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Abstract

Objective: To estimate the additional health and economic burden of antimicrobial-resistant (AMR) infections in Australian hospitals.

Methods: A simulation model based on existing evidence was developed to assess the additional mortality and costs of healthcare-associated
AMR Escherichia coli (E. coli), Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterococcus faecium, and Staphylococcus aureus infections.

Setting: Australian public hospitals.

Findings: Australian hospitals spent an additional AUD$5.8 million (95% uncertainty interval [UI], $2.2-$11.2 million) per year treating
ceftriaxone-resistant E.coli bloodstream infections (BSI), and an estimated AUDS$5.5 million per year (95% UI, $339,633-$22.7 million) treat-
ing MRSA patients. There are no reliable estimates of excess morbidity and mortality from AMR infections in sites other than the blood and in
particular for highly prevalent AMR E. coli causing urinary tract infections (UTIs).

Conclusion: The limited evidence-base of the health impact of resistant infection in UTIs limits economic studies estimating the overall burden
of AMR. Such data are increasingly important and are urgently needed to support local clinical practice as well as national and global efforts to

curb the spread of AMR.
(Received 14 September 2018; accepted 21 December 2018)

World leaders gathered at the United Nations General Assembly and
called for country-level strategies and implementations plans to
reduce antimicrobial resistance (AMR) worldwide.! Many countries,
including Australia have a national AMR strategy and implementa-
tion plan already in place,” but the evidence showing the health and
economic burden of these infections on the population is limited.?

The current evidence of the cost of AMR infections to human
health is highly variable.* Healthcare costs can be quantified several
ways with a range of economic perspectives used. One method is to
measure the prolongation of length of hospital stay (LoS) and extra
mortality risk associated with AMR infections.>® Many studies
have reported the costs of AMR infections in the past decade,’
and these have produced highly variable estimates ranging from
US$10.7-15 million across all AMR organisms® to £3-11 billion
for MRSA only® or a global economic output of US$100 trillion
by 2050.1° The methods used to generate these estimates vary
and should be carefully considered prior to new policy being
implemented to reduce the problem."!

We aimed to provide Australian estimates of the cost of five
clinically important hospital-associated infections using local data
and transparent methods. Estimating the economic burden is
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useful to prioritize infection control programs and health policies
and to support Australian and global AMR efforts.

Methods
Ethics

The Health and Economic Modelling of Antimicrobial Resistance
in Australia (HEMAA) project meets the conditions within section
5.1.22 of the Australian National Statement on Ethical Conduct in
Human Research (2007) for exemption from Human Research
Ethics Committee review and approval, and an exemption was
granted accordingly by the Queensland University of Technology
(QUT) University Human Research Ethics Committee. Written
approval was provided for the release of data from Queensland
Department of Health, Pathology Queensland, pertaining to the
organism, site of infection and antibiotic susceptibility testing.

Building the economic model

The economic model was developed with input parameters for each
combination of bacteria and resistance profiles (Fig. 1 and Tables 1-5).
We estimated the number of resistant and susceptible infections from
Queensland Department of Health, Pathology Queensland database
for the year 2014. A synthesis of published literature informed the
estimates of excess LoS, value of a bed day, antibiotic treatment,
and excess risk of death. The cost of a single infection was a product
of excess cost for antibiotic treatment plus excess length of hospital
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Table 1. Parameter Estimates and Distributions for E.coli Infections Used in the Economic Model

Variable

Estimate (95% UlI) Distribution Type (Parameters)

E. coli bloodstream infection

Rate (susceptible + resistant) per 10,000 patient days

6.11 (5.83-6.36) B (0.000611-0.0000136)

Mortality, 30-day all-cause hospital onset

0.21%2 Fixed value used

Probability of ceftriaxone resistance

0.0546 (0.045-0.065)

B (0.0546 -0.0051)

Additional LoS_3GCR, days

4.89 (1.11-8.68)3 Y (4.89-1.93)

Mortality, 3GCR (hazard ratio)

1.63 (1.13-2.35)13 Log-normal (0.488-0.187)

Excess cost of antibiotics per infection

+$256.26 (N/A) Fixed value used

E. coli urinary tract infection

Rate (susceptible + resistant) per 10,000 patient days

78.5 (77.55-79.56) B (0.00781-0.0000487)

Probability of ceftriaxone resistance

0.045 (0.043-0.049)

B (0.0457-0.00153)

Additional LoS for resistant infection, days N/A
Mortality hazard ratio, resistant infection N/A
Excess cost of antibiotics per infection N/A

Note. Ul, uncertainty interval; LoS, length of stay; 3GCR, third-generation cephalosporin resistant; N/A, not available.

