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Abstract

Introduction
The incidence of healthcare-associated multidrug resistant bacterial infections, particularly due to carbapenem resistant organisms, has been on the rise globally. Among these are the carbapenem resistant Acinetobacter baumannii and Enterobacteriaceae, which have been responsible for numerous outbreaks in neonatal units. The polymyxins (colistin and polymyxin B) are considered to be the last resort antibiotics for treating such infections. However, pharmacokinetic and pharmacodynamic data on the use of polymyxins in neonates and children are very limited, and there are safety concerns. 

Areas covered
In this review the authors summarize the global burden of multidrug resistance, particularly carbapenem resistance, in the neonatal and pediatric population, and the potential wider use of polymyxins in treating these infections.

Expert opinion
Both colistin and polymyxin B have been shown to have similar efficacy in treating multidrug resistant infections but have safety concerns. However, polymyxin B appears to be a better therapeutic option, with more rapid and higher steady state concentrations achieved compared to colistin and less reported nephrotoxicity. There are virtually no data in neonates and children currently; there is therefore an urgent need for pharmacokinetic and safety trials in this population to determine the optimal drug and dosing regimens and provide recommendations for their use in treating carbapenem resistant infections.


Key points
· Hospital-acquired multidrug resistant Gram-negative bacterial infections are a major cause of morbidity and mortality in neonates globally
· The incidence of these infections is rising world-wide
· A major concern is the increase in carbapenem resistant infections 
· Polymyxins are considered as the last resort antibiotics for treating carbapenem resistant infections and their use has subsequently increased
· However, pharmacokinetic and pharmacodynamic data on the use of polymyxins in neonates is very limited, and there are safety concerns.

Key words: neonate, multidrug resistance, carbapenem resistance, colistin, polymyxin B







1. Introduction

Globally, approximately 5.8 million children under five years of age die every year 1. A significant proportion (45%) of these deaths occur during the neonatal period (first 28 days of life). The major causes of neonatal deaths worldwide include prematurity (35%), intra-partum asphyxia (24%) and sepsis (15%). Low- and middle income countries (LMIC) carry the burden of more than 90% of these deaths 2. 

Bacterial infection is one of the leading causes of deaths during the neonatal period. These infections are either acquired from the mother around the time of delivery or from the environment, either at home or in a healthcare facility. Healthcare-associated infections (HAI) are associated with major morbidity and mortality. The reported incidence ranges from 6% to 38% of admitted neonates, with the burden of disease being higher in LMIC 3-5. Organisms most commonly responsible for HAIs include Gram-negative pathogens such Klebsiella species, Escherichia coli, Pseudomonas aeruginosa and Acinetobacter baumannii; and Gram-positive pathogens such as coagulase negative Staphylococci (CoNS) and Staphylococcus aureus. Recently many of these organisms have developed resistance to multiple groups of antimicrobial agents and are therefore called multidrug resistant (MDR) organisms. This review summarizes the burden of multidrug resistance, particularly carbapenem resistance, in the neonatal population, and the use of polymyxins in treating these infections.

2. Epidemiology of MDR organisms

The most commonly used definition for multidrug resistance is non-susceptibility, intermediate sensitivity or resistance to at least one agent in 3 or more antimicrobial classes. The term extreme drug resistance (XDR) has been used to define MDR organisms that are resistant to at least one agent in all antimicrobial classes except 2 or fewer 6. Resistance to carbapenem antibiotics poses a particular global health challenge, especially in LMIC, where therapeutic options are limited and mortality rates are reported to be as high as 50% 7, 8. A number of studies have reported a high prevalence of carbapenem resistant organisms (CRO) in neonatal units; however, most are from high-income countries 9-12 with very few from LMIC 7, 13-15 . The common CRO are the carbapenem resistant Enterobacteriaceae (CRE), in particular Klebsiella species, and the non-lactose fermenters, namely the Acinetobacter and Pseudomonas species. 

