinicians based their calculations for acute and critically ill children on a formula originally devised in 1957, which was developed from the requirements of healthy children, with many restricting fluids beyond this formula for different conditions. 
Adult IV-MFT recommendations
The physiological rationale for restrictive IV-MFT in acutely and critically ill patients is logical, to reduce the amount of water and sodium retention caused by both increased endogenous secretion of antidiuretic hormone (ADH) and the effect of positive pressure ventilation (PPV), which further increases ADH secretion together with the impact on the atrial stretch receptors causing vasopressin release.   However a restrictive (or conservative) IV fluid strategy may expose patients to impaired cardiac output or non-pulmonary organ function; conversely a standard (or liberal) IV fluid strategy may lead to more respiratory complications, sepsis, acute kidney injury (AKI) and impaired wound healing [17]. However, robust evidence to support this is lacking. Only two studies (both RCTs) specifically examine the impact of restrictive vs liberal IV maintenance fluid therapy in adults, both trials after major abdominal surgery. These trials show mixed results, the largest trial of 3000 adults [17] found no difference in disability-free survival at one year, but an increased risk of AKI. A smaller trial of 40 adults [18] showed only a shorter length of hospital stay in the restrictive group. 
The other adult studies have examined the effect of restricted fluid therapy primarily for resuscitation and volume/fluid boluses for signs of shock as guided by central venous pressure (CVP)/ pulmonary artery occlusion pressures (PAOP). In these patients with Acute Lung Injury (ALI), the restrictive strategy (vs liberal) improved respiratory function (resulting in higher ventilator-free days) without worsening non-pulmonary organ function. Furthermore, the restrictive approach did not change mortality or ICU stay [19]. In early postoperative period despite the higher risk of AKI for patients receiving less intravenous fluids (including bolus and resuscitation fluids), this was associated with higher ventilator-free days, less morbidity and a shorter length of stay in the ICU and hospital [17, 20, 21].
Recent adult recommendations for fluid therapy [22] fail to provide any recommendation for the volume of IV-MFT. There is, however, increasing evidence of the adverse effects of fluid overload and cumulative fluid balance in both acute and critically ill patients as evidenced by two systematic reviews with meta-analyses [8, 23]. This was especially so in the critically ill, but also in patients with cardiac or renal disease.
Published recommendations in other pediatric settings 
Some published guidance exists in specific subgroups of children. 

Diabetic Ketoacidosis: A recent randomised controlled trial of rehydration in diabetic ketoacidosis (DKA) showed that faster fluid administration rates led to a more rapid normalisation of the anion gap and PCO2 than slower fluid infusion rates [24]. However, this was associated with an increased frequency of hyperchloremic acidosis. Bakes et al. in another randomised controlled trial also found that in patients presenting to the emergency department with DKA, higher volumes of initial and maintenance IV fluid infusions decreased the time to metabolic normalisation [25]. The rate of administration of intravenous fluids did not significantly influence the neurologic outcomes in the children with diabetic ketoacidosis [26]. However, these papers are confounded by combining rehydration fluids and maintenance fluid therapy, so no conclusion can be made about maintenance fluid volumes in diabetic ketoacidosis. 
Pancreatitis: One retrospective observational study showed that in children with acute pancreatitis who received greater volume of maintenance IV-MFT within 24 hours (and were fed within the first 48 hours) this was associated with a shorter length of stay, less intensive care unit admissions, and less severe acute pancreatitis rates compared with patients who remained nil by mouth during the first 48 hours and received lower rates of IVM-FT [27]. This paper combined enteral feeds and maintenance fluids. Therefore, again, it is not possible to draw conclusions about the effect of IV maintenance fluids in this context.
Postoperative cardiac surgery: Two retrospective cohort studies have shown that cumulative fluid overload at day 2 after cardiac surgery was associated with a prolonged PICU stay and an increased duration of mechanical ventilation [28, 29], with no difference in mortality. Seguin et al. showed that early postoperative IV fluids were independently associated with a higher day 2 fluid overload ratio [29]. Evidence suggests that restricting maintenance fluids could be useful in the early postoperative period following cardiac surgery, but randomised studies comparing the amount of fluid restriction are needed. 
