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Abstract 

Infection is a near-universal human experience and is responsible for substantial child 

mortality across the globe, despite impressive reductions in child mortality and morbidity 

since the twentieth century. Antibiotics and other antimicrobial drugs have transformed 

our ability to prevent and treat infection. In general, these drugs are so safe, effective 

and widely available that overuse and inappropriate use are common. This is a cause of 

real problems in hospitals and the community, with unintended consequences of 

antimicrobial use including rising antimicrobial resistance. Antimicrobial stewardship 

(AMS) is aimed at improving the safety and efficacy of prescribing and has received 

growing attention in recent years. However, evidence to support and improve AMS for 

Australian children in hospitals is lacking. 

Australian hospitals are mandated to implement AMS programs and provide access to 

appropriate national and/or local prescribing guidelines. However, hospitals are under 

no current obligation to provide appropriately targeted AMS for the children in their care. 

Prior to mid-2019, national antimicrobial guidelines contained little paediatric and no 

neonatal advice. Since 2013, the voluntary National Antimicrobial Prescribing Survey 

(NAPS) has provided national reports on prescribing. However, until now, paediatric-

specific data have not been reported. Compared with the literature on adult AMS, 

research on paediatric AMS is lacking, with few high-quality studies on interventions to 

improve care. This situation creates challenges for child healthcare providers and 

paediatric AMS program leaders, and more evidence is required to prioritise and improve 

care. 

The overall aims of this thesis are to improve the understanding of current antimicrobial 

use and stewardship for children in Australian hospitals and determine priorities to 

improve antimicrobial use now and in the future. This is achieved by analysing 

antimicrobial prescribing epidemiology and quality using national datasets, including 

national point prevalence survey and cohort study data. Chapter 1 reviews antimicrobial 

prescribing to children in hospitals, including in Australia. Chapter 2 presents the first 

analysis of paediatric antimicrobial prescribing to children in hospitals throughout 

Australia using NAPS data. Chapter 3 turns to high-risk groups, presenting the first 

nationwide analysis of prescribing for neonatal sepsis and fungal infections, again using 

NAPS data. Chapter 4 presents an analysis of antimicrobial prescribing in a 

contemporary cohort of immunocompromised children with fever and neutropenia, 

including prescribing quality and outcomes. Chapter 5 presents an interventional study 

evaluating the implementation of Australian guidelines on antibiotic duration and 

intravenous-to-oral switch. This is an example of the evidence translation and 

implementation approach needed for sustainable AMS improvement. Chapter 6 

concludes the thesis, discussing the implications of the research and the paediatric AMS 

horizon in Australia. 

The analyses reported here reveal unnecessary variations in care and systemic 

inequities, which have implications for policy and guidelines. Non-metropolitan and non-

tertiary hospitals in general provide lower-quality antimicrobial prescribing to children. 

This is likely to reflect decreased access to high-quality AMS resources, including 
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guidelines and personnel, suggesting the need for systemic improvements. Neonates in 

Australian hospitals receive highly structured care in terms of antimicrobial choice and 

indications, but variations in dosing are substantial and undesirable, reflecting the lack 

of use of national guidelines. Prescribing for febrile neutropenia is highly diverse and 

often includes empiric aminoglycosides, which this research reveals are associated with 

real harm, suggesting the need for national guidelines to optimise care. Finally, the 

standard management of infections in hospitals involves excessive intravenous therapy, 

which is associated with unnecessarily increased hospital length of stay. As 

demonstrated, this can be improved with a structured AMS program, which should be 

available wherever children are treated in hospital. 

The information generated by this thesis provides new evidence on current antimicrobial 

prescribing practice and priorities and demonstrates the importance of utilising routinely 

collected data for the surveillance and improvement of paediatric AMS. Since this body 

of research began, national guidelines and paediatric-specific resources are now being 

developed, establishing new benchmarks. Along with continuous surveillance, these 

must be implemented appropriately to improve care. The research collaborations and 

networks developed during the production of this thesis will be used to support future 

surveillance and implementation work, which is needed to address AMS priorities in 

Australia and support the research and development of paediatric AMS across the globe. 

  



 

iv 

Declaration 

This is to certify that: 

i the thesis comprises only my original work towards the Doctor of Philosophy except 

where indicated in the preface 

ii due acknowledgement has been made in the text to all other material used 

iii the thesis is fewer than 100,000 words in length, exclusive of tables, bibliographies 

and appendices. 

 

Brendan Joseph McMullan 



 

v 

Preface 

This thesis incorporates five original manuscripts published in international peer-

reviewed journals. All manuscripts arose from research conducted during my PhD 

tenure. The research presented in this thesis was made possible through local and 

international collaborations. Multiple co-authors contributed to the published 

manuscripts, and their contributions are outlined below. All co-authors provided consent 

for the publications to be included in the thesis, and a completed co-author authorisation 

form accompanies each manuscript. The Sir Peter MacCallum Department of Oncology 

advisory committee has endorsed the inclusion of the manuscripts in this thesis. 

Publications Arising from this Thesis 

1. McMullan BJ, Hall L, James R, Mostaghim M, Jones CA, Konecny P, Blyth CC, 

Thursky KA. Antibiotic appropriateness and guideline adherence in hospitalized 

children: results of a nationwide study. J Antimicrob Chemother. 

2020 Mar;75(3):738–46. doi:10.1093/jac/dkz474 

2. McMullan BJ, Cooper C, Spotswood N, James R, Jones C, Konecny P, Blyth C, 

Karen T. Antibiotic prescribing in neonatal sepsis: an Australian nationwide survey. 

BMJ Paediatr Open. 2020;4(1):e000643. doi:10.1136/bmjpo-2020-000643 

3. McMullan BJ, Haeusler GM, Hall L, Cooley L, Stewardson AJ, Blyth CC, Jones CA, 

Konecny P, Babl FE, Mechinaud F, Thursky K. Aminoglycoside use in paediatric 

febrile neutropenia—outcomes from a nationwide prospective cohort study. PLoS 

One. 2020 Sep 16;15(9):e0238787. doi:10.1371/journal.pone.0238787 

4. McMullan BJ, Mahony ML, Java L, Mostaghim M, Plaister M, Wu C, White SM, Al 

Yazidi L, Martin E, Bryant P, Thursky K, Buono E. Improving intravenous-to-oral 

antibiotic switch in children: a team-based audit and implementation approach. BMJ 

Open Qual. 2021;10(1):e001120. doi:10.1136/bmjoq-2020-001120  

5. McMullan BJ, Blyth CC, Jones CA, Thursky KA, Cooper C, Spotswood N, James R, 

Konecny P. Antifungal prescribing in neonates: using national point prevalence 

survey data from Australia. Med Mycol. 2021 Jun 25. doi: 10.1093/mmy/myab037.  

  
My contribution to each of these publications included study design and the review and 

critical appraisal of the literature. I was also responsible for interpreting and analysing 

the results, writing the manuscripts, making revisions following co-author feedback, 

submitting the manuscripts to peer-reviewed journals, responding to peer reviews and 

undertaking necessary revisions and reviews of the final proofs. The literature review 

presented in Chapter 1 was informed by a database search, with input from Dr Sanjay 

Patel, Professor Jason Newland and the British Society for Antimicrobial Chemotherapy. 

This is outlined fully in Appendix 1. 

The co-authors’ contributions to the publications included guidance on study design and 

critical reviews of the manuscripts prior to submission. For Publications 1, 2 and 5 listed 

above, Professor Karin Thursky and Dr Rodney James assisted with queries about the 

National Antimicrobial Prescribing Survey dataset. For Publication 3, Dr Gabrielle 



 

vi 

Haeusler assisted with queries about and facilitated access to de-identified data from the 

Predicting Infectious Complications in Children with Cancer dataset. Dr Andrew 

Stewardson and Associate Professor Lisa Hall assisted with statistical methods. For 

Publication 4, Associate Professor Penelope Bryant was senior author on the original 

review and guidelines, which were used as a basis for implementation in this publication. 

Ms Evette Buono provided assistance and guidance with the model for improvement 

methodology used in the project. 

Affiliated publications in peer-reviewed journals 

• Rischin KJ, Mostaghim M, Rao A, Smith B, O'Brien TA, Trubiano JA, Frith K, 

McMullan B. ESCAPE-Allergy: Evaluating screening for children and adolescents 

with penicillin allergy. J Paediatr Child Health. 2021 Jul 29. doi: 10.1111/jpc.15657. 

• Campbell AJ, Al Yazidi LS, Phuong LK, Leung C, Best EJ, Webb RH, Voss L, Athan 

E, Britton PN, Bryant PA, Butters CT, Carapetis JR, Ching NS, Coombs GW, Daley 

D, Francis J, Hung TY, Mowlaboccus S, Nourse C, Ojaimi S, Tai A, Vasilunas N, 

McMullan B, Blyth CC, Bowen AC. Pediatric Staphylococcus aureus bacteremia: 

clinical spectrum and predictors of poor outcome. Clin Infect Dis. 2021 Jun 5. doi: 

10.1093/cid/ciab510.  

• Haeusler GM, De Abreu Lourenco R, Bakos C, O’Brien T, Slavin MA, Clark JE, 

McMullan B, Borland ML, Babl FE, Krishnasamy M, Vanevski M, Thursky KA, Hall L. 

Managing low-risk febrile neutropenia in children in the time of COVID-19: what 

matters to parents and clinicians. J Paediatr Child Health. 2021 Feb 3. 

doi:10.1111/jpc.15330 Epub ahead of print. 

• Al Abdali K, McMullan B, Toofanian S, Manoharan N, Palasanthiran P. Kingella 

kingae sternal osteomyelitis presenting as chest lump in a child. J Paediatr Child 

Health. 2021 Jan 19. doi:10.1111/jpc.15335 Epub ahead of print. 

• Duguid RC, Al Reesi M, Bartlett AW, Palasanthiran P, McMullan BJ. Impact of 

infectious diseases consultation on management and outcome of Staphylococcus 

aureus bacteremia in children. J Pediatr Infect Dis Soc. 2020 Dec 23. 

doi:10.1093/jpids/piaa155 Epub ahead of print. 

• McMullan BJ, Campbell AJ, Blyth CC, Chase McNeil J, Montgomery CP, Tong SYC, 

Bowen AC. Clinical management of Staphylococcus aureus bacteremia in neonates, 

children, and adolescents. Pediatr. 2020 Sep;146(3):e20200134. 

doi:10.1542/peds.2020-0134 

• Mahony M, McMullan B, Brown J, Kennedy SE Multidrug-resistant organisms in 

urinary tract infections in children. Pediatr Nephrol. 2020 Sep;35(9):1563–73. 

doi:10.1007/s00467-019-04316-5 

• Mostaghim M, McMullan BJ, Rowles G. Penicillin: getting prescribing right for 

children. Aust Prescr. 2020 Jun 2;43(3):81–4. doi:10.18773/austprescr.2020.023 

• Williams PCM, Bartlett AW, Palasanthiran P, Armstrong B, McMullan BJ. Successful 

treatment of invasive carbapenemase-producing Enterobacteriaceae infections in 

children using carbapenem–aminoglycoside combination therapy: A case series. 

Infect Dis Health. 2020 Nov;25(4):314–8. doi:10.1016/j.idh.2020.06.002 



 

vii 

• Rizvi ZM, Palasanthiran P, Wu C, Mostaghim M, McMullan B. Adherence to surgical 

antibiotic prophylaxis guidelines in children: a cohort study. J Paediatr Child Health. 

2020 Jan;56(1):34–40. doi:10.1111/jpc.14484 

• Grimshaw A, Palasanthiran P, Huynh J, Marais B, Chen S, McMullan B. Cryptococcal 

infections in children: retrospective study and review from Australia. Future Microbiol. 

2020 Dec;14(18):1531–44. doi:10.2217/fmb-2019-0215 

• Gwee A, Cranswick N, McMullan B, Bolisetty S, Hunt RW, Curtis N, Duffull SB. 

Defining target vancomycin trough concentrations for treating Staphylococcus 

aureus infection in infants aged 0 to 90 days. JAMA Pediatr. 2019 Aug 1;173(8):791–

3. doi:10.1001/jamapediatrics.2019.1488 

• Dotel R, Tong SYC, Bowen A, Nelson JN, O’Sullivan MVN, Campbell AJ, McMullan 

BJ, Britton PN, Francis JR, Eisen DP, Robinson O, Manning L, Davis JS. 

CASSETTE—clindamycin adjunctive therapy for severe Staphylococcus aureus 

treatment evaluation: study protocol for a randomised controlled trial. Trials. 

2019 Dec;20(1):353. doi:10.1186/s13063-019-3452-y 

• Bartlett AW, Cann MP, Yeoh DK, Bernard A, Ryan AL, Blyth CC, Kotecha RS, 

McMullan BJ, Moore AS, Haeusler GM, Clark JE. Epidemiology of invasive fungal 

infections in immunocompromised children: an Australian national 10-year review. 

Pediatr Blood Cancer. 2019 Apr;66(4):e27564. doi:10.1002/pbc.27564 

• Mostaghim M, Snelling T, McMullan B, Ewe YH, Bajorek B. Impact of clinical decision 

support on empirical antibiotic prescribing for children with community-acquired 

pneumonia. J Paediatr Child Health. 2019 Mar;55(3):305–11. doi:10.1111/jpc.14191 

• Al Yazidi LS Badran SA, Sandaradura I, Swil K, McMullan B. Flucloxacillin 

therapeutic drug monitoring in a neonate on extracorporeal membrane oxygenation. 

J Paediatr Child Health. 2019 Feb;55(2):246–7. doi:10.1111/jpc.14333 

• Gwee A, Cranswick N, McMullan B, Perkins E, Bolisetty S, Gardiner K, Daley A, 

Ward M, Chiletti R, Donath S, Hunt R, Curtis N. Continuous versus intermittent 

vancomycin infusions in infants: a randomized controlled trial. Pediatr. 

2019 Feb;143(2):e20182179. doi:10.1542/peds.2018-2179 

• Al Yazidi LS Mitchell R, Palasanthiran P, O’Brien TA McMullan B. Management and 

prevention of cytomegalovirus infection in paediatric hematopoietic stem cell 

transplant (HSCT) recipients: a binational survey. Pediatr Transplant. 

2019 Aug;23(5):e13458. doi:10.1111/petr.13458 

• Al Yazidi LS Marais BJ Wickens M, Palasanthiran P, Isaacs D, Outhred A, McMullan 

B, Britton P. Overview of paediatric tuberculosis cases treated in the Sydney 

Children’s Hospitals Network, Australia. Public Health Res Pract. 

2019;29(2):e28231807. doi:10.17061/phrp28231807 

• Wang SS, Kotecha RS, Bernard A, Blyth CC, McMullan BJ, Cann MP, Yeoh DK, 

Bartlett AW, Ryan AL, Moore AS, Bryant PA, Clark J, Haeusler GM. Invasive fungal 

infections in children with acute lymphoblastic leukaemia: results from four Australian 

centres, 2003–2013. Pediatr Blood Cancer. 2019 Jul 16;66(10):e27915. 

doi:10.1002/pbc.27915 



 

viii 

• Bartlett AW, Hall BM, Palasanthiran P, McMullan B, Shand AW, Rawlinson WD. 

Recognition, treatment, and sequelae of congenital cytomegalovirus in Australia: An 

observational study. J Clin Virol. 2018 Nov;108:121–5. doi:10.1016/j.jcv.2018.09.017 

• Raman G, McMullan B, Taylor P, Mallitt K-A, Kennedy SE. Multiresistant E. coli urine 

infections in children: a case-control study. Arch Dis Child. 2018 Apr;103(4):336–40. 

doi:10.1136/archdischild-2017-312831 

• Al Yazidi LS, McMullan B, Kohan S, Palasanthiran P. Persistent gram-negative 

neurosurgical meningitis in a neonate, successfully treated with intraventricular 

colistin: case report and review of the literature. Pediatr Infect Dis J. 

2018 Mar;37(3):e79–81. doi:10.1097/inf.0000000000001743 

• Bryant P, Morgan N, Clifford V, McMullan B, Bowen A, ANZPID-ASAP Group. A 

whole of country analysis of antimicrobial stewardship resources, activities, and 

barriers for children in hospitals in Australia. Open Forum Infect Dis. 

2018 Nov 26;5(Suppl 2):S108–9. doi:10.1093/ofid/ofy210.268 

Additional affiliated publications 

• McMullan BH, Haeusler G, Thursky K, O’Brien T. Time for national approach to 

infections in children with cancer. InSight+. 2020 Oct 26.* 

• McMullan BJ, Rajkhowa A, Thursky K. Curbing inappropriate antimicrobial use in 

children. InSight+. 2019 Nov 25.* 

• McMullan B, Rajkhowa A, Thursky K. Antibiotic use for children in Australian 

hospitals: Recent evidence suggests improvement is needed. Croakey. 

2019 Nov 21.* 

*Reproduced in Appendix 2. 

Awards and research grants arising during this candidature 

• Funding for HOMEFREE project from the Curing Homesickness initiative: $275,000. 