Acinetobacter baumannii is a non-lactose fermenting Gram-negative bacterium that has emerged as a leading pathogen in many neonatal units and is responsible for numerous hospital outbreaks 7, 13, 16. The main concern with Acinetobacter baumannii is its ability to accumulate multiple and varied mechanisms of antimicrobial resistance rapidly, leading to multidrug resistance. Acinetobacter baumannii has developed resistance to various classes of antimicrobials including penicillins, aminoglycosides and cephalosporins but of major concern is the more recent emergence of carbapenem resistant Acinetobacter baumannii (CRAB) 17, 18.

Multidrug resistant infections with Enterobacteriaceae, such as Klebsiella pneumoniae, are also increasing in neonatal intensive care units and are associated with numerous hospital outbreaks 13, 19, 20. The most common mechanism of resistance in Enterobacteriaceae is extended spectrum beta lactamase (ESBL) production. The implication is the World Health Organization (WHO) recommended first-line antibiotics for neonatal sepsis of penicillin/ampicillin will be ineffective. The increasing prevalence of ESBL-producing pathogenic organisms has led to increasing use of carbapenems worldwide for treating these infections, and consequently the emergence and spread of carbapenem resistance 9, 10. Although the literature is limited in the neonatal population, there are now a few case reports highlighting the problem of carbapenem resistant Enterobacteriaceae 21, 22.

3. Mechanisms of resistance 

There are many different intrinsic and acquired mechanisms of antimicrobial resistance which include antibiotic efflux pumps, capable of actively pumping antibiotics out of the cell; chromosomal mutations, leading to loss of specific outer membrane proteins and thus reduced affinity and influx of antibiotics to the target cell; and enzymatic degradation of antibiotics through ESBL production 23, 24. The most important mechanism underlying carbapenem resistance is the production of a specific group of beta lactamases, known as the carbapenemases, which have the ability to hydrolyze the carbapenems. The three main groups of carbapenemases of clinical and epidemiological significance, reported in studies from neonatal units include KPC, NDM and OXA-4825. These beta lactamases are grouped into four classes based on their amino acid sequence (class A, B, C and D). KPC is a class-A beta lactamase, while NDM belongs to class B and OXA-48 to class D. KPC has been shown to have a very broad spectrum of action against most antibiotics, including the carbapenems. Its hydrolytic activity is inhibited minimally by clavulanic acid and boronic acid compounds. NDM has a similar spectrum of action to KPC but spares aztreonam. OXA-48 has activity against penicillins and carbapenems but is unique in that it spares the cephalosporins and aztreonam 26.  

4. MDR treatment

Therapeutic options, in MDR infections, including those secondary to CRO, are currently very limited, although multiple new agents are being tested and developed. New drugs, such as cefiderocol, now in advanced stages of development have been shown to be very effective against MDR infections as well as infections with CRO 27, 28. However, these newly developed drugs are very expensive and not available in LMIC. The majority of CRO are still susceptible to the polymyxins, which are available in LMIC. However, these agents have not been well studied, especially in neonates, and have some safety concerns. Some KPC and OXA producing strains are susceptible to aminoglycosides such as gentamicin and amikacin26. However, monotherapy with these agents is not recommended. The most recent edition of the WHO model list of essential medicines for children has grouped antibiotics into three groups - access, watch and reserve, indicating which antibiotics to use for different types of infections. Group 3, the reserve group, comprises antibiotics that should be used as last-resort for life-threatening infections caused by MDR bacteria (Table 1) 29. Some recent observational studies have suggested that combination therapy may be superior to monotherapy in the treatment of CRO 30. However, randomized controlled trials comparing polymyxin monotherapy to combination therapy (all in adults), including a recent trial by Paul et al, have shown no clear clinical benefit of combination therapy 31. Therefore, the best available option for the treatment of CRO is still unknown. However, the use of polymyxins has increased worldwide, as they are currently considered the optimal backbone treatment for serious carbapenem resistant infections. 