Healthcare-associated E. coli,K. pneumoniae, P.
aeruginosa, E. faecium and S. aureus infections

Good-quality published estimates of health impact and treatment
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Fig. 1. A schematic representing the
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parameters of the economic model
used for the study.

stay. The cost of a hospital bed day was the product of multiplying
excess days in hospital for each of the five organisms by the value of a
hospital bed. The methods used for all of these estimations are
reported in subsequent sections of this article. The total cost of
AMR for this study was a measure of number of resistant infection,
excess treatment costs, and additional hospital stay. Excess deaths,
as a measure of the number of resistant infections multiplied by
the risk of death from AMR, were not included in the total cost
of AMR.

Uncertainties in the model parameters were included by fitting
prior statistical distributions and making 10,000 random picks from
all distributions. The method of moments'? was used to estimate the
model parameters for y and p distribution (Tables 1-5). A y distri-
bution was fitted to LoS data to reflect the skew typical of this type of
information, and a P distribution to describe uncertainty about the
true value of a rate and resistance probability. A log-normal distri-
bution was used for mortality measures (Tables 1-5). The results of
the simulations show the uncertainty in estimates.

The model was developed with the advice from an advisory com-
mittee made up of experts from the hospital, medical community,
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and health department. All members had expertise in infectious dis-
eases, epidemiology, and infection control. Selection of organisms
was based on the availability and completeness of published evidence
as well the advice from the advisory committee. The final selection of
organism included healthcare-associated (community- and hospital-
onset) infections of the blood, urinary tract, and respiratory tract
caused by any one of the five selected organisms: ceftriaxone-
resistant E. coli (including extended-spectrum p-lactamases
(ESBL); ceftriaxone-resistant K. pneumoniae (including ESBL);
ceftazidime-resistant P. aeruginosa; vancomycin-resistant E. faeciums;
and methicillin-resistant S. aureus (MRSA). Organisms such as
Acinetobacter baumanii, Mycobacterium tuberculosis, Neisseria
meningitis, N. gonorrhoea, Haemophilus influenza, and human
immunodeficiency virus were excluded following detailed review,
primarily due to currently low incidence rates in Australia and/or
a limited availability of information. Community-onset infections
could not be adequately identified or appropriately dichotomized
from infections that presented within a healthcare setting and
were therefore analyzed together with the hospital-acquired
infections.
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Table 2. Parameter Estimates and Distributions for K. pneumoniae Infections Used in the Economic Model

Variable

Estimate (95% Ul) Distribution Type (Parameters)

K. pneumoniae bloodstream infection

Rate (susceptible + resistant) per 10,000 patient days

1.44 (1.11-1.57) B (0.000112-0.0000117)

Mortality, 30 day all-cause hospital onset

0.16%? Fixed value used

Probability of ceftriaxone resistance

0.053 (0.036-0.077) B (0.0526,0.0103)

Additional LoS for 3GCR infection, days

4.89 (1.11-8.68) Y (4.89-1.93)

Mortality hazard ratio for 3GCR infction

1.63 (1.13-2.35)13 Log-normal (0.489-0.187)

Excess cost of antibiotics per infection

+$256.26 (N/A) Fixed value used

K. pneumoniae urinary tract infection

Rate (susceptible + resistant) per 10,000 patient days

12.71 (12.33-13.10) f (0.00127-0.0000196)

Probability of ceftriaxone resistance

0.039 (0.034-0.045) f (0.0392-0.00298)

Additional LoS for resistant infection, days N/A
Mortality hazard ratio, resistant infection N/A
Excess cost of antibiotics per infection N/A

Note. Ul, uncertainty interval; LoS, length of stay; 3GCR, third-generation cephalosporin resistant; N/A, not available.

Table 3. Parameter Estimates and Distributions for P. aeruginosa Infections Used in the Economic Model

Variable

Estimate (95% Ul) Distribution Type (Parameters)

P. aeruginosa bloodstream infection

Rate (susceptible + resistant) per 10,000 patient days

1.078 (0.97-1.19) B (0.000101-0.0000057)

Mortality, 30 day all-cause hospital onset

0.18%2 Fixed value used

Probability of ceftazidime resistance

0.067 (0.05-0.098) B (0.0672-0.0134)

Additional LoS for resistant infection, days

0.36 (0-0.5) v (0.361-0.128)

Mortality hazard ratio, resistant infection

1.2 (0.8-1.9)* Log-normal (0.182-0.221)

Excess cost of antibiotics per infection

+$128.70 (N/A) Fixed value used

P. aeruginosa respiratory tract infection

Rate (susceptible + resistant) per 10,000 patient days

7.23 (6.95-7.53) f (0.00723-0.0000147)

Probability of ceftazidime resistance

0.17 (0.15-0.18) B (0.17-0.00765)

Additional LoS for resistant infection, days 0.3 (0-0.5)* v (0.30-0.127)
Mortality hazard ratio, resistant infection 1.2 (1-1.5)% Log-normal (0.18-0.103)
Excess cost of antibiotics per infection N/A

Note. Ul, uncertainty interval; LoS, length of stay; N/A, not available.