Meetings attended to present research arising from this thesis 

• Australasian Society for Infectious Diseases Annual Scientific Meeting, Melbourne, 

Australia, 2021 

• National Centre for Antimicrobial Stewardship Webinar Series for World Antimicrobial 

Awareness Week, Melbourne, Australia, 2020 

• European Congress for Clinical Microbiology and Infectious Diseases, France, 2020 

(abstract accepted and published; meeting cancelled because of COVID-19) 

• European Congress for Clinical Microbiology and Infectious Diseases, The 

Netherlands, 2019 

• V-RESIST Symposium, Sydney, Australia, 2019 

• Sydney Infectious Diseases Trainees’ ‘Bug School’, Sydney, Australia, 2019 



 

ix 

• Australia New Zealand Paediatric Special Interest Group Meeting, Sydney, Australia, 

2018 

• Campbelltown Hospital Grand Rounds, Sydney, Australia, 2018 

• Sydney Children’s Hospital Course in Paediatrics, Sydney, Australia, 2018 

• Research also presented and discussed in National Centre for Infections in 

Cancer/Peter MacCallum PhD research meetings (2018–2020). 

Affiliated educational material developed by candidate 

• Resources for intravenous-to-oral antimicrobial switch in children (see Chapter 5). 

Additional communications, outreach and contributions to policy by 

candidate arising from work contributing to this thesis 

• Advocacy on committees at state and national levels, including the Australian 

Commission on Safety and Quality in Health Care Antimicrobial Stewardship 

Advisory Committee, the National Centre for Antimicrobial Stewardship and the New 

South Wales Clinical Excellence Commission’s Antimicrobial Stewardship Expert 

Advisory Group, to which I have been appointed partly in recognition of this research. 

• The research presented in Chapters 2 and 3 has been cited in the chapter on 

paediatrics in the recently published Antimicrobial Stewardship in Australian Health 

Care by the Australian Commission on Safety and Quality in Health Care (2020). 

• In 2020, I formed an international collaboration between Australia/New Zealand, 

Europe and North America to develop international best-practice recommendations 

for paediatric antimicrobial stewardship (see Chapter 6). 

  



 

x 

Acknowledgements 

I am deeply grateful to my supervisors Professor Karin (Kas) Thursky, Professor Cheryl 

Jones, Dr Pamela Konecny and Professor Chris Blyth, whose unfailing wise guidance 

and support made this thesis and PhD possible. My particular thanks to my primary 

supervisor, Kas, who inspired me to begin this PhD and continues to inspire with her 

brilliant work and dedication to improving the lives of countless others. Many, many 

thanks, Kas, for believing in me and supporting me through this. Thanks to my wonderful 

PhD mentor, Associate Professor Penelope Bryant, who helped set me on this research 

path in the beginning and whose counsel and friendship I treasure. Thanks to Dr 

Gabrielle Haeusler, who provided constant good advice and support, asking nothing in 

return. Thanks to my many project co-authors and collaborators, who demonstrated that 

working together, we can create much more than the sum of the parts. Thank you to my 

PhD committee, led by Dr Nick Clemons, who provided unfailing good advice and kept 

me on track. Thank you to other National Centre for Infections in Cancer and Peter 

MacCallum staff, especially Megan Crane and Caroline Owen, who helped make this 

PhD possible. I acknowledge that this thesis was proofread and edited by Elite Editing 

just prior to submission, and editorial intervention was restricted to Standards D and E 

of the Australian Standards for Editing Practice. Thank you to my work colleagues at 

Sydney Children’s Hospital, especially Associate Professor Pamela Palasanthiran and 

Dr Adam Bartlett, who have rearranged rosters to support this PhD and provide 

examples of supportive and mutually respectful collaboration. I am grateful to the 

University of Melbourne for the scholarship that supported this PhD and to the Peter 

MacCallum Cancer Centre for additional financial support. Finally, thanks to my partner, 

Murray-Luke, and my family for their patience, love and support, for which I will be forever 

grateful. 

  



 

xi 

Table of Contents 

Abstract .................................................................................................................. ii 

Declaration .............................................................................................................. iv 

Preface .....................................................................................................................v 

Acknowledgements .................................................................................................. x 

Table of Contents .................................................................................................... xi 

List of Tables ......................................................................................................... xiii 

List of Figures ......................................................................................................... xv 

List of Abbreviations .............................................................................................. xvi 

Chapter 1: Paediatric Antimicrobial Use and Stewardship: Introduction and Review of 

the Literature .........................................................................................................17 

1.1 The Burden of Infection and Antimicrobial Resistance ............................................... 17 
1.1.1 Antimicrobial Resistance ........................................................................................................... 18 
1.1.2 Antimicrobial Stewardship ........................................................................................................ 18 
1.1.3 Antimicrobial Stewardship in Paediatrics ................................................................................. 19 

1.2 Evidence for Antimicrobial Stewardship in Children ................................................... 19 
1.2.1 Intervention Studies .................................................................................................................. 20 
1.2.2 Systematic Reviews ................................................................................................................... 21 
1.2.3 International Collaborations ..................................................................................................... 23 

1.3 Antimicrobial Stewardship in Australian Hospitals..................................................... 23 
1.3.1 Australian Paediatric Prescribing .............................................................................................. 24 
1.3.2 Australasian Collaborations and Guidelines for Paediatric Antimicrobial Stewardship ........... 26 

1.4 Conclusions and Aims of This Thesis .......................................................................... 27 

Chapter 2: Understanding Antimicrobial Use and Appropriateness in Australian 

Children..................................................................................................................28 

2.1 Introduction ............................................................................................................. 28 

2.2 Published Manuscript ............................................................................................... 28 

2.3 Supplementary Material ........................................................................................... 38 

2.4 Research in Context .................................................................................................. 43 

Chapter 3: Understanding Antimicrobial Use in High-Risk Populations: Neonatal 

Sepsis and Fungal Infections ...................................................................................44 

3.1 Introduction ............................................................................................................. 44 

3.2 Published Manuscript: Neonatal Sepsis ..................................................................... 45 

3.3 Supplementary Material: Neonatal Sepsis ................................................................. 53 



 

xii 

3.4 Submitted Manuscript: Neonatal Antifungal Use ....................................................... 56 

3.5 Research in Context .................................................................................................. 63 

Chapter 4: Understanding Antimicrobial Use in High-Risk Populations: Febrile 

Neutropenia in Children with Cancer ......................................................................64 

4.1 Introduction ............................................................................................................. 64 

4.2 Published Manuscript ............................................................................................... 65 

4.3 Supplementary Material ........................................................................................... 78 

4.4 Research in Context .................................................................................................. 80 

Chapter 5: Understanding Antimicrobial Stewardship Interventions: Implementation 

of an IV–Oral Antibiotic Switch Program .................................................................81 

5.1 Introduction ............................................................................................................. 81 

5.2 Published Manuscript ............................................................................................... 81 

5.3 Research in Context .................................................................................................. 97 

Chapter 6: Conclusion and Future Directions ...........................................................98 

6.1 Overview of the Thesis ............................................................................................. 98 
6.1.1 Aims and Results ....................................................................................................................... 98 
6.1.2 Significance and Implications .................................................................................................... 98 
6.1.3 Research in Context .................................................................................................................. 99 
6.1.4 Research Limitations ............................................................................................................... 100 

6.2 Future Directions .................................................................................................... 100 
6.2.1 Expand Antimicrobial Surveillance for Children in Hospital ................................................... 100 
6.2.2 Improve Content and Quality of Paediatric Antimicrobial Guidelines ................................... 102 
6.2.3 Formulate Paediatric Antimicrobial Stewardship Best-Practice Recommendations ............. 102 
6.2.4 Implement and Assess Antimicrobial Stewardship Interventions .......................................... 103 
6.2.5 Concluding Statement ............................................................................................................. 104 

References ........................................................................................................... 105 

Appendix 1: Search Strategy for Literature Review ................................................ 112 

Appendix 2: Other Publications Associated with this Thesis ................................... 115 

  



 

xiii 

List of Tables 

Note: Tables from publications in Chapters 2–5 are displayed as exact electronic reprints 

of those publications. They are listed sequentially here with nomenclature ‘Table 

(chapter number).(table number)’ but are shown in the text as they appear in the 

respective publications. 

Table 1.1: Paediatric inpatient antimicrobial stewardship intervention studies ........... 20 

Table 1.2: Systematic reviews of paediatric inpatient antimicrobial stewardship ........ 22 

Table 2.1: Demographic results ...................................................................................... 34 

Table 2.2: Overall appropriateness and guideline adherence ....................................... 34 

Table 2.3: Appropriateness by antmicrobial class and five most frequent 

indications...................................................................................................... 35 

Table 2.4: Inappropriate prescribing by category .......................................................... 35 

Table 2.5: Risk factors for inappropriate prescribing ..................................................... 36 

Table 3.1: Demographic details ...................................................................................... 49 

Table 3.2: Antibiotics by frequency prescribed .............................................................. 50 

Table 3.3: Top 5 antibiotics by frequency prescribed and sepsis type .......................... 50 

Table 3.4: Neonates with microbiologically confirmed infection .................................. 51 

Table 3.5: Antifungal use in Australian neonates ........................................................... 63 

Table 4.1: Antibiotic recommendations for paediatric febrile neutropenia by site ...... 70 

Table 4.2: Demographic and clinical criteria for febrile neutropenia episodes by 

receipt of aminoglycosides ............................................................................ 72 

Table 4.3: Empiric antibiotics for febrile neutropenia in the first 12 hours ................... 72 

Table 4.4: Factors associated with composite unfavourable outcome using a 

multivariate Cox regression (n = 858 episodes) ............................................ 73 

Table 5.1: Indication for antibiotics (categorised according to hospital guideline) ....... 85 

Table 5.2: Outcome measures ........................................................................................ 89 

Supplementary Tables 

Table S2.1: Paediatric prescriptions by hospital peer group, 2014–2017...................... 39 

Table S2.2: Appropriateness by year for sites that entered data for all four survey 

years............................................................................................................... 40 

Table S2.3: Top 10 antimicrobials prescribed by facility type ........................................ 40 



 

xiv 

Table S2.4: Top 10 most frequently inappropriately prescribed antimicrobials ........... 41 

Table S2.5: Antimicrobial appropriateness by specialty ................................................ 42 

Table S2.6: Antimicrobial appropriateness by age category .......................................... 42 

Table S2.7: Antimicrobial prescriptions assessed as ‘not applicable’ for restriction 

by class ........................................................................................................... 43 

Table S3.1: Antibiotic appropriateness and compliance with guidelines ...................... 55 

Table S3.2: Dosing frequency for gentamicin and benzylpenicillin ................................ 56 

Table S4.1: Aminoglycoside receipt in those who met and who did not meet 

criteria for use in the 1st 12 hours by state .................................................. 79 

 

  



 

xv 

List of Figures 

Note: Figures from publications in Chapters 2–5 are displayed as exact electronic 

reprints of those publications. They are listed sequentially here with nomenclature 

‘Figure (chapter number).(figure number)’ but are shown in the text as they appear in the 

respective publications. 

Figure 1.1: Studies on paediatric antimicrobial stewardship interventions by year 

(1 Jan 2007–17 Oct 2019). ............................................................................. 21 

Figure 1.2: Thesis aims: understanding and improving antimicrobial use ..................... 28 

Figure 2.1: Definitions of appropriate prescribing for auditors ..................................... 33 

Figure 2.2: Percentage of prescriptions for children (< 18 years old) in NAPS 

surveys 2014–17 assessed as appropriate by Australian state or territory .. 33 

Figure 3.1: Duration of therapy (completed antibiotic days at audit date) ................... 50 

Figure 3.2: Individual dose ranges for gentamicin and benzylpenicillin ........................ 51 

Figure 5.1: Project driver diagram .................................................................................. 86 

Figure 5.2: SPC chart—median time to intravenous-to-oral antibiotic switch .............. 87 

Figure 5.3: Run chart—percentage of eligible patients switched to oral antibiotics ..... 87 

Supplemental Figures 

Figure S3.1: Definitions of appropriate prescribing ....................................................... 54 

Figure S3.2: Antibiotic duration by specialist and non-specialist hospital ..................... 55 

Figure S4.1: Outcome-free survival to 30 days by treatment group .............................. 80 

Figure S4.2: Balance plot before and after propensity matching .................................. 80 

Figure S5.1: Excerpt from hospital policy introduced at project commencement, 

available on hospital intranet ........................................................................ 92 

Figure S5.2: Lanyard card with IV–oral conversion inclusion criteria and prescribing 

advice ............................................................................................................. 93 

Figure S5.3: Poster for clinicians..................................................................................... 94 

Figure S5.4: Promotional poster ..................................................................................... 95 

Figure S5.5: Parent/carer factsheet with discussion checklist ....................................... 96 

Figure S5.6: Example tailored report for surgical team ................................................. 97 

 

  



 

xvi 

List of Abbreviations 

ACSQHC Australian Commission on Safety and Quality in Health Care 

AMR  Antimicrobial resistance 

AMS  Antimicrobial stewardship 

ANMF  Australasian Neonatal Medicines Formulary 

ANZPID  Australia and New Zealand Paediatric Infectious Diseases 

ASID  Australasian Society for Infectious Diseases 

AURA  Antimicrobial Use and Resistance in Australia 

ELBW  Extreme low body weight 

ICU  Intensive care unit 

IDSA  Infectious Diseases Society of America 

IV  Intravenous 

NAPS  National Antimicrobial Prescribing Survey 

NCAS  National Centre for Antimicrobial Stewardship 

NHMRC National Health and Medical Research Council 

NICU  Neonatal intensive care unit 

NSW  New South Wales 

PICNICC Predicting Infectious Complications in Children with Cancer 

SHARPS Sharing Antimicrobial Reports for Pediatric Stewardship 

WHO  World Health Organisation 

 



 

17 

Chapter 1: Paediatric Antimicrobial Use and Stewardship: 

Introduction and Review of the Literature 

When the first antibiotics were introduced in the 1940s, they were hailed as wonder 

drugs, the miracles of modern medicine. And rightly so. Widespread infections that killed 

many millions of people every year could now be cured. Major diseases, like syphilis, 

gonorrhoea, leprosy, and tuberculosis, lost much of their sting. The risk of death from 

something so common as strep throat or a child’s scratched knee virtually vanished. 

The powerful impact of these medicines sparked a revolution in the discovery of new 

drugs. The human condition took a dramatic turn for the better, with significant jumps in 

life expectancy. 

The message on this World Health Day is loud and clear. The world is on the brink of 

losing these miracle cures. 

—Statement by WHO Director-General, Dr Margaret Chan, World Health Day 2011(1) 

 

Antimicrobials, including antibiotics, are among the most commonly prescribed drugs in modern 

medicine. Ten years after this statement from World Health Organisation (WHO) Director-General 

Dr Margaret Chan, global challenges surrounding the use and misuse of these drugs in humans, 

animals and the environment remain. 

Like all medicines, antimicrobials have desirable therapeutic effects and potential undesirable 

side effects. However, unlike other medicines, antimicrobials affect not only those who consume 

them but also, via myriad organisms in the consumer’s own microbiome, the people around them 

and the environment. Antimicrobial resistance (AMR), which follows antimicrobial use, has been 

recognised as a global priority and is acknowledged by the WHO as among the top 10 threats to 

global health.(2) Efforts to stave off a ‘post-antibiotic era’ have never been more urgent nor more 

widely recognised. 

Antimicrobial stewardship (AMS) is described as ‘a collective set of strategies to improve the 

appropriateness and minimise the adverse effects of antibiotic use including resistance, toxicity 

and costs ... achieved by promoting the selection of the optimal antibiotic regimen, dose, duration 

and route of administration’.(3) Thus, AMS has additional aims and benefits beyond preventing 

AMR—indeed, it is essential for patient safety. 

1.1 The Burden of Infection and Antimicrobial Resistance 

Infection has always been a substantial contributor to morbidity and mortality in childhood.(4) 

Although there have been substantial improvements in child mortality in recent years,(5) sepsis 
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alone is estimated to cause 8 million deaths in the 30 million children with sepsis annually.(6) 

Sepsis is an important cause of neonatal mortality, estimated at 2.5 million deaths annually.(7) 

Antimicrobials have transformed modern life and are essential in hospital care, including in 

surgery, intensive care, cancer care, obstetrics and neonatology, as well as the treatment and 

prevention of infection in the community. However, much of the prescribing globally demonstrates 

overuse or misuse, increasing antimicrobial selection pressure and resistance.(8, 9) The global 

AMR crisis poses an existential threat not only to contemporary medical practice but to our current 

way of life, with the substantial existing mortality rates and costs expected to rise.(10) Compared 

with adults, children have even more to lose from inappropriate antimicrobial use. At the individual 

level, they have additional vulnerabilities attributable to their growth and development and a 

longer life expectancy during which complications of care may develop. As a group, they will 

inherit a world shaped by choices made by today’s adults. Conversely, the benefits arising from 

successful initiatives for children may, in some cases, exceed those for older individuals, and 

children and young people themselves may be engaged as agents of change.(11) These same 

children and young people are entitled to education that allows them to advocate for the avoidance 

of AMR and a better use of the antimicrobials that affect them and the world around them. 