	Table 1: WHO “Reserve” group of antibiotics

	Aztreonam
	 
	 
	 

	4th generation cephalosporins eg. Cefepime

	5th generation cephalosporins eg. Ceftaroline

	Daptomycin
	
	
	 

	Fosfomycin (IV)
	
	 

	Oxazolidinones eg. Linezolid
	
	 

	Polymyxins eg. Polymyxin B, Colistin
	 

	Tigecycline
	 
	 
	 




5. Pharmacokinetics of polymyxins

Polymyxins are a class of antibiotics consisting of 5 different compounds, namely polymyxin A, B, C, D and E. Of these, only polymyxin B and E are used in clinical practice. Colistin (polymyxin E) is an old antibiotic that was initially discovered in the late 1940s and introduced in 1959. It was subsequently withdrawn from the market in the 1970s due to safety concerns, particularly nephrotoxicity. However, the recent development of multidrug resistance has led to a resurgence in the use of colistin. Colistin is a cyclic polypeptide which binds with high affinity to lipopolysaccharides on bacterial cell membranes, leading to increased cell permeability, leakage of intracellular contents and resultant cell death. The main use of colistin is for the treatment of carbapenem resistant strains of Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and other Enterobacteriaceae. Emerging resistance to colistin has been reported, and is of great concern 32. Most pharmacokinetic (PK) data on colistin has been derived from adult studies 33, 34. Colistin is administered intravenously in the form of its inactive prodrug, colistimethate sodium (CMS). A proportion (approximately 20%) of CMS is hydrolyzed in vivo to its active form colistin, and the rest excreted by the kidneys. Therefore, following parenteral administration of CMS, colistin formation is slow and it may take a long time to achieve adequate steady state concentrations, depending on whether a loading dose is used. In healthy adults CMS has a half-life of 1-2 hours, and colistin has a half-life of 14-19 hours. In critically ill adult patients colistin reaches peak plasma concentrations 7 hours after CMS administration. Clearance of colistin is mainly via the renal system, and excretion is reduced in patients with renal impairment in which case more CMS may be converted to colistin, necessitating dosing adjustments based on renal clearance. There is no general consensus on the dosing of colistin. In critically ill patients with life threatening infections, it is recommended to start CMS treatment with a loading dose in order to achieve therapeutic concentrations more quickly. In one adult study, a loading dose of 9MU followed by 4.5MU every 12 hours as maintenance resulted in an 82% clinical cure rate 35. A dose of 75000 – 120000 IU/kg/day has been used in the neonatal population, without a loading dose 26. However, these dosing recommendations are very old and have little evidence base.

Pharmacokinetic data on colistin in neonates are very limited. While colistin sulfate is stable, colistimethate sodium is readily hydrolysed to a variety of methanesulfonated derivatives. Neonates have a different physiology to that of adults which effects drug disposition, metabolism and elimination 36-38. The kidney, the major organ responsible for drug elimination, is immature even in term neonates, with decreased glomerular filtration and tubular secretion. Maturation is both gestational age and postnatal age dependent and nephrogenesis is ongoing. In addition, many neonatal conditions such as asphyxia and sepsis can affect renal function. To date there have only been two detailed colistin PK studies, with the more recent study conducted by Nakwan et al assessing the PK of colistin in 7 neonates after a single dose of CMS of approximately 150000 IU/kg, equivalent to 5mg/kg of colistin base activity, substantially higher than doses used in previous studies 39. In this study the mean maximum plasma concentration (Cmax) was 3.0 +/- 0.7ug/ml, attained (Tmax) at 1.3 +/- 0.9 hours after the end of CMS infusion. After 6 hours, the concentration of colistin was below the minimum inhibitory concentration (MIC) breakpoint of 2ug/ml in all neonates. Based on data from previous studies it is recommended that a plasma concentration of over 2ug/ml is achieved to treat infections with an MIC breakpoint of <1ug/ml. The sub-optimal plasma colistin concentrations achieved in this study are therefore concerning. However, in this study CMS was well tolerated and no adverse effects were reported. There is little published on the PK of colistin in extravascular sites, such as the central nervous system40, 41. Therefore, knowledge of its efficacy in the treatment of meningitis, a common complication in neonates, is limited.