Total number of resistant and susceptible infections in
Australian hospitals in 2014

Data on incidence density and antibiotic resistance probability was
obtained from Queensland Department of Health, Pathology
Queensland database. This database provides antimicrobial sus-
ceptibilities for all 170 Queensland public hospitals networked
by 35 laboratories that collect specimens from district laboratories
in rural, large, regional as well as metropolitan teaching hospitals.
The data included the first clinical isolate from a patient infected
with any one of the included organisms. An estimated 160,000
infections are recorded each year in this database, excluding infec-
tion control screens with contributing sites from blood, urine, res-
piratory and other sites (swabs, operational specimens, tissue, fluid,
and pus). A total of 63,349 clinical isolates of the five selected
organisms were available for analysis. Isolates from colonization
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and/or screening were not included in the analysis. All isolates
included were tested using European Committee on Anti microbial
Susceptibility Testing methods and were standardized across all
laboratories from which the data was extracted. The case defini-
tions were adapted from those of the Centers for Disease
Control and Prevention.?’

In the absence of a national AMR surveillance system at the
time of the data request, we used the Queensland Department
of Health, Pathology Queensland database to determine the inci-
dence of infections and proportion that were resistant. The
probabilities of resistance for each of the five organisms in 2014
are presented in Tables 1-5. The total number of infections was
divided by the number of patient bed days in Queensland in
2014 (N = 3,308,998 bed days). The estimate was then extrapolated
to the Australian population, using the Australian hospital


https://doi.org/10.1017/ice.2019.2

Infection Control & Hospital Epidemiology

Table 4. Parameter Estimates and Distributions for E. faecium Infections Used in the Economic Model

323

Variable

Estimate (95% UI)

Distribution Type (Parameters)

E. faecium bloodstream infection

Rate (resistant + susceptible) per 10,000 patient days

0.20 (0.16,0.25)

f (0.00003-0.00000248)

Mortality, 30-day all cause hospital-onset

0.26%

Fixed value used

Probability_VRE

0.34 (0.27-0.49)

B (0.343-0.0575)

Extra LoS_VRE

4.89 (0.56-11.52)%

v (4.89-2.79)

Mortality_VRE (odds ratio)

2.57 (2.31-2.90)7

Log-normal (0.943-0.0633)

Treatment (excess cost of antibiotics per infection)

+$1,622.20 (N/A)

Fixed value used

Note. Ul, uncertainty interval; LoS, length of stay; VRE, vancomycin-resistant E. faecium.

Table 5. Parameter Estimates and Distributions for S. aureus Infections Used in the Economic Model

Variable

Estimate (95% UI)

Distribution Type (Parameters)

S. aureus - bloodstream infection

Rate (susceptible + resistant) per 10,000 patient days

3.91 (3.76-4.18)

f (0.00039-0.0000107)

Mortality, 30 day all-cause hospital onset

0.15%8

Fixed value used

Probability of MRSA

0.15 (0.13-0.17)

B (0.152-0.00994)

Additional LoS for MRSA infection, days

2.54 (—3.19 to 8.27)%3

v (2.54-2.92)

Mortality hazard ratio, MRSA

1.26 (0.82-1.94)13

Log-normal (0.231-0.219)

Excess cost of antibiotics per infection

+$87.40

Fixed value used

S. aureus respiratory tract infection

Rate (susceptible + resistant) per 10,000 patient days

4.60 (4.38-4.84)

f (0.000460-0.0000117)

Probability_of MRSA

0.13 (0.11-0.15)

B (0.128-0.00841)

Additional LoS for MRSA infection, days

0.60 (0-1)*

B (0.6-0.255)

Mortality hazard ratio, MRSA

1.30 (1.0-1.6)

Log-normal (—0.916-0.103)

Excess cost of antibiotics per infection

N/A

Note. Ul, uncertainty interval; LoS, length of stay; MRSA, methicillin-resistant S. aureus; N/A, not available.

statistics estimate of the number of days of patient care in all
hospitals across Australia (N = 18,934,000).%!