1.1.1 Antimicrobial Resistance 

AMR may be defined as ‘resistance of a microorganism to an antimicrobial drug that was originally 

effective for treatment of infections caused by it’.(12) This phenomenon has been observed 

worldwide. The Antimicrobial Use and Resistance in Australia (AURA) Surveillance System is 

funded and coordinated by the Australian Commission on Safety and Quality in Health Care 

(ACSQHC). This body publishes annual reports, releasing its third report in 2019.(13) Although 

drug-resistant gram-negative organisms remain relatively uncommon in Australia compared with 

other parts of the globe, the ACSQHC report notes that these organisms are increasing. For 

example, multidrug-resistant carbapenemase-producing Enterobacteriaceae are now endemic on 

Australia’s eastern seaboard. In addition, Australia has a major problem with vancomycin-

resistant enterococci, with rates higher than those seen in any European country. There have 

been attempts to estimate the economic impacts of AMR, most notably by the British government, 

which has predicted a global cost of up to US$100 trillion and 10 million additional deaths by 

2050.(10) Australian researchers have designed a freely accessible online tool allowing users to 

model costs (including treatment and hospital bed costs) for specific drug-resistant infections.(14) 

This tool demonstrates that the economic harms are substantial, even for individual organisms. 

1.1.2 Antimicrobial Stewardship 

AMS is a comprehensive approach to dealing with the threat of AMR and optimising antimicrobial 

use. Although AMR has been known about since the early twentieth century, the term 

‘antimicrobial stewardship’ is more recent. Articles using this term began appearing in PubMed in 

1996 but have increased exponentially in recent years.(15) In 2007, the Infectious Diseases 

Society of America (IDSA) and the Society for Healthcare Epidemiology of America jointly 

published guidelines for the implementation of AMS programs.(16) The publication of these highly 
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influential guidelines (with almost 2,000 citations to date) marked the beginning of a new era for 

AMS. Following this publication, programs to improve antimicrobial therapy gained momentum 

worldwide. However, this did not take place uniformly. The development of AMS has taken place 

in resource-rich countries, mainly in hospitals rather than in primary care.(17) Moreover, of over 

7,400 citations identified by the search terms ‘(antimicrobial OR antibiotic) AND stewardship’ in 

PubMed at the time of writing, only a minority concern children specifically.(18) 

AMS strategies encompass activities ranging from individual practitioner-based and local 

programs to state, national and international regulations and accords. These strategies may 

involve 1) the active or passive surveillance of antimicrobial use within hospital and community 

settings; 2) persuasive, restrictive and structural interventions to improve prescribing practice(19); 

3) investments and incentives for new drug development and 4) research into innovative or 

enhanced use of existing drugs. Many studies in a range of settings have shown that AMS 

strategies improve prescribing and patient outcomes,(20, 21) and there is a great deal of literature 

examining guideline adherence and other process measures reflecting appropriate prescribing. 

While the research clearly demonstrates that AMS is necessary, more research on how to 

optimally implement AMS is needed. 

1.1.3 Antimicrobial Stewardship in Paediatrics 

The paediatric hospital setting represents a microcosm in which AMR and AMS research is both 

urgently needed and highly achievable. Hospitals treat millions of children with antimicrobials 

every year, but there are substantial and often unnecessary variations in treatment approaches 

and guideline usage. Currently, paediatric-specific surveillance data are limited. Moreover, there 

is little scope for comparison across settings and a lack of consensus on the most effective 

strategies for optimal prescribing. Evidence for how these strategies should be implemented is 

also lacking. 

1.2 Evidence for Antimicrobial Stewardship in Children 

This chapter reviews the literature on paediatric AMS, identifying studies published since 2007 on 

AMS policies and interventions for hospitalised children (< 18 years). The search methodology 

(see Appendix 1) led to the identification of 594 relevant articles after the exclusion of duplicates 

and case reports. Of these, 126 articles published since 2009 were relevant to paediatric AMS in 

hospitalised children. Of these, 51 described an intervention relating to paediatric AMS, and 37 

were review articles or commentaries, including five systematic reviews on paediatric AMS. A 

further 21 articles were based on various types of surveys, nine articles described surveillance 

studies, and the remaining eight articles provided guidelines. Of the 126 articles, 124 were 

published and two were conference abstracts only. The discussion below focuses on intervention 

studies and systematic reviews. The literature search was supplemented by articles identified in 

the publications listed in subsequent chapters and through my role as an AMS researcher, 

clinician and committee member. 
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1.2.1 Intervention Studies 

Fifty-one studies described AMS interventions (summarised in Table 1.1). Despite the diversity of 

interventions and assessed outcomes, these studies reported overall positive outcomes from 

paediatric AMS interventions, including the introduction of AMS programs. These positive 

outcomes were mostly in regard to reduced or more appropriate antimicrobial use. The frequency 

of publications increased during the period surveyed (see Figure 1.1). Despite this, paediatric 

studies constituted only a small fraction of the literature published on AMS in general, constituting 

0.7% of citations for AMS published since 1996. 

Table 1.1: Paediatric inpatient antimicrobial stewardship intervention studies 

Criteria reported* No. studies identified 

Effects of antimicrobial stewardship programs 28 

Antimicrobial consumption 28 

Antimicrobial policy introduction 14 

Appropriateness or guideline compliance 13 

Safety related to antimicrobials/program 7 

Antimicrobial program acceptance 6 

Antimicrobial costs 5 

Education/training programs 5 

Multi-resistant organisms 4 

Medication errors 3 

Electronic prescribing 2 

Utility of a diagnostic test 1 

Infectious disease consultations 1 

Antimicrobial stewardship program staffing 1 

Total 51 

* Criteria were not mutually exclusive. 
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Figure 1.1: Studies on paediatric antimicrobial stewardship interventions by year 

(1 Jan 2007–17 Oct 2019). 

1.2.2 Systematic Reviews 

Five systematic reviews (see Table 1.2) on paediatric AMS incorporating hospitalised children 

have been published since 2007.(22-26) These reviews are characterised by a range of methods, 

included studies and outcomes reported. There was also an increase in the frequency of 

published reviews over time. 

The first review, by Patel et al.,(22) was published in 2007 and included 28 studies, 21 (75%) of 

which reported positive outcomes. Targeted prescriber education was the most effective 

intervention in the outpatient setting, while ancillary laboratory tests (e.g. rapid diagnostic tests) 

were the most effective intervention in the inpatient setting. The authors found that the studies 

were frequently subject to bias and displayed considerable heterogeneity. This review 

incorporated paediatric AMS studies published prior to the 2007 IDSA guidelines.(16) 

The second review, by Smith et al.,(23) was published in 2015 and focused specifically on 

inpatient paediatric AMS. This review included nine studies reporting outcomes related to formal 

AMS programs and eight studies on specific AMS interventions. The authors concluded that 

studies demonstrated ‘reductions in antimicrobial utilization, cost, and prescribing errors with no 

apparent negative impact on patient safety’ but noted that the existing evidence base remained 

limited. 

The third review, by Araujo da Silva et al.,(24) was published in 2018 and included nine studies 

on AMS programs for children. All studies reported a reduction in antibiotic use. A prospective 

audit of antibiotic use was the most common core component of programs (in eight of the nine 

studies), but the authors comment on the lack of evidence for the effect of AMS programs in 

paediatric intensive care units. 
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The fourth systematic review, by Godbout et al.,(25) also published in 2018, reported on paediatric 

AMS in the United States inpatient setting. The review included 17 studies and noted the frequent 

use of interrupted time series analysis and the lack of control groups or randomised controlled 

trial data. The authors report that inpatient paediatric AMS programs appear to ‘reduce 

antimicrobial utilization and costs without short-term adverse patient outcomes’ but also note the 

lack of data for neonatal intensive care and haematology/oncology populations. 

The final review, by Grammatico-Guillon et al.,(26) was published in 2019 and identified 21 

studies, with publications increasing over time. The authors report that the (mostly inpatient) 

paediatric AMS programs achieved reductions in antimicrobial consumption, but most studies 

used descriptive analyses in retrospective before/after studies, lacked control groups and rarely 

examined the effect of AMS programs on AMR. 

Table 1.2: Systematic reviews of paediatric inpatient antimicrobial stewardship 

First author, year No. studies  Major conclusions 

Patel, 2007 (22) 28 The majority of studies reported positive outcomes 

Considerable risk of bias and heterogeneity between included studies 

Smith, 2015 (23) 17 The use of antimicrobial stewardship programs and interventions reduced 
prescribing costs, antimicrobial utilisation and errors 

Araujo da Silva, 
2018 (24) 

9 Studies reported a reduction in antibiotic use 

Prospective audits of antimicrobial use were the most common core 
component of antimicrobial stewardship programs 

Intensive care unit impact data were lacking 

Godbout, 2018 (25) 17 Inpatient antimicrobial stewardship programs reduced antimicrobial 

utilisation without short-term safety concerns 

Interrupted time series analysis was common; control group data and 
randomised trials were lacking 

Data on neonatal intensive care and haematology/oncology populations 
were lacking 

Grammatico-
Guillon, 2019 (26) 

21 Paediatric antimicrobial stewardship programs (mostly inpatient) reduced 
antimicrobial consumption 

Most studies used descriptive analyses in retrospective before/after 
studies, lacked control groups and rarely examined the effect of programs 

on antimicrobial resistance 

 

Systematic reviews of paediatric AMS, much like the studies they review, are limited and include 

heterogenous studies with a significant risk of bias. Nevertheless, the review findings show that 

paediatric AMS programs, which have mostly been implemented in inpatient settings, are 

beneficial, mostly in reducing excessive antimicrobial use. Randomised controlled trial data to 

support specific interventions are lacking, as are data on important subpopulations. Given the 

nature of the topic, this problem is not easily solved, particularly using single-site studies. Large 

collaborations are required to provide resources and source materials to study the effect of AMS 

interventions on paediatric patients. 



 

23 

1.2.3 International Collaborations 

Similar to the published research, the majority of large research collaborations and AMS 

advocates are embedded in adult medicine–focused organisations in high-income countries (e.g. 

the Centers for Disease Control and IDSA in North America and the European Society of Clinical 

Microbiology and Infectious Diseases in Europe). However, some progress has been made in 

bringing together paediatric AMS researchers and clinicians. 

A notable collaboration publishing on paediatric AMS is the Sharing Antimicrobial Reports for 

Pediatric Stewardship (SHARPS) collaborative in the United States.(27) This group of 36 

hospitals has developed data reports and benchmarking resources, many of which have now 

been published.(28-30) In Europe, the United Kingdom Paediatric Antimicrobial Stewardship (uk-

pas.co.uk/) network brings together professionals, guidelines and resources under the aegis of 

the British Society for Antimicrobial Chemotherapy. The European and Global Antimicrobial 

Resistance, Prescribing, and Efficacy in Neonates and Children collaborative projects have 

analysed paediatric and neonatal antimicrobial prescribing in Europe and distributed surveys 

globally, with publications to date mainly focused on antimicrobial consumption.(31-39) The World 

Society for Pediatric Infectious Diseases has also committed to combating AMR and supporting 

education in AMS(40) but, at the time of writing, had not yet published supporting resources. 

Despite this evidence of progress, large-scale global paediatric AMS collaborations are lacking, 

and those that exist are mostly informal. Given the urgency to improve AMS for children, this is a 

problem that needs to be addressed. The Australian setting has particular gaps and opportunities, 

which are discussed in the following section along with details of Australasian paediatric AMS 

collaborations. 

1.3 Antimicrobial Stewardship in Australian Hospitals 

Over the past 3 decades, particularly since 2007, AMS has gained increasing interest and 

recognition worldwide, and Australia has participated in this phenomenon. Over the past 10 years, 

AMS in Australia has received increasing attention and government support. A key development 

took place in 2012, when all hospitals were mandated to have an accredited AMS program in 

place. National standards and detailed recommendations for accreditors are provided by 

ACSQHC.(41) Prior to this, AMS programs in hospitals varied substantially, often supported by 

local infectious disease practitioners and clinical microbiologists. However, since the introduction 

of the abovementioned standards, hospitals have been required to have ‘an antimicrobial 

formulary, which includes restriction rules and approval processes’.(42, 43) Australian hospitals 

must also provide prescribers with access to appropriate national guidelines for antimicrobial 

prescribing, specifically the Therapeutic Guidelines: Antibiotic.(44) These national guidelines are 

published independently from government and provide treatment recommendations for a 

comprehensive range of infections. However, until mid-2019, there were few paediatric-specific 

recommendations in these guidelines and no recommendations for infections in neonates. 
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Since 2015, Australia has had a national AMR strategy,(45) which is now in its second version. 

Australia’s National Antimicrobial Resistance Strategy: 2020 and Beyond presents a ‘20 year 

vision and seeks to further embed the One Health approach through a coordinated and sustained 

cross-sectoral response to antimicrobial resistance’.(46) This strategy has supported the 

development of the AURA Surveillance System, which incorporates surveillance from the 

Australian Group on Antimicrobial Resistance, the National Antimicrobial Prescribing Survey 

(NAPS), the National Antimicrobial Utilisation Surveillance Program and Australia Passive 

Antimicrobial Resistance Surveillance provided by Queensland Health’s OrgTRx system.(47) The 

National Antimicrobial Utilisation Surveillance Program provides benchmarking for antimicrobial 

consumption in adult hospitals, including prescribing in critical care, but uses the WHO defined 

daily doses as its prescribing metric.(48) This metric is inappropriate for children, for whom doses 

vary markedly by weight and age; thus, children are excluded from this program. The Australian 

Group on Antimicrobial Resistance and OrgTRx systems largely concern AMR surveillance and 

are not discussed further here. 

Originally developed by the National Centre for Antimicrobial Stewardship (NCAS) and launched 

in 2013, NAPS is an online survey undertaken voluntarily by participating hospitals to facilitate 

the continual auditing of antimicrobial use in all age groups, including neonates and children, most 

prominently by means of annual point prevalence surveys.(49) Hospitals of all types (public, 

private, metropolitan, rural and remote) in every Australian state and territory participate in the 

survey. Aggregated data, including areas for improvement, are published in annual reports,(50, 

51), but the vast majority of the prescriptions in these reports are for adults rather than children. 

This situation represents an important untapped opportunity for the surveillance, analysis and 

reporting of paediatric antimicrobial use. 

The ACSQHC, which publishes the standards and recommendations noted above, is a 

Commonwealth body established in 2006 by the Council of Australian Governments to lead and 

coordinate national improvements in the safety and quality of health care.(52) ACSQHC also 

convenes an AMS advisory committee and has published the handbook Antimicrobial 

Stewardship in Australian Healthcare.(21) Only recently, in late 2020, has the handbook included 

a paediatric chapter (Chapter 14), which refers to the research contributing to this thesis and is 

discussed in the concluding chapter of this thesis.(53) 

Other relevant organisations contributing to the general AMS landscape in Australia include the 

NCAS, established in 2015 as a Centre of Research Excellence funded by the National Health 

and Medical Research Council (NHMRC) of Australia. The NCAS contributes substantially to 

research and surveillance of AMS in Australia and coordinates the NAPS program. Additional 

state, district and hospital AMS committees also provide jurisdictional guidance and governance 

to clinicians. 

1.3.1 Australian Paediatric Prescribing 

Children, particularly infants and young children, are among the most highly antibiotic-exposed 

groups in Australia. According to the Third Australian Atlas of Healthcare Variation, children aged 

under 5 years receive, on average, one course of antibiotics per year.(54) In 2016–2017, in 
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children aged 0–9 years, there was a 16.5-fold variation in prescribing by area, with higher rates 

of prescribing in metropolitan and regional areas with lower socioeconomic status. The number 

of antimicrobials prescribed to Australian children was substantially higher than that of 

comparable Organisation for Economic Co-operation and Development countries such as the 

Netherlands and Canada in 2019.(55) The Third Australian Atlas of Healthcare Variation series 

use Pharmaceutical Benefits Scheme data for children, thus reflect prescribing in primary care 

rather than in hospitals, and do not determine the appropriateness of individual prescriptions. 

Although there is a clear need for a better understanding and targeted improvements in 

prescribing in primary care, it is not the focus of this thesis. 

There are substantial gaps in the knowledge on paediatric antimicrobial use and appropriateness 

in hospitalised children. These children generally have the most severe infections and are 

prescribed the largest range of and most complex antimicrobial therapies. Hospitals are 

recognised as important drivers of AMR but are also potentially able to readily access human and 

other resources for optimal prescribing and quality improvement.(17) 

Current sources of information on the type and quality of prescribing for hospitalised children in 

Australia are limited. A special interest group of the Australasian Society for Infectious Diseases 

(ASID) known as the Australia and New Zealand Paediatric Infectious Diseases (ANZPID) group 

has published data on prescribing in tertiary children’s hospitals, mainly using a point prevalence 

methodology. This includes an analysis of prescribing in eight Australian children’s hospitals in 

2012 by Osowicki et al.(56) In this analysis, almost half of the children admitted to hospital 

received at least one antimicrobial, mainly antibacterials, and prescriptions were inappropriate in 

one-third of children receiving antimicrobials as surgical prophylaxis. This study was a milestone 

in paediatric antimicrobial surveillance, with participation from all tertiary paediatric hospitals using 

a standardised methodology. It identified paediatric-specific antimicrobial prescribing patterns and 

priorities for improvement but did not report on prescribing for hospitalised children outside of 

tertiary facilities. Moreover, despite the need for the ongoing evaluation of prescribing practice, 

the study was not repeated. 