[bookmark: _Hlk531891485]Polymyxin B (PMB) has also been increasingly used worldwide for treating infections with CRO. Polymyxin B shares very similar antimicrobial properties and chemical structure to colistin. They differ only by one amino acid in their peptide ring, where the D-leucine of colistin is replaced by phenylalanine of PMB. Data on the PK of PMB in neonates are limited, and most data have been derived from adult studies. The major difference between colistin and PMB is the form in which they are administered intravenously. Unlike colistin, PMB is administered directly in its active form and is eliminated by non-renal pathways. Manchandani et al examined PMB PK in 35 adults and investigated factors influencing PK variability. The mean elimination half-life of PMB was 10.1 hours, and the maximum concentration achieved was 3.4ug/ml at 24 hours. They showed that covariates such as creatinine clearance and body weight of patients might not be accurate predictors of PMB PK 42. Another PK study on PMB, by Sandri et al, involved 24 critically ill adults 43, 44. Intravenous doses used in this study ranged from 0.45mg/kg/day – 3.38mg/kg/day. In this study the average steady-state plasma concentration was 2.79 ± 0.90 mg/L (range, 0.68–4.88 mg/L). Higher and quicker steady state concentrations were achieved compared to CMS (from previous PK data), and fewer dosing adjustments were required. There are currently no recommended neonatal doses of PMB.


6. Pharmacodynamics of polymyxins

Pharmacodynamic (PD) studies report a similar profile for both drugs. In vitro studies have shown that both colistin and polymyxin B have rapid concentration-dependent killing against Acinetobacter baumannii, Klebsiella pneumoniae and Pseudomonas aeruginosa with a minimal post-antibiotic effect 45-47. However, regrowth after cessation of treatment can occur rapidly with both agents. In vitro studies using Pseudomonas aeruginosa and Acinetobacter baumannii demonstrated that the PK/PD index that correlates most strongly with the efficacy of colistin is the ratio of the area under the free concentration–time curve to the MIC (fAUC/MIC). In addition, Dudhani et al. studied in vivo the activity of colistin against three strains of Pseudomonas aeruginosa in neutropenic mouse thigh and lung infection models and reported that, consistent with the in vitro studies, the PK/PD index that correlated most strongly with colistin efficacy was fAUC/MIC in both the thigh infection model (R2 = 87%) and the lung infection model (R2 = 89%) 48. Little information is available on PMB from in vivo studies 49, however given the similarity in structure, it is very likely that fAUC/MIC is the most predictive PK/PD index also for intravenous PMB. Unlike CMS, PMB is available as an active drug and is not influenced by renal function. For these reasons, a higher fAUC/MIC value than CMS is expected after the administration of polymyxin B 44.

7. Polymyxin MIC determination

In 2016 The European Committee on Antimicrobial Susceptibility Testing (EUCAST) released a warning about several methodological issues in MIC determination for polymyxins 50. A joint EUCAST and Clinical and Laboratory Standards Institute (CLSI) subcommittee recently recommended broth microdilution (BMD) as the only valid method to detect colistin susceptibility while other methods, including agar dilution and disk diffusion cannot be recommended until historical data have been reviewed or new study data have been generated. 

With regard to MIC breakpoints, both colistin and PMB have demonstrated excellent in vitro activity against a large collection of clinical isolates of Acinetobacter spp. (MIC ≤ 2 μg/ml), K. pneumoniae (MIC ≤ 2 μg/ml), E. coli (MIC ≤ 1 μg/ml) and P. aeruginosa (MIC ≤ 2 μg/ml) 51.