Sepsis: A recent Cochrane systematic review with meta-analysis found that liberal IV fluid intake, (including both maintenance and resuscitation fluids), in children with septic shock may increase the risk of death, compared to a more conservative IV fluid intake but the evidence was of low quality [30]. In adults and children with ARDS, sepsis or SIRS, a conservative IV fluid strategy resulted in an increased number of ventilator-free days and a decreased length of ICU stay compared with a liberal IV fluid strategy or standard care [9]. This data supports a more restrictive IV-MFT in the acute phase in children with septic shock and ARDS.
Neonates: In term neonates, a systematic review found no evidence from randomised controlled trials to confer any benefit for a restrictive IV-MFT following perinatal asphyxia on mortality or morbidity [31].
Results of the literature search, paper critical appraisal and meta-analysis 
The literature search identified 8 relevant studies (1 cohort study and 7 randomized controlled trials (RCT)). The studies that compared standard volume IV-MFT to overhydration in children were considered out of the scope of this PICO.  Five studies were performed in a PICU setting [32–36]. Of these, two focused on mechanically ventilated septic patients [33, 34]. Three studies were performed in a pediatric in-hospital care setting [37–39]. Among them, one specifically in post-surgical patients [38] and one in children with bacterial meningitis [39]. A total of 599 children were included in all these studies.
The restrictive IV-MFT strategies studied consisted of a daily IVF volume of half to two-thirds of the volume calculated by the Holliday and Segar formula. The Holliday and Segar formula was the comparator in almost all cases [7]. The IV fluid solutions used were inconsistent between the studies. Due to these inconsistencies between groups involving the fluids used, two studies were unable to be considered for analysis [32, 35]. Due to considerable methodological issues, one study was considered with a critical risk of bias and not able to be included for analysis [34]. The outcomes assessed were also inconsistent among the studies. Most studies assessed the impact on sodium levels but presented data only in terms of sodium plasma levels, changes in sodium or the presence/absence of hypo or hypernatremia. This limited the meta-analysis we were able to perform. However, meta-analyses were performed where appropriate on some outcomes for a few studies. 
In relation to the mean sodium plasma level, in a meta-analysis pooling four subgroups in two studies [38, 39] including post-operative patients and septic patients suffering from meningitis, a restrictive IV-MFT strategy was significantly associated with a higher plasma sodium level (MD=2.50 95% CI [0.08, 4.91], p=0.04) after 12 hours or more of treatment. Furthermore, in a subgroup of children characterised by the presence of hyponatremia at the beginning of the treatment [39], the restrictive strategy was significantly associated with a higher mean plasma sodium level at 48 hours (mean difference 4.20 mmol/L [2.20 – 6.20mmol/L). In relation to the change in sodium after 12 hours or more of treatment, in a meta-analysis pooling six subgroups in three RCTs [36, 38, 39] including patients in the PICU, a restrictive strategy was significantly associated with a lower change in plasma sodium (mean difference=1.95 95% CI [0.29; 3.62], p=0.02). In patients presenting with hyponatremia during IVM-FT, a meta-analysis including two RCTs [37, 38] involving patients in an acute, but non-critical care setting failed to show any benefit of either fluid strategy. No difference was also found in the occurrence of adverse neurological outcomes.
For the outcome of osmolarity, a meta-analysis of two studies including post-operative patients and septic patients suffering from meningitis [38, 39] showed a trend towards a higher osmolarity when using a restrictive IV-MFT strategy (OR=2.05 95% CI [-0.20; 4.30], p=0.07). A significant change in osmolarity in favour of the restrictive strategy was also observed [mean difference= 4.70 95% CI [1.55; 7.84], p=0.003) both in acutely ill [39] and critically ill patients [36]. As expected, a restrictive strategy was significantly associated with a lower fluid intake (mean difference= -0. 95 95% CI [-1.38; -0.52], p<0.001) in the PICU [36] and in non-critical surgical and medical [37] children without an increase additional fluid boluses. For the other outcomes that were relevant for this question (length of stay, length of ventilation, mortality), we were not able to perform meta-analyses. 