Antimicrobial use in children is unevenly distributed, even among children within hospitals. Rather, 

there are subpopulations of children in hospitals with particular infection-related vulnerabilities, 

driving different patterns of antimicrobial use. This includes neonates and immunocompromised 

children, particularly children treated for malignancies. 

Newborns (neonates) are at increased risk of infection compared with older children and adults, 

and the risk is higher for younger and premature neonates.(57) Empiric prescribing for neonatal 

sepsis is an area of particular need given the substantial rates of antimicrobial use for this 

indication, the limited sensitivity and specificity of currently available diagnostic tools and the low 

proportion of confirmed infections in neonates treated with antimicrobials.(58) Once again, the 

ANZPID group provided important information on neonatal antimicrobial prescribing using point 

prevalence survey data from 2012; however, these data were obtained from only six neonatal 

units, and the analysis has not been repeated.(59) 
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Immunocompromised children are at risk of opportunistic infections. Globally, this group includes 

children with advanced human immunodeficiency virus infections, primary immunodeficiencies 

(although these are rare in Australia)(60) and medically induced immunosuppression. Among this 

group, children being treated for malignancies represent an important population: fever may 

indicate a life-threatening infection, and antimicrobial therapy for fever in children with 

chemotherapy-induced neutropenia is routine. Practice varies substantially, and only a minority 

of patients have confirmed bacterial infection.(61) Prior to 2020, there was no published large-

scale analysis of the type, quality and outcomes of antimicrobial prescribing for febrile neutropenia 

in Australian children. 

1.3.2 Australasian Collaborations and Guidelines for Paediatric Antimicrobial Stewardship 

ASID is the peak specialist body for infectious diseases and microbiology in Australia and New 

Zealand and includes an active paediatric special interest group, ANZPID.(62) ANZPID’s 

Australasian Stewardship of Antimicrobials in Paediatrics group is an informal collaboration that 

aims to promote AMS for children in Australia and New Zealand. The group is active in paediatric 

AMS research and quality improvement, with several publications to date, including surveillance 

studies and guidelines for antimicrobial duration and intravenous (IV)-to-oral switch.(56, 59, 63-

65) The latter guidelines have been highly cited and have influenced the development of 

international guidelines,(66) but their implementation in an Australian setting has not been 

studied. 

As noted above, hospitals are required to provide AMS resources to maintain their accreditation. 

Resources for paediatric-specific AMS are limited and are concentrated in tertiary paediatric and 

metropolitan hospitals. A survey of 14 hospitals in June 2013 showed that only half had a 

paediatric representative on the AMS team and most reported a lack of resources for AMS 

education and staffing. This was despite the fact that seven of these were dedicated children’s 

hospitals, and the remainder were large hospitals that included substantial paediatric bed 

numbers.(67) The same group conducted a subsequent survey in 2017, which included 106 

hospitals of all sizes containing at least some paediatric inpatient beds (ranging from three to 360) 

throughout Australia. Of these, 90% of hospitals reported having an established AMS program, 

but only 35% of metropolitan hospitals and 9% of regional/rural hospitals had any paediatric AMS 

representation.(68) Less than half had locally endorsed empiric antibiotic guidelines and reported 

a lack of personnel and educational resources to support paediatric AMS. 

Most hospitals lack paediatric-specific antimicrobial prescribing guidelines. Paediatric-specific 

advice for antimicrobial prescribing was limited in national guidelines prior to mid-2019.(44) 

Guidelines from tertiary children’s hospitals may be accessed outside of these facilities if freely 

available via the internet or negotiated individual arrangement. As noted above, this has been 

poorly reported and is not standardised. 

The Australasian Neonatal Medicines Formulary (ANMF) is a recent neonatologist-led 

collaboration, whose website was launched in 2019.(69) Endorsed by the New South Wales 

(NSW) Ministry of Health and the Australian and New Zealand Neonatal Network, ANMF provides 

free evidence-based guidelines for neonatal medication use, including most antimicrobials. ANMF 
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guidelines are used throughout NSW and increasingly in neonatal units across Australia.(69) 

However, the type and appropriateness of neonatal prescribing prior to and since the launch of 

these guidelines remain unknown. 

1.4 Conclusions and Aims of This Thesis 

Paediatric AMS in Australia remains insufficiently resourced and inadequately studied. Through 

this research, I aim to improve the knowledge relating to current antimicrobial use and 

stewardship in children in Australian hospitals and determine priorities for understanding and 

improving antimicrobial use in future (see Figure 1.2). This thesis embodies several studies, which 

are presented in Chapters 2–5. Because these have been published or accepted for publication, 

the methodology of each is described in the respective chapters rather than in a dedicated 

methodology chapter. 

This chapter reviewed the existing evidence on and described the context of current antimicrobial 

prescribing for children in hospitals, particularly in Australia. Chapter 2 discusses the first 

Australian nationwide analysis of paediatric prescribing using NAPS data. Chapter 3 turns to high-

risk groups, describing the first nationwide analysis of prescribing for neonatal sepsis and fungal 

infections, again using NAPS data. Chapter 4 presents an analysis of antimicrobial prescribing in 

a contemporary cohort of immunocompromised children with fever and neutropenia, including 

prescribing quality and outcomes. Moving from understanding to improving antimicrobial use, 

Chapter 5 presents an interventional study in which the implementation of Australian guidelines 

on antibiotic duration and IV-to-oral switch is evaluated.(63) This is an example of the evidence 

translation and implementation approach needed for sustainable AMS improvement. Chapter 6 

concludes the thesis with a discussion of the paediatric AMS horizon in Australia, opportunities 

for further research and policies to improve AMS for children. 

 

Figure 1.2: Thesis aims: understanding and improving antimicrobial use  
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Chapter 2: Understanding Antimicrobial Use and Appropriateness 

in Australian Children 

2.1 Introduction 

Antibiotics and other antimicrobial agents are critical for preserving health. By global standards, 

Australia’s healthcare system is well resourced and comprehensive. It may be assumed that 

patterns of antimicrobial use in the Australian community (including children), which has 

implications for clinicians, researchers, funders, policymakers and the public, are well known. 

Unfortunately, however, this is not the case. Substantial gaps in the knowledge of paediatric 

antimicrobial use and appropriateness exist, including for hospitalised children. This information 

is not routinely analysed at state or national levels in Australia (or indeed globally). Antimicrobial 

usage data are, however, routinely collected by Australian hospitals, at least to some extent. 

Hospitals that participate in the NAPS program, described in Chapter 1, routinely collect a rich 

dataset of the type and quality of prescribing, but until now this has not been analysed for 

paediatric patients. Understanding existing antimicrobial use is essential to assess the quality of 

prescribing, identify problems and inequalities and determine priorities for quality improvement 

and AMS programs. 

The objectives of the study presented in this chapter were to analyse contemporary antimicrobial 

prescribing and its quality in hospitalised Australian children using national data obtained from 

hospitals of all types, now made available by the NAPS dataset. 

2.2 Published Manuscript 

The manuscript provided below presents the methodology, results and discussion of a nationwide 

study of antimicrobial prescribing in hospitalised children, which was published in the Journal of 

Antimicrobial Chemotherapy (2020), volume 75, issue 3, pages 738‒746 

(https://doi.org/10.1093/jac/dkz474). The following is an exact electronic reprint of the manuscript. 

  



 

29 

 



 

30 



 

31 



 

32 



 

33 



 

34 



 

35 



 

36 



 

37 

 

  



 

38 

2.3 Supplementary Material 

The published manuscript contains supplementary material published as an online supplement. 

The following is the supplementary data as published and available online 

(https://doi.org/10.1093/jac/dkz474). 

Table S2.1: Paediatric prescriptions by hospital peer group, 2014–2017* 

Peer Group Number Percentage 

Specialist children’s hospitals 2,706 43.7 

Public acute group A 865 14 

Principal referral hospital 792 12.8 

Public acute group C 425 6.9 

Specialist women’s and children’s hospitals 401 6.5 

Specialist women’s hospitals 353 5.7 

Public acute group B 223 3.6 

Private acute group C hospitals 120 1.9 

Private acute group B hospitals 100 1.6 

Private acute group A hospitals 63 1 

Public acute group D 45 0.7 

Private acute group D hospitals  45 0.7 

Psychiatric hospitals  22 0.4 

Unpeered hospitals 17 0.3 

Other acute specialised hospitals  9 0.2 

Mixed subacute and non-acute hospitals  3 0.1 

Private rehabilitation hospitals 5 0.1 

Mixed day procedure hospitals 3 0.1 

Very small hospitals 1 0.02 

Total 6,198** 100 

* Australian Institute of Health and Welfare 2015. Australian Hospital Peer Groups. Health services Series No. 66. 

Cat. No. HSE 170. Canberra (ACT): AIHW. https://www.aihw.gov.au/reports/hospitals/australian-hospital-peer-

groups/summary. (This document explains the current classification of these groups, which are defined by the type 

and nature of hospital services provided). 

**Data missing for 21 entries. 
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Table S2.2: Appropriateness by year for sites that entered data for all four survey years*

NAPS year 2014 2015 2016 2017 Total 

Inappropriate** 139 215 200 147 701 

% inappropriate 17.8 19.4 21.8 14.7 18.4 

Appropriate 640 891 719 855 3,105 

% appropriate 82.2 80.6 78.2 85.3 81.6 

Total 779 1,106 919 1,002 3,806 

*n = 35 facilities; NAPS: National Antimicrobial Prescribing Survey. 

**Chi-squared for trend p = 0.13. 

Table S2.3: Top 10 antimicrobials prescribed by facility type 

All facilities Tertiary Non-tertiary 

Antimicrobial % Antimicrobial % Antimicrobial % 

Cefazolin 7.2 
Trimethoprim-
sulfamethoxazole 

8.7 Benzylpenicillin 10.0 

Benzylpenicillin 7.1 Piperacillin-tazobactam 8.1 Cefazolin 9.4 

Nystatin 7.1 Nystatin 6.9 Gentamicin 8.3 

Gentamicin 6.7 Gentamicin 5.2 Ceftriaxone 7.5 

Flucloxacillin 6.1 Cefazolin 5.0 Flucloxacillin 7.3 

Trimethoprim-
sulfamethoxazole 

5.5 Meropenem 4.8 Nystatin 7.3 

Piperacillin-tazobactam 5.4 Cefotaxime 4.8 Amoxicillin 6.3 

Ceftriaxone 5.1 Flucloxacillin 4.8 Metronidazole 5.0 

Cefotaxime 4.4 Benzylpenicillin 4.3 Cefotaxime 4.1 

Amoxicillin 4.0 Vancomycin 4.0 Ampicillin 3.4 

All facilities: n = 253, prescriptions = 6,219; Tertiary facilities: n = 6, prescriptions = 3,107; Non-tertiary facilities: 

n = 247, prescriptions = 3,112. 
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Table S2.4: Top 10 most frequently inappropriately prescribed antimicrobials  

Antimicrobial Frequency Percentage 

Cefazolin 159 13.0 

Amoxicillin 107 8.8 

Ceftriaxone 83 6.8 

Cefalexin 82 6.7 

Amoxicillin-clavulanic acid 73 6.0 

Meropenem 69 5.7 

Metronidazole 68 5.6 

Piperacillin-tazobactam 62 5.1 

Gentamicin 59 4.8 

Flucloxacillin 52 4.3 
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Table S2.5: Antimicrobial appropriateness by specialty*

Specialty Inappropriate Appropriate Total % appropriate 

Neonatology 44 859 903 95.1 

Obstetrics 3 39 42 92.9 

Oncology medical 7 89 96 92.7 

Intensive care unit 6 57 63 90.5 

Oncology general 37 307 344 89.2 

Cardiothoracic 4 26 30 86.7 

Cardiology 5 32 37 86.5 

Respiratory general 54 333 387 86.0 

Nephrology 8 49 57 86.0 

Neurology 7 38 45 84.4 

Emergency 9 40 49 81.6 

Gastroenterology 15 63 78 80.8 

General medicine 107 439 546 80.4 

Haematology 43 165 208 79.3 

Paediatrics 341 1,284 1,625 79.0 

Neurosurgery 19 70 89 78.7 

Psychiatry 7 24 31 77.4 

Orthopaedic surgery general 60 180 240 75.0 

Transplant-bone marrow 37 107 144 74.3 

Acute medical unit 22 59 81 72.8 

Plastic surgery 28 56 84 66.7 

General surgery 126 249 375 66.4 

ENT 163 92 255 36.1 

Total* 1152 4657 5809 80.2 

*Including only specialties for whom total prescriptions n ≥ 30. 

Table S2.6: Antimicrobial appropriateness by age category 

Age category % appropriate Total* 

Neonates (< 28 d) 95.0 752 

Infants (28 d < 12 m) 84.4 1,085 

Toddlers (12 m < 3 y) 76.8 833 

Children (3 y < 12 y) 74.6 1,825 

Adolescents (> 12 y) 76.8 1,534 

Total 79.8 6,029 

*Number for whom an assessment of appropriateness was available. 
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Table S2.7: Antimicrobial prescriptions assessed as ‘not applicable’ for restriction by class 

Antimicrobial class Number 

Aminoglycoside 398 

Antifungal 532 

Antiretroviral 1 

Antiviral 67 

Carbapenem 19 

Cephalosporin 725 

Fluoroquinolone 57 

Glycopeptide 85 

Lincosamide 49 

Macrolide 140 

Nitroimidazole 179 

Other 99 

Penicillin 1,208 

Tetracycline 15 

Trimethoprim or cotrimoxazole 255 

Total 3,829* 

*Information available for 5,094 prescriptions. 
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2.4 Research in Context 

The study provided a comprehensive analysis of antimicrobial prescribing in hospitalised 

Australian children, identifying targets for improvement by drug and prescription type (e.g. surgical 

antimicrobial prophylaxis) and speciality (e.g. ear, nose and throat) as well as showing substantial 

rural/metropolitan and tertiary/non-tertiary disparities in appropriateness of prescribing. Taken 

together, these findings suggest that a systematic approach is needed to improve prescribing in 

resource-constrained settings. Different prescribing specialty groups also need to be included in 

further research and quality improvement efforts to optimise prescribing in future. This issue was 

further communicated in an open-access communication written for Medical Journal of Australia 

InSight+,(70) which cited this research. 

The dataset included in this study precedes some important recent and national changes in 

resource availability for paediatric AMS. These include the 2019 edition of Therapeutic 

Guidelines: Antibiotic,(44) which is available to all Australian hospitals and, since mid-2019, has 

included more substantial advice for infections in children and neonates. Additionally, the 

ACSQHC, which provides a handbook for AMS in all Australian hospitals(21) and whose national 

standards must be met for hospital accreditation, published a paediatric AMS chapter for the first 

time in late 2020.(53) This research has been cited in that chapter and may also serve as a 

baseline for further study into the effects of these resources. 

A limitation of this analysis of paediatric antimicrobial prescribing is that, in isolation, it does not 

provide sufficient information on special and high-risk groups, whose prescribing needs, infection 

risks and outcomes differ from the paediatric population as a whole. Two key populations for 

whom this is true are neonates and immunocompromised children, both of whom merit targeted 

analyses. These are presented in the following two chapters. 
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Chapter 3: Understanding Antimicrobial Use in High-Risk 

Populations: Neonatal Sepsis and Fungal Infections 

3.1 Introduction 

It is commonly said (at least by paediatricians) that ‘children are not little adults’. Less often 

considered by those working outside the field is that newborns are not merely ‘little children’. The 

perinatal and newborn period is characterised by the most intense physiological and 

environmental changes experienced during human life, compressed into a brief time span. The 

epidemiology of infectious disease in this group differs markedly from that in older children, and 

infection is an important cause of neonatal death.(71) Consequently, antimicrobial prescribing is 

also substantially different. 