8. Polymyxin clinical efficacy

Only three studies have been conducted to evaluate the efficacy of colistin in neonates (preterm and full-term) with sepsis caused by MDR organisms 52-54. Of these, one is a case–control study that included 106 neonates (47 treated with colistin and 59 as unmatched controls) with proven or suspected nosocomial infections between January 2012 and October 2015 at two centres in Turkey 54. No difference in treatment outcomes was reported. The efficacy of colistin treatment in neonates was also studied retrospectively by Alan et al and Serafettin Tekgunduz et al with 21 and 12 newborns respectively 52, 53. All these studies showed that intravenous colistin administration appears to be efficacious for MDR infections in this population. 

Regarding the efficacy of PMB only sporadic reports have been published in paediatric patients, and none in neonates 55, 56.  Siddiqui et al conducted a retrospective cohort study on 14 critically ill children, ranging from 1 month to 15 years of age, treated with intravenous PMB for MDR Gram-negative infections. They reported a clinical efficacy of 57% 56. Another retrospective review by Saleem et al studied 8 children with Acinetobacter meningitis of which 7 children received intravenous PMB and 5 also received intrathecal PMB. All patients achieved CSF culture negativity by the end of treatment 55.

No studies have compared the efficacy of colistin and PMB in children or neonates. Data is available from four adult studies, many of these primarily aimed at measuring rates of nephrotoxicity. Oliveira et al compared 41 patients receiving CMS with 41 who received polymyxin B for the treatment of serious infections caused by carbapenem-resistant Acinetobacter spp. No differences in efficacy and toxicity were found; specifically no significance difference in clinical improvement (39% colistin versus 39% polymyxin B; p 0.48), death (46% versus 54%, respectively; p 0.51) and 30-day mortality (56% versus 61%, respectively; p 0.66) 57. In a retrospective study including 132 patients, Tuon et al compared the polymyxins’ nephrotoxicity and assessed mortality as a secondary outcome. Hospital mortality was similar in patients treated with PMB and colistin (46% (44/96) and 50% (18/36), respectively; P = 0.48) 58. Also, in 2014, Phe et al published a multicentre study assessing the nephrotoxicity of polymyxins in more than 200 adults. In this study, PMB use was associated with a higher mortality rate. However in a matched analysis based on the risk factors identified, excluding patients with cystic fibrosis or patients who received a lower dose of PMB, there was no difference in mortality and nephrotoxicity was lower in the PMB group 59. In 2016, Rigatto et al published a study comparing the incidence of renal failure in patients treated with colistimethate sodium or PMB for more than 48 hours, with mortality as a secondary outcome. Colistin was reported to be independently associated with a higher risk of renal failure in various subgroup analyses. Despite the development of renal failure during therapy, colistin was not associated with 30-day mortality in multivariate analysis 60. A recent systematic review comparing colistin versus PMB, including these four studies, reported mortality ranging from 8% to 56% in colistin-treated patients compared to 31% to 61% in polymyxin B-treated patients. There were no significant differences in unadjusted mortality between patients treated with colistin and those treated with PMB (RR = 0.71, 95% CI 0.45–1.13) 61. It is important to note that all these studies did not assess mortality as their primary outcome, and therefore may not have considered important clinical characteristics associated with treatment efficacy. Indeed, antimicrobial combinations, site of infection, type of bacteria, differences in the MIC, severity of illness and surgical control of the infection may strongly influence outcomes 61, 62. Furthermore, as reported by Vardakas et al, in three studies some patients received polymyxin treatment without microbiological confirmation of infection, which may have affected the analysis of mortality 58-61. Randomized controlled trials are needed to rigorously define the most effective polymyxin regimen in paediatrics, especially in neonates 63.