Volume of evidence, Applicability, Generalisability, Consistency and Clinical impact 
This review has revealed a paucity of robust and non-confounded research evidence to adequately evaluate the use of restrictive IV-MFT compared to standard Holliday-Segar formula volumes. This evidence also included critically ill (n=2) and acutely ill children (n=3). The quality of these papers varied (SIGN Grading 2- to 1-) with all assessed as having some degree of bias. Due to the heterogeneous cohort of patients included in these studies, some with sepsis, some post-operative some with bacterial meningitis and others mechanically ventilated, this makes generalisability of these research papers difficult to apply to the broad range of acute and critically ill children. Indeed, the outcomes used in these papers also varied, making meta-analysis difficult and for some outcomes impossible. However, our PICO question was designed to evaluate the use of a restrictive IV-MFT compared to a standard Holliday-Segar formula volume, and not to evaluate the impact of fluid overload on clinical outcomes. However, the increasing evidence of harm associated with fluid overload, especially in mechanically ventilated children and in cardiac and postoperative cardiac surgical patients, suggests this should be strongly avoided [28, 29, 40, 41]. In this context, the use of a fluid restrictive IV-MFT strategy appeared effective in  achieving this objective[33]. Although some restriction of IV-MFT is likely to be beneficial in some children, we do not know to what extent or for what duration the volume should be restricted below the level of the Holliday and Segar formula. Despite this, based on our review [31-38], previous recommendations and expert opinion [39,40], we suggest that restricting IV-MFT to between 65% to 80% (of the volume calculated by the Holliday and Segar formula) in children where there is a risk of increased endogenous secretion of ADH, or to between 50% to 60% where oedema is present, and for those at high risk (children with cardiac, renal or liver failure, or those after cardiac surgery), appears to be both safe and beneficial. We conclude that the historical Holliday and Segar standardised IV-MFT formula for children (and their equivalents, i.e. Oh formula and 1500-1700mL/m2/d) must be reconsidered and revised in light of new evidence. Furthermore, robust randomised controlled trials are required urgently to evaluate IV-MFT volume alone. 
Recommendations
In acutely and critically ill children, in order to prevent fluid creep and reduce fluid intake, the total daily amount of maintenance fluid therapy should be considered including: IV fluids, blood products, all IV medications (both infusions and bolus drugs), arterial and venous line flush solutions and enteral intake, but does not include replacement fluids and massive transfusion. Grade D
In acutely and critically ill children, avoidance of fluid overload and cumulative positive fluid balance should be considered, to avoid prolonged mechanical ventilation and length of stay. Grade D 
In acutely and critically ill children, who are at risk of increased endogenous secretion of ADH, restriction of total intravenous maintenance fluid therapy volume (calculated by Holliday and Segar formula) should be considered to some extent, to avoid a decrease in natremia but the amount and duration of this restriction is uncertain. Grade C
In acutely and critically ill children who are at risk of increased endogenous secretion of ADH, restricting maintenance fluid therapy volume to between 65% - 80% of the volume calculated by the Holliday and Segar formula should be considered to avoid fluid overload. In children at greater risk of oedematous states, e.g., heart failure, renal failure or hepatic failure, restricting maintenance fluid therapy volume to between 50 to 60% of the volume calculated with the Holiday and Segar formula should be considered to avoid fluid overload. GCP
Whilst receiving intravenous maintenance fluid therapy, re-assessment of acutely and critically ill children should be considered at least daily in terms of fluid balance and clinical status and regularly regarding electrolytes, especially sodium level. Grade D
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