Antimicrobial prescribing in the neonatal period may have particular importance throughout an 

individual’s life span. In many parts of the world, access to effective agents is limited or non-

existent, a situation made worse by rising rates of drug-resistant infections, resulting in avoidable 

mortality and morbidity.(72) Conversely, most neonates treated empirically for infections, 

particularly suspected sepsis, do not have confirmed infection. Overuse is also associated with 

potentially preventable harm.(73) The unintended consequences of antimicrobial use in neonates 

include short-term adverse effects such as the increased risk of candidiasis, especially following 

prolonged or broad-spectrum antimicrobial use,(74) as well as the risk of extravasation injuries 

and delayed breastfeeding.(75) The effects of antimicrobials on the infant microbiome, even with 

short treatment courses,(76) have been associated with increased risk of atopy(77) and metabolic 

disease.(78) 

In the previous chapter, I noted that neonates were among the groups reported in national surveys 

to have more appropriate antimicrobial prescribing overall.(79) However, in that analysis, the 

assessment of appropriateness relied largely on compliance with local rather than national 

guidelines, and we did not examine details of neonatal prescribing as a separate group. In this 

chapter, I review two key indications for neonatal antimicrobial prescribing: neonatal sepsis and 

neonatal fungal infection. As I will demonstrate, prescribing for neonatal sepsis is largely an 

empiric combination antibacterial use for suspected but unconfirmed infection, while antifungal 

prescribing is dominated by prophylaxis. For both of these indications, despite high rates of 

reported ‘appropriate’ prescribing based on local guidelines, variations were substantial, 

particularly with respect to dosing. This represents potentially avoidable and undesirable 

variations in care. I will discuss efforts to improve antimicrobial surveillance in Australian neonates 

and reduce variations in care, making use of the recently available evidence-based consensus 

guidelines described below.(69) 
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3.2 Published Manuscript: Neonatal Sepsis 

The manuscript provided below presents the methodology, results and discussion of a national 

review of antimicrobial prescribing for neonatal sepsis, which was published in BMJ Paediatrics 

Open (2020), volume 4, issue 1, e000643 (https://doi.org/10.1136/bmjpo-2020-000643). The 

following is an exact electronic reprint of the manuscript. 
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McMullan B, et al. BMJ Paediatrics Open 2020; :e000643. doi:10.1136/bmjpo-2020-000643

Open access

Table 2 Antibiotics by frequency prescribed

Antibiotics Prescriptions* Percentage Cumulative percentage

Gentamicin 179 43.1 43.1

Benzylpenicillin (penicillin G) 144 34.7 77.8

Cefotaxime 26 6.3 84.1

Ampicillin 18 4.3 88.4

Flucloxacillin 13 3.1 91.6

Vancomycin 13 3.1 94.7

Amoxicillin (amoxycillin) 9 2.2 96.9

Meropenem 6 1.45 98.3

Benzathine penicillin 4 0.96 99.3

Amphotericin B liposomal 1 0.24 99.5

Azithromycin 1 0.24 99.8

Ceftriaxone 1 0.24 100

*Total=415 prescriptions in 214 neonates.

Table 3 Top 5 antibiotics by frequency prescribed and 
sepsis type

Antibiotic: all

Prescriptions

Total=415, n (%)

Cumulative 

percentage

Gentamicin 179 (43.1) 43.1

Benzylpenicillin 
(penicillin G)

144 (34.7) 77.8

Cefotaxime 26 (6.3) 84.1

Ampicillin 18 (4.3) 88.4

Flucloxacillin 13 (3.1) 91.6

Antibiotic: EOS

Prescriptions

Total=245, n (%)

Cumulative 

percentage

Gentamicin 119 (48.6) 48.6

Benzylpenicillin 
(penicillin G)

100 (40.8) 89.4

Ampicillin 12 (4.9) 94.3

Amoxicillin 5 (2) 96.3

Benzathine penicillin 3 (1.2) 97.6

Antibiotic: LOS

Prescriptions

Total=100, n (%)

Cumulative 

percentage

Gentamicin 31 (31) 31

Cefotaxime 18 (18) 49

Benzylpenicillin 
(penicillin G)

16 (16) 65

Vancomycin 11 (11) 76

Flucloxacillin 10 (10) 86

EOS, early- onset sepsis; LOS, late- onset sepsis.

Figure 1 Duration of therapy (completed antibiotic days at 
audit date).

appropriateness and guideline compliance were high but 

varied by hospital type and location.

Large- scale analysis of antibiotic prescribing and appro -

priateness for neonatal sepsis has not been reported in 

Australia. Information on neonatal empiric guideline 

use21 and prescribing22 has been reported from selected 

large neonatal intensive care units, but this excludes 

many health ser vices providing neonatal care. Hospitals 

use a variety of different guidelines for selection and 

dosing of empiric antibiotic therapy in neonates. 21–24 

Benzylpenicillin and gentamicin are recommended for 

empiric treatment of neonatal sepsis in current national 

guidelines20 and are appropriate empiric therapy for the 

majority of organisms responsible for EOS in Australia. 6 

This study confirms these are frequently used currently , 

although with considerable variation in administration.

In our study, only a small number of sepsis prescriptions 

(4%) were for microbiologically confirmed infections. 

While antibiotics may be life- saving, they are also associ -

ated with adverse effects, including impact on the neonate 

microbiome,25 with potential long- term atopic and meta -

bolic consequences of antibiotics in early life including 

asthma26 and obesity.27 A rational prescribing approach 

includes ‘making a (differential)  diagnosis, estimating 

prognosis, establishing the goals of therapy, selecting the 

most appropriate treatment and monitoring the effects 
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3.3 Supplementary Material: Neonatal Sepsis 

The published manuscript contains supplementary material published as an online supplement. 

The following is the supplementary data as published and available online 

(https://doi.org/10.1136/bmjpo-2020-000643). 

 

Figure S3.1: Definitions of appropriate prescribing 
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Table S3.1: Antibiotic appropriateness and compliance with guidelines 

Appropriateness* Frequency** Percentage 

1-Optimal 373 89.9 

2-Adequate 27 6.5 

3-Suboptimal 11 2.7 

4-Inadequate 2 0.5 

5-Not Assessable 2 0.5 

Compliance with guidelines* Frequency** Percentage 

Compliant with locally endorsed guidelines 330 79.5 

Compliant with Therapeutic Guidelines 53 12.8 

Non-compliant with guidelines 19 4.6 

Directed therapy 7 1.7 

No guidelines available 4 1 

Not assessable 2 0.5 

*These are as assessed by trained local auditors and categories are mutually exclusive. 

**N = 415 prescriptions. 

 

Figure S3.2: Antibiotic duration by specialist and non-specialist hospital 

Antibiotic duration in specialist hospitals: median 2 days (IQR: 1–3 days); in non-specialist hospitals: median 1 day 

(IQR: 1–1.5 days), p < 0.0001. Dots represent outliers. 
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Table S3.2: Dosing frequency for gentamicin and benzylpenicillin 

Gentamicin Frequency Percentage 

24-hourly 100 55.9 

36-hourly 43 24 

48-hourly 26 14.5 

Single dose 10 5.6 

Total 179 100 

    

Benzylpenicillin Frequency Percentage 

12-hourly 141 97.9 

8-hourly 3 2.1 

Total 144 100 
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3.4 Submitted Manuscript: Neonatal Antifungal Use 

The manuscript below was submitted for review to Medical Mycology at time of thesis 

examination. The following is a reproduction of the author accepted version of the manuscript.  

Since then the manuscript has been published in Medical Mycology (2021) Jun 25, online ahead 

of print (https://doi: 10.1093/mmy/myab037). 

Antifungal Prescribing in Neonates: Using National Point Prevalence Survey Data 

From Australia 

Article type: Brief report 

Authors: Brendan J McMullan, Christopher C Blyth, Cheryl A Jones, Karin A Thursky, Celia 

Cooper, Naomi Spotswood, Rodney James, Pamela Konecny 
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Abstract 

We describe contemporary antifungal use in neonates, with point prevalence survey data from 

the National Antimicrobial Prescribing Survey across Australian hospitals from 2014–2018. There 
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were 247 antifungal prescriptions in 243 neonates in 20 hospitals, median age six days (range 0–

27 days). In 219/247 prescriptions (89%) antifungals were prescribed as prophylaxis. Topical 

(oral) nystatin was the most frequently prescribed in 233/247 prescriptions (94%), followed by 

fluconazole 11/247 (4%), with substantial variation in dosing for both. Two of 243 neonates (0.8%) 

had invasive fungal infection. Nystatin use dominates current antifungal prescribing for Australian 

neonates, in contrast to other countries, and invasive fungal infection is rare. 

Keywords: Antifungal agents; Epidemiology; Infant; Candidiasis; Antimicrobial stewardship. 

Lay summary 

Novel nationwide surveillance found that newborn infants in Australian hospitals commonly 

receive antifungal medications, mostly oral nystatin, to prevent rather than treat infection, which 

is rare. There is substantial variation in dosing nationally and with antifungal prescribing patterns 

internationally. 

Main text 

Invasive candidiasis causes substantial morbidity, mortality and neurodevelopmental sequelae 

among neonates.(80) Although risk factors are well known, including prematurity and extreme low 

birthweight (ELBW) (< 1,000 g), rates of neonatal candidiasis vary markedly worldwide, as does 

antifungal use.(81) Data on neonatal fungal epidemiology and antifungal prescribing are not 

routinely reported. Here we describe contemporary antifungal use in Australian neonates in a 

novel way, using annual point prevalence survey data routinely collected from hospitals. 

We obtained de-identified data from the National Antimicrobial Prescribing Survey (NAPS) from 

1 January 2014 to 31 December 2018. Results of Australian paediatric antimicrobial prescribing 

using NAPS have recently been published and survey methodology described.(79) In brief, these 

are point-prevalence surveys (PPS) of antimicrobial usage from hospitals in all 6 Australian states 

and 2 territories. Participation in surveys is voluntary and data are submitted through a web-based 

interface to a central database. The dataset includes antimicrobial agent, dose, frequency, route, 

demographics (age, gender, hospital location, size and funding type), infection type, and 

adherence with guidelines. For this study, antifungal prescription data were extracted for neonates 

(0 days to < 28 days) in participating hospitals. Risk factors for fungal infection were reviewed, 

along with indications, intensive care unit admission status and assessment of guideline 

compliance. The unit of analysis is prescription unless otherwise stated. 

Ethics approval as a quality assurance project was obtained from the Melbourne Health Human 

Research Ethics Committee for the NAPS (No. QA2013066). 

Among 869 total prescriptions for neonates in 42 PPS from 2014–2018, there were 247 antifungal 

prescriptions in 243 neonates from 20 hospitals. The median age was six days, and 182/203 

neonates (90%) were recorded as admitted to an intensive care unit (NICU/ICU), where this 

information was available. Overall, 17/23 (74%) of Australian NICU facilities participated in the 

survey. The majority of prescriptions recorded were from Western Australia (145/247, 59%) and 

Victoria (58/247, 23%). These two states contribute approximately one third of Australia’s 
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population. Detailed demographics and risk factors are shown in Table 1. Most prescriptions 

(235/247, 95%) were for topical agents, including oral nystatin, with the remainder for systemic 

therapy. Nystatin accounted for 233/247 (94%) of prescriptions. Of these 128/233 (55%) infants 

were also receiving systemic antibiotic therapy. Nystatin was dosed as 1mL (100,000 IU) in 

160/233 (69%) and 0.5mL (50,000 IU) in 56/233 (24%). Eighty-nine percent (219/247) of 

antifungal prescriptions were for prophylaxis. For nystatin given as prophylaxis, 152/209 

prescriptions (73%) were prescribed 8-hourly and the remainder 6-hourly. Of all nystatin 

prescriptions 220/233 (94%) were local guideline compliant and 2/233 (0.9%) were non-

compliant. Fluconazole was prescribed for 11 neonates (4%) and was given for prophylaxis in 10 

of these. Fluconazole dosing for prophylaxis ranged widely from 3–24 mg/kg/dose, and frequency 

ranged from 48 hrly to twice weekly. All were recorded as compliant with local guidelines. Two of 

243 (0.8%) infants were being treated for invasive fungal infection. One infant with sepsis due to 

Candida albicans was treated with IV fluconazole (6 mg/kg every 48 hours), and one infant with 

sepsis due to Nakaseomyces (Candida) glabrata was treated with liposomal amphotericin B 

(4 mg/kg/day). These prescriptions were assessed as guideline-compliant or directed therapy. 

This study provides data on contemporary neonatal antifungal prescribing derived from a 

validated, annual national PPS tool, the National Antimicrobial Prescribing Survey. Our data 

suggest antifungal prescribing contributes substantially to antimicrobial use in Australian 

neonates, and the antifungal prescribed is predominantly nystatin, given as prophylaxis, while 

treatment for invasive infection is uncommon. 

We found only one other comparable recent study reporting on national neonatal antifungal use, 

with a notably different pattern. That study, conducted in 12 hospitals in England among 280 

infants less than 90 days old (including 191 neonates), reported fluconazole accounted for > 75% 

of antifungal prescriptions and 85% of fluconazole prescriptions were for prophylaxis.(82) Overall, 

21% of prescriptions were for treatment of fungal infections. The authors reported infrequent 

nystatin use in infants aged 28–90 days but did not report on this in neonates because of variability 

in recording. 

The Infectious Diseases Society of America (IDSA) recommends fluconazole as the preferred 

agent for all neonatal candidiasis prophylaxis,(83) and the European Society of Clinical 

Microbiology and Infectious Diseases give nystatin a lower grade recommendation than oral 

fluconazole for this indication (B-II v. A-I).(84) In these guidelines, concerns about nystatin relate 

to the theoretical risk of precipitating necrotising enterocolitis(84) or practical limitations of a 

luminally administered agent in critically unwell ELBW neonates. In contrast, fluconazole has 

been reported to be associated with hepatotoxicity and emergence of resistance.(85) 

Randomised controlled trials of nystatin for prophylaxis have concluded this inexpensive agent 

appears safe and effective in reducing systemic fungal infection in at-risk neonates, through 

preventing colonisation, and similarly effective as prophylactic fluconazole.(85,86) Australian 

neonatal units generally report low rates of invasive candidiasis with widespread nystatin use: a 

prospective, multicentre study in babies < 1500 g birthweight within neonatal units in Australia 

and New Zealand reported a low incidence of fungal infection in ~0.5% of babies in units using 

oral nystatin prophylaxis compared with ~1% in units using no prophylaxis (p < 0.001).(87) The 
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2nd Australian Candidaemia Study, published in 2017, is the most contemporary national report 

on epidemiology of candidaemia but does not report on neonatal infections.(88) 

Our data provide evidence of variations in prescribing within the Australian neonatal population, 

including variable nystatin and fluconazole dosing, perhaps due to differing recommendations in 

local guidelines. Hospitals recorded most prescribing as guideline compliant, despite this 

variation. There is no nationally endorsed Australian guideline and sites may have used a variety 

of local guidelines and other sources to guide prescriptions, including international guidelines or 

formularies, in-house compilations, textbooks and expert opinion. The recently published 

Australasian Neonatal Medicines Formulary (ANMF) recommends nystatin prophylaxis for infants 

≤ 32 weeks’ gestation at birth or < 1500 g birth weight or larger infants with risk factors, including 

use of broad-spectrum antibiotics, a central venous access device or receiving parenteral nutrition 

or inhaled steroids.(69) The ANMF, which has potential to act as a national guideline, is being 

rapidly adopted by NICUs throughout Australia, and protocols are freely available via its website, 

launched in November 2019.(69) Fluconazole has a more restricted indication for prophylaxis: for 

‘high risk infants following completion of treatment for Candida sepsis but still carrying risk of 

recurrence—e.g., presence of indwelling catheters and ongoing skin thrush’.(69) Although we 

were unable to obtain local guidelines, this study provides a baseline of current neonatal 

antifungal prescribing practice and an opportunity to assess the impact of introducing a national 

neonatal antifungal prophylaxis guideline with annual NAPS. 

The data here are limited by annual PPS rather than a longitudinal methodology but demonstrate 

the potential for regular surveillance to capture large-scale prescribing patterns. Whilst the 

majority of Australian NICUs are represented here, some NICUs and other hospitals which 

provide neonatal care have not participated in the NAPS to date.(89) Our data had relatively fewer 

antifungal prescriptions outside Western Australia and Victoria. This may reflect a lack of neonatal 

antimicrobial stewardship resources and an opportunity to improve coverage, which is being 

explored. 

At a broader level, prescribing for neonates and consequent outcomes are important for antifungal 

stewardship. Although essential metrics for antifungal stewardship in hospitals have been 

proposed,(90) it is unclear how these will be implemented and adapted for neonates. The World 

Health Organisation recently called for a fungal priority pathogen list of drug development for 

resistant fungi of global importance, but there is substantial work to be done to improve 

surveillance and practice of existing antifungal use.(91) It is time to focus efforts on enhanced 

surveillance of antifungal prescribing and laboratory data to support national evidence-based 

neonatal guidelines.(13) The ANMF provides an opportunity to assess prescribing against a 

national guideline in Australia for the first time.(69) Prescribing patterns may also potentially be 

linked to fungal infection epidemiology. 

Efforts to reduce unnecessary variation in prevention and management of infection for neonates 

are within reach. Better use of routine surveillance and reporting of fungal epidemiology, 

antifungal prescribing and outcomes is required. 
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Table 1: Antifungal use in Australian neonates 

Descriptor Number (%) 

Total prescriptions/neonates 247/243 

Total hospitals 20 

Time period January 2014 to December 2018 

Age in days: median (range) 6 days (0–27 days) 

Gender, male (%) 131 (54%) 

NICU/ICU admission 182/203 neonates* (90%) 

Birth weight < 1,000 g (ELBW†) 54/175* (31%) 

Prematurity (< 37 weeks) 142/177* (80%) 

Surgical procedure 15 (6%) 

Antifungal indication  

Prophylaxis 219 prescriptions (89%) 

Microbiologically confirmed invasive candidiasis 2 prescriptions‡ (0.8%) 

Other§ 26 prescriptions (11%) 

Antifungal‖   

Nystatin¶ 233 prescriptions (94%) 

Fluconazole 11 prescriptions (4%) 

Amphotericin B liposomal# 1 prescription (0.4%) 

Clotrimazole 1 prescription (0.4%) 

Miconazole 1 prescription (0.4%) 

Therapy assessed as guideline compliant 221/247 (90%) 

*Denominator represents the neonates for whom this information was recorded. † ELBW = extremely low birthweight. 
‡ One infant with sepsis due to Candida albicans and one infant with sepsis due to Nakaseomyces (Candida) 

glabrata; these prescriptions were considered guideline complaint/directed therapy. § Fifteen prescriptions for 

cutaneous infection, eight for oral candidiasis, two for gastrointestinal decolonisation and one unknown; ‖ 239 infants 

received a single antifungal, four infants received nystatin in addition to a second antifungal: two with fluconazole, 

one with liposomal amphotericin B and one with clotrimazole. ¶Topical/non-absorbable nystatin, administered orally 

#Systemic antifungal therapy 
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3.5 Research in Context 

These two studies describe contemporary Australian prescribing for neonatal sepsis and neonatal 

fungal infections, respectively. Taken together, they demonstrate that prescribing for these 

indications is dominated by a small number of antimicrobial agents but with substantial variations 

in the use and administration of those agents. These studies also demonstrate that antimicrobial 

prescribing in neonates far exceeds confirmed infections, raising concerns about the unintended 

consequences of excessive use and underscoring the need for better diagnostic tools and 

improved AMS strategies for neonates as a distinct group. 