9. Polymyxin safety

Adverse effects due to polymyxin treatment has been reported since the early 1960s, mostly from adult studies, with rates as high as 50% 64. Reported adverse effects included nephrotoxicity and less commonly, neurotoxicity. Data on polymyxin safety in the neonatal/paediatric population is limited and mostly restricted to retrospective reviews on colistin/CMS therapy. A systematic review conducted by Falagas et al, comparing old and new evidence on polymyxin toxicity in adult and pediatric patients, found that toxicity has reduced compared to previous reports, with recent reported rates of nephrotoxicity ranging from 0% to 24%. This decline was attributed to improved fluid and electrolyte management in intensive care units, as well as better monitoring of renal function and reduced concomitant use of other nephrotoxic agents. Clinical manifestations of renal toxicity included a decrease in glomerular filtration rates and an increase in serum creatinine levels. The suggested mechanism of nephrotoxicity is increased membrane permeability, resulting in tubulopathy, and influx of salts and water, leading to cell edema and lysis 64. The definitions used for nephrotoxicity vary between studies and are not standardized, and include an increase in serum creatinine > 50% above baseline, a decrease in urine output below 50% of baseline or <1ml/kg/hr, or an increase in serum creatinine of >0.5mg/dL 65-67. A case series by Alan et al reported a 19% renal toxicity rate in neonates receiving treatment with colistin 52. Another retrospective study conducted by Bal et al in 104 children reported nephrotoxicity in 10.5% of patients receiving colistin 65. These children, however, were also receiving other concomitant nephrotoxic drugs and none of the patients who were on colistin alone developed nephrotoxicity. Another study by Jajoo et al reported nephrotoxicity in 2 of the 18 neonates treated with colistin 67. In other retrospective studies in neonates, including preterm neonates, colistin was well tolerated, with no reported cases of renal impairment 39, 68. Electrolyte imbalances, particularly hypomagnesemia, hyponatremia and hypokalemia, have been reported in patients receiving colistin therapy. A recent retrospective study by Serafettin Tekgunduz et al in 12 neonates treated with intravenous colistin, reported significant hyponatremia and hypokalemia in 2 patients. In this study magnesium replacement was required at least once for all patients 53. Another case-control study by Ipek et al comparing 47 neonates who were treated with colistin with 59 neonates treated with other antimicrobial agents other than colistin concluded that colistin use was significantly associated with hypokalemia and hypomagnesemia 54. The mechanism of electrolyte deficiency may be explained by the tubulopathy described above. In a clinical trial conducted by Ngamprasertchai et al, 73 adult patients received intravenous PMB for the treatment of XDR Gram-negative infections 69. In this study nephrotoxicity occurred in 25% of cases. In the study by Siddiqui et al on 14 critically ill children, ranging from 1 month to 15 years of age, treated with intravenous PMB for MDR Gram-negative infections, nephrotoxicity, defined by an increase of 100% serum creatinine level from the baseline after the use of PMB, was observed in 21% of patients 56. There are limited data on the use and toxicity of PMB in neonates.

Neurotoxicity, a less commonly seen adverse effect of the polymyxins, has been attributed to the interaction of the polymyxins with lipid-rich neurons. The reported neurological manifestations of polymyxin toxicity from previous adult studies included dizziness, weakness, paresthesia, seizures and apneas 64. Neurotoxicity in neonates attributable to polymyxin therapy has not been reported.

Very few studies, mostly in adults, have directly compared the toxicity of colistin with PMB. A recent prospective study on adult ICU patients compared nephrotoxicity rates in patients receiving colistin to those receiving PMB 70. In this study, nephrotoxicity was defined as a two-fold increase in baseline serum creatinine or a 50% decrease in creatinine clearance. Sixty-one patients were treated with colistin and 51 patients with PMB. Nephrotoxicity was significantly higher in patients receiving colistin versus PMB (39% vs 12%). This finding is in keeping with another multicentre prospective study in adult patients comparing nephrotoxicity rates between the 2 drugs, which also concluded that colistin was significantly associated with higher rates of nephrotoxicity compared to PMB 60. A recent meta-analysis comparing colistin and PMB has reported less nephrotoxicity with PMB compared to colistin 61. PMB may therefore be the better choice of drug for treating infections with MDR organisms only susceptible to the polymyxins.
[bookmark: __DdeLink__2652_1597565507]