The research presented in Section 3.2 has been cited in the paediatric chapter of the ACSQHC’s 

2020 Antimicrobial Stewardship in Australian Health Care,(53) the reference guide for the national 

standards required for Australian hospital accreditation. The results of the studies presented in 

this chapter will also be used to inform the ANMF program(69) and future versions of NAPS via 

feedback to the steering committees of each, including feedback on dosing variations observed 

and the importance of accurate descriptions of neonatal weight and gestational and chronological 

age in antimicrobial prescribing assessment.(92) The research presented here identifies current 

gaps in prescribing quality and provides a baseline for the future development of neonatal 

antimicrobial surveillance and stewardship in Australia. 

Many of the findings here have broader implications beyond the Australian setting. These topic 

areas remain under-reported, and this research adds to the neonatal AMS literature. Where other 

evidence exists, prescribing demonstrates clinical variations and suboptimal quality, as noted 

above. The methodology shown in this chapter has the potential for local implementation in many 

settings across the globe to improve the understanding and quality of prescribing for neonatal 

sepsis and fungal infections worldwide. 

  



 

64 

Chapter 4: Understanding Antimicrobial Use in High-Risk 

Populations: Febrile Neutropenia in Children with Cancer 

4.1 Introduction 

As noted in Chapters 2 and 3, paediatric antimicrobial prescribing is not homogenous; rather, 

distinct high-risk groups exist. Immunocompromised children are a group at higher risk of infection 

compared with the general population and for whom prescribing practices differ systematically. 

While different types of immune compromises exist for children, those who receive chemotherapy 

for paediatric cancers represent a particularly important high-risk group. This is because the 

chemotherapy involved may cause profound immunosuppression, including prolonged 

neutropenia and compromised mucous membrane and skin integrity. Given that much of the care 

is delivered in hospitals, with central IV access frequently maintained, these children are at 

increased risk of systemic and drug-resistant infections. 

Children with cancer are a well-studied group, with evidence-based chemotherapy the norm for 

most childhood cancers. Survival rates from childhood cancer have greatly increased in recent 

decades; for example, only 40% of children diagnosed with acute lymphoblastic leukaemia in 

1970 survived, compared with over 90% today.(93) Antimicrobial therapy for children with fever 

and neutropenia is routine and empiric and is usually administered in hospitals in Australia.(94) 

The Predicting Infectious Complications in Children with Cancer (PICNICC) study by Haeusler et 

al. (94) was a collaborative Australian project designed to prospectively validate paediatric febrile 

neutropenia clinical decision rules to predict the risk of bacterial infection. This multicentre 

prospective cohort study enrolled children from all major Australian paediatric cancer centres from 

November 2016 to January 2018 and involved clinician-researchers from haematology/oncology, 

emergency medicine and infectious diseases around the country. Its findings provide a better 

understanding of the burden of fever and neutropenia among Australian children with cancer and 

better characterise the types of infections seen as well as the potential for home-based care.(94, 

95) The prospective nature of this study allowed for an assessment of not only antimicrobial use 

and appropriateness but also outcomes of this therapy. Because it enrolled children from all major 

paediatric cancer centres, its results are highly generalisable to the Australian context and 

beyond. 

In collaboration with Dr Haeusler and co-authors from the PICNICC study, I obtained de-identified 

data on antimicrobial use and clinical outcomes. Notably, among the antimicrobials, 

aminoglycoside use was common overall but highly variable between and within units. Australia 

currently has national consensus guidelines for febrile neutropenia in adults, which recommend 

aminoglycosides only for adults with fever and neutropenia who have signs of systemic 

compromise.(96) However, the only guidelines available for children with febrile neutropenia are 

local rather than national. An international guideline for children with fever and neutropenia 
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recommends against routinely prescribing aminoglycosides.(97) However, as demonstrated in 

the study presented in this chapter, practices in Australia are highly variable. The study presented 

below reviews initial empirical aminoglycoside and other antibiotic prescribing in relation to local 

guidelines and determines the effect of aminoglycoside prescribing on patient outcomes. 

4.2 Published Manuscript 

The manuscript provided below presents the methodology, results and discussion of a nationwide 

study of antimicrobial use in children with cancer and febrile neutropenia, with a particular focus 

on aminoglycoside use. The study was published in PLoS One (2020), volume 15, issue 9, 

e0238787 (https://doi.org/10.1371/journal.pone.0238787). The following is an exact electronic 

reprint of the manuscript. 
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4.3 Supplementary Material 

The published manuscript contains supplementary material published as an online supplement. 

The following is the supplementary data as published and available online 

(https://doi.org/10.1371/journal.pone.0238787). 
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4.4 Research in Context 

This study provides a comprehensive analysis of current antimicrobial prescribing in Australian 

children with febrile neutropenia. The research revealed substantial variations in care, with a lack 

of common guidelines for the management of febrile neutropenia. This is despite the fact that 

many of these children were enrolled in highly structured multinational clinical trials for their 

chemotherapy. There is no convincing reason why national guidelines and national quality 

improvement projects for the management of febrile neutropenia should not be developed, and 

my co-authors and I have published commentary on this, citing the research presented here (see 

Appendix 2).(98) 

This research presented here also demonstrates the harms associated with empiric 

aminoglycoside therapy for children with febrile neutropenia. While evidence for the benefits of 

aminoglycosides in adult and paediatric international cohorts is lacking,(99, 100) this is the first 

time that harms associated with aminoglycoside use in paediatric febrile neutropenia have been 

identified with confidence in a generalisable cohort and, moreover, in an Australian context. 

Another advantage of using the PICNICC dataset was the opportunity to collaborate with 

multidisciplinary and nationally representative clinician-researchers who are local and national 

leaders in the care of children with febrile neutropenia and stakeholders in future guideline 

development. These findings will inform national consensus guidelines for paediatric febrile 

neutropenia, which are currently in development. 

As a result of these PICNICC projects, a national Medical Research Future Fund–sponsored 

implementation project (MRF1174084) is now underway. As a result of my involvement with the 

research presented here, I have been invited as a co-investigator and steering committee member 

on this project. 

Like neonates and the wider paediatric population, it is crucial that children with febrile 

neutropenia undergo antimicrobial prescribing surveillance and analysis to understand the use of 

antimicrobials and establish priorities for improvement. Research informing this understanding for 

all of these groups has been presented in the thesis to this point. Another important part of AMS 

research concerns the implementation of interventions to improve antimicrobial use. Chapter 5 

describes a successful evidence-based implementation project, while Chapter 6 outlines 

directions for future implementation. 
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Chapter 5: Understanding Antimicrobial Stewardship 

Interventions: Implementation of an IV–Oral Antibiotic Switch 

Program 

5.1 Introduction 

Quality improvement to improve antibiotic prescribing in children is often based on limited 

evidence. Even when driven by evidence, these efforts and results may go unreported. As noted 

in previous chapters, paediatric hospital antimicrobial use is highly variable but potentially 

modifiable via interventions to improve prescribing and associated outcomes. 

This chapter presents an audit- and feedback-driven quality improvement effort, which improved 

prescribing by facilitating the IV-to-oral antibiotic switch in hospitalised children. The project used 

high-quality evidence and a systematic but adaptable approach and was well received by 

clinicians and families. A systematic review and guideline on IV-to-oral antibiotic switching and 

duration, which I led with an Australian–New Zealand collaboration and published in 2016,(63) 

was used to inform this study. The guideline has been widely promoted in paediatric hospitals in 

Australia and New Zealand, but there have been no reports on its implementation or outcomes. 

In collaboration with a multidisciplinary team of clinicians at Sydney Children’s Hospital, Randwick 

and staff from the NSW Clinical Excellence Commission, I developed criteria by which to assess 

safe and appropriate IV-to-oral antibiotic switching using the evidence and guideline mentioned 

above. The guideline has also been used as an educational reference for hospital staff and 

patients. For this thesis, I have analysed the results of this implementation and discuss the 

findings and implications below. 

5.2 Published Manuscript 

The manuscript provided below presents the methodology, results and discussion of the 

implementation of evidence-based guidelines for IV-to-oral antibiotic switch. The study was 

published in BMJ Open Quality (2021 March) volume 10, issue 1, e001120 

(https://doi.org/10.1136/bmjoq-2020-001120). The following is an exact electronic reprint of the 

manuscript. 
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5.3 Research in Context 

This study demonstrates that it is possible to improve antimicrobial use for children in hospital. A 

program involving education, auditing and feedback improved the timely IV-to-oral switch in 

children and facilitated safe and earlier discharge from hospital. The study demonstrates proof of 

concept for this implementation strategy, with a methodology that can be readily translated to 

other paediatric inpatient settings. Implementation resources generated during this study are now 

available for other clinicians and are suitable for local adaptation. These are hosted on the Clinical 

Excellence Commission website (https://www.cec.health.nsw.gov.au/) and shown in the 

supplementary material above. The study has been accepted for publication, and preliminary 

results have been presented at major national scientific meetings, including those of the 

Australian Society for Antimicrobials and ASID. 

A limitation of this work is that it was performed at a single centre, a relatively well-resourced 

tertiary-quaternary paediatric hospital. Although the methodology is adaptable and scalable to 

other sites, this has not yet been tested. To this end, I have applied for philanthropic funding to 

study the implementation of this methodology in a new project entitled HOMEFREE in five 

hospitals across NSW. The proposed project will also involve rural/regional and non-tertiary sites. 

This funding has now been secured, and I discuss plans for this future research in the concluding 

chapter of this thesis. 
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Chapter 6: Conclusion and Future Directions 

6.1 Overview of the Thesis 

6.1.1 Aims and Results 

Antimicrobial use in hospitalised children is common. The appropriate use of these drugs is crucial 

for infection management and prevention. However, information on the extent, type and quality of 

antimicrobial use has been inadequate to date. Understanding and improving the use of these 

drugs is important to improve the wellbeing of children and families, and this requires solutions 

sourced from AMS. In this thesis, I aimed to improve the knowledge on current antimicrobial use 

and stewardship in children in Australian hospitals to determine priorities for practice change and 

translate the findings into new models of care. 

In Chapter 1, I reviewed the existing evidence from the global literature on AMS in hospitalised 

children and outlined the Australian paediatric AMS landscape prior to the research presented in 

this thesis. In Chapters 2 and 3, I reported information obtained from the NAPS point prevalence 

datasets for children in Australian hospitals, specifically neonates. This research revealed the 

strengths and weaknesses of current practice, identified priorities for improvement and 

demonstrated the potential and importance of utilising routinely collected data for antimicrobial 

surveillance and the improvement of paediatric AMS. In Chapter 4, I reviewed the patterns and 

quality of prescribing of antimicrobials for high-risk immunocompromised children with 

neutropenia using the national Australian PICNICC dataset and identified important potential 

harms associated with current practice, particularly with respect to aminoglycoside use, along 

with national and global implications. 

The aim of these studies was to improve the understanding of the quality of antimicrobial use in 

hospitalised and high-risk children to direct AMS initiatives. The findings of this thesis have led to 

the development of new guidelines and paediatric-specific resources, which will establish new 

national benchmarks for assessment and improve prescribing practice. These must be 

implemented appropriately along with continuous surveillance to improve care. In Chapter 5 of 

this thesis, I provided an example of the successful translation of evidence and guidelines into 

clinical practice to improve antimicrobial use and outcomes for children. The implementation study 

presented in Chapter 5 included a framework that may be used for further research. The project 

methodology is capable of adaptation and scaling to improve care more widely. This is discussed 

further below. 

6.1.2 Significance and Implications 

The implications of the research presented here can be distilled into several themes. First, 

Australia currently lacks a mechanism for the adequate routine analysis and reporting of 

paediatric antimicrobial prescribing quality and priorities. However, this can be improved by the 
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use of existing data such as annual NAPS surveys. Stakeholders in paediatric antimicrobial use, 

including the NAPS team, ACSQHC, NCAS, ANZPID, state-based AMS committees and 

children’s hospitals, should be encouraged to contribute and share data, participate in 

collaborative quality improvement and respond to priorities identified from these. Government and 

policymakers should facilitate and disseminate paediatric AMS data reports by providing sufficient 

resources and incentives to hospitals, AMS programs and clinicians. Paediatric AMS needs to be 

specifically considered and supported in future national AMR and AMS surveillance, strategies 

and guidelines.(13, 21, 46, 53) 

Second, high-quality research on paediatric AMS needs to address current clinical needs and 

engage clinicians and other stakeholders beyond specialist paediatric infectious diseases and 

AMS physicians. The work presented here involved multidisciplinary expertise and included 

consumer engagement. As outlined in Chapter 1, there are multiple national guidelines and 

advisory groups shaping paediatric antimicrobial prescribing practices in Australia. This research 

is well placed to contribute knowledge to these groups, translating into improved care. As outlined 

above, there is evidence that this is already occurring, with the inclusion of some of this work in 

the recently published paediatric AMS chapter of the ACSQHC’s Antimicrobial Stewardship in 

Australian Health Care.(53) 

Finally, the understanding of antimicrobial use will be inadequate without efforts to optimise and 

improve antimicrobial use. While this work demonstrates that improving antimicrobial use is 

possible, it requires an implementation strategy involving a quality improvement approach. As 

demonstrated in Chapter 5, the provision of guidelines alone is insufficient; rather, implementation 

is most successful when stakeholders are engaged in project design, progress and feedback. 

Implementation also requires resources and executive support, which are important 

considerations for policymakers. 

6.1.3 Research in Context 

The research presented here builds on a body of AMS surveillance and research in children and 

adults, as outlined in Chapter 1. NAPS data have contributed to multiple publications and annual 

reports since 2013; however, the research presented here represents the first paediatric- and 

neonatal-specific analysis of these data. ANZPID is the leading paediatric infectious diseases and 

AMS collaboration in Australia and New Zealand and has published several foundational studies 

on paediatric AMS surveillance.(56, 59, 67) However, its members mainly work in tertiary 

paediatric hospitals. The research presented here was able to report truly national data on 

prescribing, including that from non-tertiary hospitals, for the first time. The engagement of those 

caring for children in non-tertiary settings is needed to maximise improvements across the country 

and beyond. This factor also distinguishes this work from that of international groups such as the 

SHARPS collaboration in the United States,(27) which also benchmarks among children’s 

hospitals only. Many existing guidelines can be used to improve antimicrobial use, including the 

systematic review and guidelines developed by ANZPID.(63) However, the implementation study 

presented in Chapter 5 is the first reported implementation of this guideline and provides a model 

of implementation for others. In this respect, this research conforms to definitions of health 

services research, the main goals of which are to ‘identify the most effective ways to organize, 
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manage, finance, and deliver high quality care; reduce medical errors; and improve patient 

safety’.(101) 

6.1.4 Research Limitations 

As outlined in Chapter 1, paediatric AMS research constitutes only a small fraction of the total 

research on antimicrobial use and stewardship, although this output is increasing. The research 

presented here was conducted in Australia, and although much of the methodology is 

generalisable, its outcomes may vary in other settings. As described in Chapters 2 and 3, the 

NAPS dataset includes over 250 facilities and almost 4,000 children throughout Australia, but the 

survey remains voluntary, thus does not include data from all hospitals in the country. NAPS 

participation is growing, and efforts to improve this are in place. The NAPS hospital dataset uses 

point prevalence data, thus is limited in the assessment of outcomes. Further studies on outcomes 

of antimicrobial use (including those reported in Chapters 4 and 5) are needed to supplement 

point prevalence surveillance data. The implementation work presented in Chapter 5 was 

conducted at a single site, thus requires replication in additional sites. Plans to do this are 

described below. 

6.2 Future Directions 

6.2.1 Expand Antimicrobial Surveillance for Children in Hospital 

Findings from this thesis support the need to reassess paediatric antimicrobial use and AMS in 

response to recently developed national guidelines and paediatric-specific resources. Future 

reporting and dissemination of results from paediatric NAPS analyses, as described in Chapters 2 

and 3, should be repeated and reported regularly. Results should be embedded in national openly 

accessible reports, such as those under the AURA framework, to allow for identification of trends, 

gaps and opportunities for improvement. The current NAPS also needs to be extended. Currently, 

these surveys are voluntary and mostly capture hospital prescribing. NAPS is already explicitly 

recommended in national standards for hospital accreditation.(43) The assessment of 

antimicrobial prescribing quality data using this point prevalence survey could be made a 

requirement for hospital accreditation, expanding the range of this tool to capture truly 

comprehensive national-level data. In addition, NAPS or similar assessment tools are needed for 

the surveillance and improvement of antimicrobial prescribing to children beyond the hospital 

inpatient setting to outpatient and primary care settings. In addition, as noted in Chapter 2, most 

NAPS surveys are performed annually and often depend on AMS teams. Resources are needed 

to facilitate the assessment and recording of antimicrobial prescribing quality data as well as the 

appropriate responses to these data. Contributing to and understanding these assessments must 

be within the capacity of multidisciplinary staff who prescribe, dispense and administer 

antimicrobials across a range of settings. Better engagement of pharmacists and nurses, in 

particular, to support expanded data collection and advocacy at the point of care is also a priority 

area for research and practice improvement. 
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Administrative datasets provide another avenue for the surveillance of paediatric infections and 

can be extrapolated to prioritise research into antimicrobial use. In the study presented in 

Chapter 2, we found that community-acquired pneumonia and sepsis were among the top five 

indications for antimicrobial prescription, suggesting that these are potential priorities for 

therapeutic and quality improvement research. The study also identified disparities in prescribing 

quality by hospital type (tertiary paediatric v. other) and location (metropolitan v. rural/regional) 

and infection type, again suggesting opportunities for future improvement. In the study presented 

in Chapter 2, however, we did not have the means to assess the cost of hospital admissions 

associated with these antimicrobial prescriptions nor the burden of disease at the population level. 

NSW Health’s Activity-Based Management Portal is an administrative dataset containing 

information on the demographics and burden of disease of these infections, which are identified 

as common and important indications for antimicrobial prescribing in the NAPS survey data for 

children. Other states and jurisdictions have similar datasets available. This information could be 

used by researchers and policymakers to assess the burden of disease and potential effects of 

improvement strategies, such as the IV-to-oral switch project described in Chapter 5. For 

example, in that study, IV antibiotic use was highly correlated with hospital length of stay for 

infections in children. Potential reductions in unnecessary length of stay can be measured with 

assistance from these datasets, with analysis of health economic implications. Admittedly, this 

approach has some limitations, including the accuracy and interpretation of diagnostic coding and 

multiple confounders for outcomes of interest. This creates a challenge in estimating the effect 

(potential or actual) of interventions using administrative datasets alone. Future work to link these 

datasets with other types of rich data, such as those derived from multicentre cohort studies as 

described in Chapter 4, is needed. With the increasing use of electronic prescribing and 

searchable health records, the ability to link administrative datasets with individual prescribing 

data, AMS activity and outcomes, including analysis of AMR patterns, will be an even more 

powerful avenue by which to improve policy and practice. 

Antimicrobial consumption in adult patients in hospitals across Australia is already benchmarked 

and reported via the National Antimicrobial Utilisation Surveillance Program using the WHO 

defined daily doses. This metric is not suitable for use in children, who are currently excluded 

from this program, as noted in Chapter 1.(48) Given that Australian hospitals are increasingly 

adopting electronic medication management software, it will be possible to measure and 

benchmark this consumption in children with a suitable metric, such as antimicrobial days of 

therapy. These data can also potentially be linked to the administrative datasets described above. 

Combining data to understand and improve outcomes associated with prescribing is the ultimate 

aim of this surveillance. There is now an opportunity to design programs with reporting on 

antimicrobial days of therapy, suitable for national and potentially international comparisons. I will 

contribute to works currently being led by ACSQHC to develop and support this reporting for 

Australian children. 

It must be acknowledged that improved surveillance will be of little use without resources to 

synthesise and disseminate the data generated and convert findings into tangible improvements 

in care. It is, however, a necessary first step and must be accompanied by additional efforts as 

described below. The engagement and participation of children and families as consumers and 

partners in research and advocacy in antimicrobial use, AMR and AMS is currently rare. It is 
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important to include and evaluate children and families in future research where possible. 

Individuals who have experienced the impacts of infection and antimicrobial-related adverse 

events may have powerful stories to share, serving as community advocates for improvements in 

care. 

6.2.2 Improve Content and Quality of Paediatric Antimicrobial Guidelines 

Guidelines for paediatric antimicrobial use must be informed by evidence generated by research. 

However, the evidence for therapy in many paediatric infections is limited and must be addressed 

through future clinical trials or observational studies when trials are not feasible.(63) Recently, 

there has been increasing recognition of the utility of new trial designs to answer questions on 

optimal therapy (e.g. for common infections), including pragmatic and Bayesian adaptive and 

platform trials.(102) These designs can promote access to trials and more efficiently answer 

multiple questions in single trials. Trial outcomes that prioritise shorter durations of antimicrobial 

therapy for given clinical endpoints are also being used and can better inform guidelines and 

practice.(103) Expanding access to pragmatic trials embedded in clinical care, with relevant real-

world endpoints, is crucial to improving research-led care. Guidelines also need to be sufficiently 

adaptable for use in relevant subpopulations and settings. The most recent edition of Australia ’s 

national Therapeutic Guidelines: Antibiotic contains substantially more paediatric advice and, for 

the first time, neonatal advice.(44) 

The inclusion of paediatric and neonatal guidelines in national guidelines needs further expansion, 

and this is currently in the planning stage. The principle of having continuous paediatric-specific 

advice in national guidelines must also be supported through collaborations such as ASID. This 

is underway in Therapeutic Guidelines: Antibiotic and also in upcoming national antifungal 

guidelines, updating existing guidelines from 2014.(104) However, there is no national guideline 

for febrile neutropenia in children, as reported in Chapter 5, which presents research supporting 

development of such a guideline. 

6.2.3 Formulate Paediatric Antimicrobial Stewardship Best-Practice Recommendations 

Apart from guidelines for antimicrobial use, best-practice recommendations and key performance 

measures for paediatric AMS programs and policy have not been developed in Australia or 

globally. This information is important to inform practice at multiple levels, from individual hospitals 

and clinicians to governments and policymakers, and will influence how AMS activities and 

resources should be conducted and prioritised. As a result of this program of research, a 

multinational collaboration involving representatives from Australasia, North America and Europe 

will propose recommendations for paediatric AMS programs. I will lead this project for Australia 

and New Zealand. These recommendations are needed to improve performance and 

benchmarking of AMS within and between countries for children and are likely to be highly 

influential for global policy and practice. The purpose of these multinational consensus 

recommendations is to 1) enable clinicians to advocate for resources to deliver paediatric AMS in 

all hospitals that provide care for children; 2) provide guidance for AMS teams to improve service 

delivery; 3) provide guidance on prioritising elements of AMS strategy; and 4) promote 



 

103 

benchmarking, with recommendations serving as a self-assessment tool against which individual 

institutions can audit themselves. The initial focus of these recommendations is the hospital 

setting (i.e. all hospitals that admit children, not only tertiary paediatric hospitals). The 

recommendations will serve as a focal point of advocacy at the national level across participating 

countries for the implementation and improvement of paediatric AMS programs and resources. 

As noted in Chapters 2–5, prescribing quality and priority areas are not uniform across paediatric 

infections or prescriber groups. The engagement of multidisciplinary groups of prescribers and 

other clinicians is needed to inform implementation and drive continual practice improvement. 

This is work that will be undertaken as part of the stakeholder consultation and implementation of 

these guidelines in coming years. As noted above, the future expansion of AMS is also needed 

beyond the hospital setting, especially in primary care. 

6.2.4 Implement and Assess Antimicrobial Stewardship Interventions 

To be effective for the greatest number of individuals and their communities, AMS interventions 

must be implemented at scale and tested locally. As a result of the successful implementation 

project described in Chapter 5, I have received endorsement from the ASID Clinical Research 

Network to replicate this study in partner paediatric sites around Australia and New Zealand and 

have obtained agreement from seven paediatric sites to participate. 

Moreover, AMS improvement for children needs to extend beyond the tertiary setting. I have 

secured philanthropic funding to translate and extend the work reported in Chapter 5 through the 

implementation of a new program known as HOMEFREE, which is based on the methodology 

used in the former study. HOMEFREE will be conducted in selected metropolitan and non-

metropolitan partner hospitals within NSW. The program uses a tailored intervention toolkit to 

improve the quality of antibiotic use, reduce excessive in-hospital length of stay and decrease 

costs of care for children with infections in hospital. It will provide support for local adaptation and 

tailored implementation. The program will aim to improve quality of care and reduce excessive in-

hospital length of stay for children with infections using the following measures as locally 

appropriate: 

• reduced IV antibiotic use and improved guideline-compliant oral switch 

• evidence-based guidelines to facilitate Hospital in the Home care 

• safe outpatient care for low-risk febrile neutropenia 

• criteria-led discharge pathways for common and simple infectious conditions. 

The study will be a stepped-wedge trial using serial before and after measurements and will 

involve a central study coordination team for implementation and reporting and part-time local 

coordinators. Local clinical champions will be engaged, and support will be obtained from hospital 

executives. The project will commence with a gap analysis and document review at each site to 

enable context and process mapping. This will include structured stakeholder interviews on the 

barriers, facilitators and expected outcomes using validated topic guides from the Consolidated 

Framework for Implementation Research developed by Damschroderl et al. in 2009.(105) This 
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will then be used to create a tailored implementation strategy for each site, taking into account 

site readiness and feasibility. Consumer engagement will be sought in the design of programs 

and resources, followed by the development of educational resources and team-building 

sessions. Following this, study interventions will commence, with local coordination and 

adaptation assisted by the central team. Review and targeted feedback will use the ‘model for 

improvement’ methodology.(106) The framework is based on the cyclical Plan, Do, Study, Act 

model, combined with a careful examination of local context. The methodology allows for multiple 

interventions, with ongoing monitoring to provide timely feedback to local teams. The teams will 

then adapt and improve these interventions based on the results. The results will also be reviewed 

centrally, with feedback provided and successful strategies shared periodically within the entire 

group. The implementation review will consider program acceptability and the adoption of and 

fidelity to core principles. The methodology and resources generated will be scaled to partner 

hospitals throughout Australia and New Zealand, which have agreed to support local 

implementation, in conjunction with ANZPID. In 2021, the project received AU$275,000 in funding 

from the Curing Homesickness initiative administered by the Sydney Children’s Hospitals 

Foundation’s Greenlight project. Quality of life for children and families pre and post 

implementation will be measured using validated methods, and the project will include an 

economic analysis of direct and indirect savings of optimised care. Protocol completion and ethics 

submissions for this project are now in preparation. 

6.2.5 Concluding Statement 

The research described in this thesis identified strengths, gaps and opportunities in antimicrobial 

use for children in Australian hospitals. This body of work contributes to further research, the 

development of guidelines and the understanding of priorities for improvement. It has identified 

effective ways to deliver high-quality care and improve patient safety. Building on this research, 

further efforts must be made to improve the use of antimicrobials in children in Australia and 

beyond. 
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Appendix 1: Search Strategy for Literature Review 

Targeted Literature Search 

The literature review was led by me, Brendan McMullan (BM), with input from Dr Sanjay Patel 

(SP) (Southampton, UK) and Professor Jason Newland (St Louis, USA) along with the British 

Society for Antimicrobial Chemotherapy. BM designed the search strategy. Staff from the British 

Society for Antimicrobial Chemotherapy performed the initial database search, assisted with title 

screening and exclusion of duplicates. BM and SP then independently screened the abstracts 

and full texts for inclusion. This literature review will also be used to inform future multinational 

paediatric AMS best-practice recommendations (see Chapter 6). 

Objectives 

In this review, I sought to identify the literature published since 2007 on AMS policies and 

interventions for hospitalised children (< 18 years) compared with standard care, with outcomes 

including antimicrobial appropriateness, guideline compliance, antimicrobial consumption, 

antimicrobial cost, patient safety and AMR. The review was modelled on the scoping review 

methodology by Pham et al.(107) 

Methods 

We searched MEDLINE and EMBASE for articles published from 1 January 2007 to 

17 October 2019, inclusive, using the terms ‘antimicrobial stewardship’, ‘antibiotic stewardship’, 

‘drug utilization review’ or ‘anti-bacterial agents’ combined with the terms ‘paediatrics’, 

‘neonatology’, ‘adolescent’, ‘child’ or ‘infant’. The detailed search strategy is provided below. We 

included all study designs, except single case reports, published in peer-reviewed journals and 

conference abstracts. Included studies were those containing information on or recommendations 

for AMS programs that included children younger than 18 years. Because this was not intended 

to be a systematic review, we did not register our review on the PROSPERO international registry 

of systematic review protocols (University of York, UK), but we followed the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses guidelines to the extent applicable.(108) 

Results and Conclusions 

Results and conclusions of the literature review are presented in Chapter 1. 
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Databases Used for Systematic Search 

MEDLINE (From 1946–current) (limited to 2007–current) 

Search terms: 

1. antimicrobial stewardship/ 

2. antimicrobial stewardship.mp. or antimicrobial stewardship/ 

3. antibiotic stewardship.mp. 

4. drug utilization review/ 

5. anti-bacterial agents/ 

6. 4 AND 5 

7. 1 OR 2 OR 3 OR 6 

8. pediatrics/ OR neonatology/ 

9. pediatric*.mp. 

10. paediatric*.mp. 

 

EMBASE (From 1974–current) (limited to 2007–current) 

Search terms: 

1. antimicrobial stewardship/ 

2. antimicrobial stewardship.mp. OR antimicrobial stewardship/ 

3. antibiotic stewardship.mp. 

4. drug utilization review/ 

5. anti-bacterial agents/ 

6. 4 AND 5 

7. 1 OR 2 OR 3 OR 6 

8. pediatrics/ OR neonatology/ 

9. pediatric*.mp. 

10. paediatric*.mp. 

11. adolescent/ OR exp child/ OR exp infant/ 

12. 8 OR 9 OR 10 OR 11 

13. 7 AND 12 
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MEDLINE: Epub ahead of print and in-process and other non-indexed citations 

1. antimicrobial stewardship.mp. OR antimicrobial stewardship/ 

2. antibiotic stewardship.mp. OR antimicrobial stewardship/ 

3. drug utilization review.mp. OR drug utilization review/ 

4. anti-bacterial agents/ 

5. 3 AND 4 

6. 1 OR 2 OR 5 

7. pediatrics/ OR neonatology/ 

8. (paediatric* OR paediatric*).mp. 

9. adolescent/ OR exp child/ OR exp infant/ 

10. 7 OR 8 OR 9 

11. 6 AND 10 

Inclusion Criteria 

1. All study types, except single case reports, published in peer-reviewed journals and 

published conference abstracts 

AND 

2. Studies containing information on or recommendations for antimicrobial stewardship 

programs that include children younger than 18 years. 

  



 

115 

Appendix 2: Other Publications Associated with this Thesis 

The following three publications are directly associated with this thesis. Content from these 

publications is used in Chapters 2 and 4. 

• McMullan BH, Haeusler G, Thursky K, O’Brien T. Time for national approach to infections in 

children with cancer. InSight+. 2020 Oct 26. Available from: 

https://insightplus.mja.com.au/2020/42/time-for-national-approach-to-infections-in-children-

with-cancer/ 

• McMullan BJ, Rajkhowa A, Thursky K. Curbing inappropriate antimicrobial use in children. 

InSight+. 2019 Nov 25. Available from: https://insightplus.mja.com.au/2019/46/curbing-

inappropriate-antimicrobial-use-in-children/ 

• McMullan B, Rajkhowa A, Thursky K. Antibiotic use for children in Australian hospitals: Recent 

evidence suggests improvement is needed. Croakey. 2019 Nov 21. Available from: 

https://www.croakey.org/antibiotic-use-for-children-in-australian-hospitals-recent-evidence-

suggests-improvement-is-needed/ 
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Time for national approach to infections in children with cancer 

Authored by Brendan McMullan, Gabrielle Haeusler, Arjun Rajkhowa, Karin Thursky 

Children with cancer receive potent chemotherapy and supportive care, which together have 

revolutionised survival from childhood cancer. A child with acute lymphoblastic leukaemia 

diagnosed in Australia in 1970 had approximately a 40% chance of survival. Today, that figure is 

above 90%. Unfortunately, that same chemotherapy which has improved survival by killing cancer 

cells also makes children vulnerable to life-threatening infections. 

Antibiotics are commonly prescribed for children with fever and neutropenia while undergoing 

treatment for cancer. These antibiotics usually include a broad-spectrum β-lactam antibiotic with 

activity against Pseudomonas aeruginosa. Antibiotics from the aminoglycoside class (such as 

gentamicin) are often prescribed as an additional measure. This is done for a theoretical benefit 

of treating any bacteria that might be causing an infection and happen to be resistant to the β-

lactam antibiotic prescribed, as well as for a potential synergistic effect, on the theory that two 

drugs are better than one. 

Aminoglycosides—more harm than good? 

Unfortunately, this common (although not universal) approach may be doing more harm than 

good. In a recent report, we examined antibiotic prescribing in 858 episodes of fever and 

neutropenia among 462 children treated in cancer centres across Australia. 