10. Conclusion

The global incidence of MDR Gram-negative bacterial infections in the neonatal population is rising. Of concern is the increasing emergence of infections with CRO. Polymyxins are one of the few current therapeutic options for treating these infections, despite huge gaps in knowledge regarding their use in neonates. Studies from adults have suggested that both CMS/colistin and PMB have similar efficacy but have safety concerns, in particular nephrotoxicity and related electrolyte abnormalities. The major concern with colistin is that it is administered in its inactive form, CMS, which requires in-vivo enzymatic hydrolysis to its active form. This conversion is incomplete, slow and unpredictable. It therefore appears that PMB might be a better treatment option because, unlike colistin, PMB is administered directly in its active form and is eliminated by non-renal pathways and therefore achieves more rapid and higher steady state concentrations. PMB may also have less nephrotoxicity when compared to colistin. There is an urgent need for PK and safety trials of PMB in neonates and children to ensure optimal dosing for treating infections with CRO.

11. Expert opinion

Despite the global increase in the incidence of MDR Gram-negative bacterial infections in neonates, including infections with CRO, the optimal choice of drug for treating these infections is still unknown. These infections are associated with high mortality if not treated adequately and in a timely fashion. Of the polymyxins, polymyxin E (colistin) and B are bactericidal drugs that have been used in the clinical setting for treating these multidrug resistant Gram-negative infections, particularly infections caused by Enterobacteriaceae, Acinetobacter baumannii and Pseudomonas aeruginosa. Resistance to polymyxins has been reported and is increasing worldwide, and greater knowledge of the PK and PD of polymyxins in neonates is paramount to prevent the further development of resistance to these drugs. Colistin is administered intravenously in the form of its inactive prodrug, colistimethate sodium (CMS) and is mainly excreted by the kidneys. There is no general consensus on the standard dosing of colistin and currently used doses for treating serious Gram-negative MDR infections may be sub-optimal. A loading dose at the start of treatment may be beneficial in achieving concentrations above the MIC breakpoint more quickly. In adults, a loading dose of 9MU followed by 4.5MU every 12 hours has been recommended. A dose of 75000 – 120000 IU/kg/day has been used in the neonatal population, but data suggests this is unlikely to achieve therapeutic concentrations. Excretion is reduced in patients with renal impairment, therefore dosing adjustments should be made in these patients. Polymyxin B is administered intravenously in its active form and is excreted by non-renal pathways. Data on the optimal dose of PMB is also extremely limited. CMS/colistin and polymyxin B have been shown to have similar efficacy in adult studies but have safety concerns. However, polymyxin B appears to be a better therapeutic option, with quicker and higher steady state concentrations achieved compared to colistin. The most commonly reported adverse effect of the polymyxins is nephrotoxicity. Nephrotoxicity has been reported to be significantly higher in patients receiving colistin compared to PMB. Neurotoxicity is a less commonly seen adverse effect of polymyxins. Electrolyte imbalances, particularly hypomagnesemia, hyponatremia and hypokalemia, have also been reported in neonates receiving colistin therapy. There is a great need for future PK and PD trials in neonates and children on polymyxins, to determine the optimal choice of drug and dosing regimen and provide recommendations. The next step is to conduct both a single dose PK study of polymyxin B in neonates and children and a randomized multidose PK and safety study trial directly comparing colistin and polymyxin B in the same population. Other questions that need to be addressed include the benefits of using polymyxins in combination with other antimicrobials versus monotherapy, as results from studies have been conflicting. If combination therapy is to be used, the best antimicrobial combination to optimize synergy and reduce risk of resistance is yet to be determined. Future clinical trials are also needed to look at other therapeutic options and define the best available treatment. Currently, there are newer agents that have been recently registered or are in late stage clinical development, which will hopefully soon be available for clinical use. While awaiting the development of these antibiotics, it is important to use the polymyxins optimally, while reducing the development of toxicity and resistance and only new trials will provide the information now urgently required
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