In 30% of these episodes (255 in total), an aminoglycoside antibiotic was prescribed. Surprisingly, 

we found that children prescribed one of these aminoglycosides were almost four times more 

likely to suffer harm from this approach – measured as one or more of relapse of infection, 

admission to an intensive care unit, late-onset severe sepsis, or death. Although a possible 

explanation for this was that children who received an aminoglycoside were more unwell to begin 

with, we could not find evidence for this in our analysis. 

We also found that guidelines for aminoglycoside prescribing in these children varied substantially 

by state. Some recommend aminoglycosides routinely and others only under certain conditions. 

In our study, we could not find any circumstances where aminoglycosides appeared to provide 

benefit. 

In addition, Australia has national consensus guidelines for adults, which recommend 

aminoglycosides only for adults with fever and neutropenia who have signs of systemic 

compromise. There are, however, only local guidelines for children and no national guideline 

exists. 

An international guideline for children with fever and neutropenia recommends against routinely 

prescribing aminoglycosides. 
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Infections in children with cancer in 2020—it’s no PICNICC 

Fortunately, there has never been a better time to confront this issue. Children with cancer in 

Australia have access to world-class services, the latest clinical trials, and a network of dedicated 

multidisciplinary specialists providing care. 

In recent years, there has been increasing attention to improving and standardising care beyond 

anticancer drugs, with a focus on improving optimising supportive care of all kinds, including 

infection management. Research in Australia has shown it is possible to improve the timing of 

antibiotic administration for children with fever and neutropenia, but discrepancies remain in the 

type and appropriateness of prescribing. 

Collaborative research, such as the Australian PICNICC study, has involved clinicians from 

haematology/oncology, emergency medicine and infectious diseases from around the country. It 

has generated important findings to better understand the burden of fever and neutropenia among 

Australian children with cancer, to better characterise the types of infections seen as well as 

potential for home-based care. 

Time for a national approach 

There is now an opportunity to revisit guidelines for antibiotic therapy for children with fever and 

neutropenia in cancer at a national level. Recent Australian research and international guidelines 

suggest that aminoglycosides should not be routinely prescribed in this setting. 

Using the clinical and research networks developed during these paediatric fever and neutropenia 

studies, health care providers are in a unique position to forge a consensus and take the next 

steps to improve outcomes for children. 

Dr Brendan McMullan is a paediatric infectious diseases physician and microbiologist at Sydney Children’s 

Hospital, Randwick, Sydney, and is undertaking a PhD at the University of Melbourne. 

Dr Gabrielle Haeusler is a paediatric infectious diseases physician and clinician scientist working at Royal 

Children’s Hospital and the Peter MacCallum Cancer Centre, Melbourne. 

Professor Karin Thursky is an infectious diseases physician and health services researcher and is the 

Implementation Stream lead for the National Centre for Infections in Cancer, Peter MacCallum Cancer 

Centre, Melbourne. 

Professor Tracey O’Brien is a paediatric oncologist and transplant physician and Director of Kids Cancer 

Centre, Sydney Children’s Hospital, Randwick, Sydney. 

McMullan BH, Haeusler G, Thursky K, O’Brien T. Time for national approach to infections in children with 

cancer. InSight+. 2020 Oct 26. Available from: https://insightplus.mja.com.au/2020/42/time-for-national-

approach-to-infections-in-children-with-cancer/ 
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Curbing inappropriate antimicrobial use in children 

Authored by Brendan McMullan, Arjun Rajkhowa, Karin Thursky 

Antibiotic use in Australia has been found to be highest in children in the 0–9 years age group 

and in adults in the over 65 years age group. International studies have indicated that 

inappropriate antimicrobial use in children may be common. 

Australia is internationally unique in that it collects information about the prevalence and quality 

of antimicrobial use across acute care settings nationally and has access to nationally aggregated 

data. 

The National Antimicrobial Prescribing Survey (NAPS) is an online antimicrobial prescribing 

auditing program that has been available in Australia since 2013. Public reports on the nationally 

aggregated results of these audits have been published annually since 2014, but, until recently, 

no specific analysis of prescribing for children was included in these reports. 

In a recent study, we reviewed information on antibiotic prescribing for children from Hospital 

NAPS audits undertaken across Australia from 2014 to 2017, which covered public and private, 

and major city, regional and remote hospitals. 

How good is antibiotic prescribing for children in Australian hospitals? 

Among over 6,000 antibiotic prescriptions for children in 253 hospitals, almost 20% of 

prescriptions were assessed as inappropriate. Appropriateness assessments take into account a 

range of factors such as antimicrobial choice, timing of administration, dose, duration and others. 

More than half of surgical antimicrobial prophylaxis prescriptions were assessed as inappropriate. 

Risk factors for inappropriate prescribing included being admitted outside a specialist children ’s 

hospital or being admitted in a rural or regional hospital. 

An indication for antimicrobial use was documented in 79% (4903/6219) of prescriptions; the most 

frequent indications included empiric therapy for sepsis (586, 9.4% of prescriptions) and 

antifungal prophylaxis (571, 9.4% of prescriptions, mainly in immunocompromised children and 

neonates). The agents that were most commonly used for antifungal prophylaxis were oral 

nystatin, followed by trimethoprim-sulfamethoxazole and then the azole antifungal agents. These 

were generally used appropriately. 

In contrast, prescriptions for surgical antimicrobial prophylaxis were assessed as appropriate in 

41% of cases. Surgical prophylaxis prescriptions were assessed as inappropriate often because 

of incorrect duration of use (generally prolonged use). In 8% (38/459) of surgical prophylaxis 

prescriptions, the agent selected was assessed as inappropriate (in most cases, a broad-

spectrum agent was selected when it was unnecessary). 

For another common indication, community-acquired pneumonia, 25% of prescriptions were 

assessed as inappropriate, mainly because of inappropriate agent selection (19%; 73/378). 

Appropriateness also varied by antimicrobial class; for example, antiviral use was assessed as 



 

119 

appropriate in over 95% of cases, whereas carbapenem use was assessed as appropriate in 60% 

of cases. 

There was also less use of Therapeutic Guidelines: Antibiotic for children admitted to hospital 

compared with adults, perhaps reflecting a lack of specific information for children and newborns 

until an update in June 2019. 

In primary care, audit tools to measure appropriateness do not exist. National data show a high 

proportion of antibiotic prescriptions for young children by global standards: in 2016–17, there 

were over 3 million antibiotic prescriptions for children (a per capita rate far higher than countries 

such as the Netherlands and Norway). The prescribing was highly variable. Children in the highest 

prescribing area received antibiotics 16.5 times more than those in the lowest prescribing area. A 

Victorian study conducted from 2010 to 2014 showed one in five individual children was 

prescribed an antibiotic each year and noted an inconsistency between prescribing practice and 

Therapeutic Guidelines: Antibiotic recommendations. 

Antimicrobial stewardship and meeting standards of care 

Antimicrobial stewardship (AMS) encompasses a range of strategies and programs that can 

improve prescribing and limit the spread of antibiotic resistance. Since 2013, all Australian 

hospitals have been required to meet AMS criteria within the National Safety and Quality Health 

Service Standards, which require services to provide access to guidelines and review prescribing 

practice in their facilities. An updated version of Therapeutic Guidelines: Antibiotic was published 

in June 2019 and included more detailed recommendations for antimicrobial use in children and 

newborns. Hospitals also have access to the Hospital and Surgical NAPS, which can help monitor 

and improve antimicrobial prescribing. Undertaking quality audits can enhance AMS activities. 

There are currently no national standards that specifically include AMS in general practice. GPs 

must also pay to access Therapeutic Guidelines. The product information for antibiotics contained 

in MIMS, which can be accessed more easily, may not be up-to-date. 

We don’t have much information about the quality of prescribing in general practice. The Aged 

Care NAPS module was developed (and has been undertaken nationally since 2015) to improve 

prescribing in aged care homes, and a module for general practice was piloted in 2017–18. 

However, at present, we don’t have a nationally available audit tool to measure and improve 

prescribing for Australian children seen in primary care. 

Room for improvement 

We have an obligation to provide children with the best possible care. The consequences of 

unnecessary medication use in children can be significant. Clearly, there is room to improve 

antibiotic care for children. Health care providers must act together with the community to better 

promote and support high quality antibiotic prescribing for children. 

Dr Brendan McMullan is paediatric infectious diseases physician and microbiologist working in Sydney and 

undertaking a PhD at the University of Melbourne. 
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Dr Arjun Rajkhowa is the centre manager of the National Centre for Antimicrobial Stewardship at the 

Department of Medicine and Doherty Institute, University of Melbourne. 

Professor Karin Thursky is the deputy head of infectious diseases at the Peter MacCallum Cancer Centre, 

director of the National Centre for Antimicrobial Stewardship at the University of Melbourne and director of 

the Guidance Group at the Royal Melbourne Hospital. 

McMullan BJ, Rajkhowa A, Thursky K. Curbing inappropriate antimicrobial use in children. InSight+. 

2019 Nov 25. Available from: https://insightplus.mja.com.au/2019/46/curbing-inappropriate-antimicrobial-

use-in-children/ 
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Antibiotic use for children in Australian hospitals: recent evidence suggests 

improvement is needed 

Editor: Jennifer Doggett 

Author: Brendan McMullan, Arjun Rajkhowa and Karin Thursky 

This week is World Antibiotic Awareness Week, an annual event that aims to draw attention to 

the effective use of antibiotics (a type of antimicrobial) in preventing and containing antimicrobial 

resistance. 

As highlighted in this week’s edition of The Health Wrap, Australia is facing some serious 

challenges with antibiotic-resistant bacteria and needs to reduce the over-prescription of 

antibiotics. 

The Third Australian Report on Antimicrobial Use and Resistance in Human Health (AURA 2019), 

issued in May 2019 by the Australian Commission on Safety and Quality in Health Care 

(ACSQHC), found that antimicrobial use in the community is falling (the first decline seen in 20 

years) but that antibiotics continue to be over-prescribed, and some dangerous bacteria are 

growing increasingly resistant to common antibiotics. 

The post below outlines some research on antibiotic prescribing in children in Australian hospitals 

and provides some useful suggestions for improving practices in this area. 

A group of researchers led by Brendan McMullan reviewed the data collected through Hospital 

National Antimicrobial Prescribing Survey audits from 2014 to 2017 on antibiotic prescribing for 

children in Australia. They analysed this representative sample to identify how often and why 

antibiotics were used to treat hospitalised children, and how appropriately antibiotics were used. 

Their analysis found that around 20 percent of antibiotic prescribing for children may be deemed 

inappropriate. This included over 6,000 antibiotic prescriptions for children in 253 hospitals (public 

and private, and major-city, regional and remote). 

Brendan McMullan, Arjun Rajkhowa and Karin Thursky write: 

Based on the latest evidence, around 20 percent of antibiotic prescribing for children in Australian 

hospitals may be deemed inappropriate. 

Children in the 0-9 age group (along with adults in the older than 65 age group) account for the 

highest proportion of antibiotic use in Australia. While Australia has collected data about the 

quality of antibiotic use in hospitals annually since 2013, we have not, until recently, had detailed 

information about the quality of antibiotic use for hospitalised children. 

Australia has a national antibiotic prescribing quality audit program, the National Antimicrobial 

Prescribing Survey (NAPS), to which hospitals around the country can submit assessments of 
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their antibiotic prescribing throughout the year. This activity contributes to a hospital ’s antibiotic 

stewardship (or antibiotic use quality improvement) activities. 

From a national perspective, this dataset provides information on the quality of antibiotic use 

across hospitals, which can be used to identify priorities for improvement efforts. 

We reviewed the data collected through Hospital NAPS audits from 2014 to 2017 on antibiotic 

prescribing for children. These included over 6,000 antibiotic prescriptions for children in 253 

hospitals (public and private, and major-city, regional and remote). These data came from 

hospitals that voluntarily participated in the program. 

We analysed this representative sample to identify how often and why antibiotics were used to 

treat hospitalised children, and how appropriately antibiotics were used. Appropriateness 

assessments take into account factors such as antibiotic choice, timing of administration, dose 

and duration. 

Antibiotic use in hospitalised children 

In the 79 percent (4903/6219) of prescriptions where an indication (or reason for the prescription) 

was recorded, the most common indications were therapy for sepsis (586, 9.4% of prescriptions) 

and prophylaxis (preventive therapy) for the prevention of fungal infections (571, 9.4% of 

prescriptions, mainly in newborns and in children with compromised immune systems). Antifungal 

prophylaxis appeared generally to have been prescribed appropriately. 

In contrast, antibiotic use for the prevention of infections during and after surgery was assessed 

as appropriate in only 41 percent of cases. Surgical prophylaxis prescriptions were often 

assessed as inappropriate due to prolonged use (with antibiotics continued unnecessarily after 

the surgical operation, often for several days). In eight percent (38/459) of cases, prescriptions 

were assessed as inappropriate because a broad-spectrum agent was selected when it was not 

required. 

For community-acquired pneumonia, another common indication for antibiotic use in children, 25 

percent of prescriptions were assessed as inappropriate (frequently because of the antibiotic 

chosen). 

Prescribing quality also varied by the type of drug: for example, antiviral drugs were generally 

prescribed appropriately (in more than 95% of cases), whereas some very broad-spectrum 

antibiotics, such as those of the carbapenem class, were not used as well (60% appropriate). 

A part of a bigger problem 

The spectre of drug-resistant infections poses a serious threat to human health and society. 

The O’Neil report, commissioned by the UK government and sponsored by the Wellcome Trust 

in 2014, predicted that by 2050, the cost of a failure to deal with this crisis will be around US$100 
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trillion, with large increases in numbers of people dying from infections. The report also points out 

that the problem of antibiotic resistance is already causing premature deaths across the globe. 

Children are particularly vulnerable to infections, and, while it’s important to ensure good 

prescribing for all age groups, until recently we have had less information about antibiotic 

prescribing for the treatment of infections in children, and, consequently, less of an appreciation 

of the magnitude of the program. 

Reducing unnecessary or inappropriate antibiotic prescribing for infants and children appears 

particularly important since emerging evidence suggests that exposure to antibiotics before birth 

and in early life can affect long-term health, perhaps by killing off important ‘good’ bacteria. 

Information to support good prescribing for children—what is available? 

Australian hospitals are required to provide doctors and other prescribers with access to 

guidelines for antibiotic prescribing, particularly Therapeutic Guidelines: Antibiotic. These 

antibiotic guidelines are published independently from government and are regularly updated by 

an expert reviewer group. 

Until recently, however, these guidelines lacked recommendations for some important infections 

in children and had no recommendations at all for infections in newborns. That changed with the 

most recent update in June 2019, and this is a step in the right direction. The inclusion of 

paediatric recommendations will hopefully support more evidence-based prescribing in hospitals. 

In primary care, however, many general practitioners do not currently use (or have access to) 

these guidelines. 

Prescribing software used in primary care is often linked to drug company-provided databases. 

These list product information for drugs, including indications and doses, but the indications (or 

reasons for prescribing) and doses have often not been updated since the drugs were originally 

registered with the Therapeutic Goods Administration, often more than 20 years ago for common 

antibiotics. Thus, the information provided may not be up-to-date. 

Following the recent update of Therapeutic Guidelines: Antibiotic, a summary table of up-to-date 

antibiotic choice recommendations for common conditions in general practice was made freely 

available. Nevertheless, general practitioners must pay for a subscription to access the complete 

guidelines. 

Other sources of information for prescribers in hospitals and primary care in Australia include 

guidelines from children’s hospitals such as The Royal Children’s Hospital in Melbourne. NPS 

MedicineWise is an additional resource for prescribers of all types which aims to support quality 

use of medicines throughout Australia. 

National prescribing quality audit programs can help monitor and improve antibiotic prescribing 

and build capacity among clinicians through training in quality assessment and improvement. 
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While the Hospital NAPS program has been available nationally and undertaken annually in 

Australia since 2013, and while a NAPS module for aged care homes has been available 

nationally since 2015, we don’t have a quality assessment and improvement program in place for 

general practice. 

An opportunity to improve care 

Australia is fortunate to have nationally endorsed prescribing guidelines and large hospital audit 

programs that can help monitor and improve antibiotic prescribing. To a great extent, we have the 

resources we need to monitor and improve how we treat infections in children. 

Our obligation to provide the best quality of care to children includes a responsibility to avoid 

unnecessary or inappropriate use of medicines, particularly when the broader long-term 

ramifications of such use are so deleterious. 

Dr Brendan McMullan is paediatric infectious diseases physician and microbiologist working in Sydney and 

undertaking a PhD at the University of Melbourne. 

Dr Arjun Rajkhowa is a project officer at the National Centre for Antimicrobial Stewardship at the 

Department of Medicine and Doherty Institute, University of Melbourne. 

Professor Karin Thursky is the deputy head of infectious diseases at the Peter MacCallum Cancer Centre, 

director of the National Centre for Antimicrobial Stewardship at the University of Melbourne and director of 

the Guidance Group at the Royal Melbourne Hospital. 

McMullan B, Rajkhowa A, Thursky K. Antibiotic use for children in Australian hospitals: Recent evidence 

suggests improvement is needed. Croakey. 2019 Nov 21. Available from: 

https://www.croakey.org/antibiotic-use-for-children-in-australian-hospitals-recent-evidence-suggests-

improvement-is-needed/ 
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