Synthesis of published studies

Any study published between January 1990 and June 2017 report-
ing primary evidence of the health impact of resistant compared to
susceptible patients was considered. No language or publication
status restrictions were imposed. Studies comparing resistant or
susceptible to uninfected groups were included in the original
search to ensure that all possible estimates were identified; how-
ever, only studies that directly compared resistant to susceptible
patients were included in the final economic model. Primary
outcomes measures were excess LoS, excess mortality, and treat-
ment. Organisms of interest were Enterococcus spp, Escherichia
coli, K. pneumoniae, P. aeruginosa, and S. aureus. All study designs
were considered, but priority was given to systematic reviews, ran-
domized controlled trials, cohort studies, and case-control studies.

Studies were identified by searching electronic databases, scanning
reference lists of articles, and consulting with the advisory committee.
This search was applied to PubMed, Embase, Cinahl, Cochrane, and
DARE (Database of Abstracts of Reviews of Effectiveness). The last
search was run in June 2017. In addition, we manually searched
the contents pages of the UK Review on Antimicrobial Resistance;
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Centres for Disease Control; the Australian Group of Antimicrobial
Resistance (AGAR); Enterococcus Surveillance Program; the
Australian Staphylococcus aureus Sepsis Outcome Programme; the
Enterobacteriaceae Sepsis Outcome Programme and the Australian
Commission of Safety and Quality in Healthcare AURA (the
Australian report on antimicrobial use and resistance in human health).

We developed a data extraction sheet, and one author (T.W.)
extracted information from each included study. Inclusion of each
study and extraction of estimates used in the economic model were
critiqued by two authors and, where possible, members of the advi-
sory committee. All included studies were ranked based on the cri-
teria adapted from a published quality-assessment method.* We
prioritized studies that had used a rigorous methodology.
The highest-quality studies were those that had appropriately
adjusted for time-dependent bias by using multistate modeling.*?
Studies that controlled for LoS using other methodologies, such as
case-matching or regression analysis or by sensitivity analysis of
LoS prior to infection, were categorized as medium quality and
were considered the next-best scenario. Studies that did not
control or describe adjustment for prior LoS within their method-
ology were excluded even if they had adjusted for severity of
illness and/or prior antibiotic therapy (ie, low quality). If >1 esti-
mate was available and was of equal quality, then the study
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Table 6. Incidence Density and Resistance Rate of AMR Infections in Australia, 2014
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Incidence per 1,000

Resistant Infections,

Resistance per 1,000

% Resistant

Organism Patient Days (95% Ul) No. (95% Ul) Patient Days (95% Ul) (95% UlI)

E. coli BSI 0.61 (0.58-0.64) 631 (520-752) 0.03 (0.3-0.4) 5.5 (4.5-6.5)
E. coli UTI 7.85 (7.7-7.9) 6,789 (6,333-7,252) 0.36 (0.34-0.38) 4.6 (4.3-4.9)
E. coli RTI 0.10 (0.9-1.1) 173 (119-237) 0.01 (0.07-0.1) 10.1 (6.8-13.2)
KP BSI 0.14 (0.13-0.16) 143 (90-209) 0.01 (0.005-0.01) 5.2 (3.6-7.7)
KP UTI 1.3 (1.23-1.31) 943 (805-1,091) 0.05 (0.04-0.06) 3.9 (3.4-4.5)
KP RTI 0.12 (0.09-0.11) 51 (22-94) 0.003 (0.001-0.01) 2.7 (1.5-5.1)
PA BSI 0.11 (0.09-0.12) 137 (87-198) 0.01(0.0-0.01) 6.7 (4.6-9.8)
PA UTI 1.03 (0.99-1.07) 933(796-1,083) 0.05 (0.04-0.06) 4.8 (4.1-5.5)
PA RTI 0.72 (6.9-7.5) 2,306 (2,087-2,532) 0.12(0.11-0.13) 16.8 (15.3-18.3)
Entero BSI 0.02 (0.02-0.03) 131 (83-190) 0.01 (0.01-0.011) 34.3(26.7-49.2)
Entero UTI 0.11 (0.1-0.12) 906 (767-1050) 0.05 (0.04-0.06) 42.6 (37.7-47.6)
SA BSI 0.39 (0.38-0.42) 1,125 (975-1,285) 0.06 (0.05-0.07) 15.2 (13.3-17.2)
SA UTI 0.26 (0.24-0.28) 720 (601-856) 0.04 (0.03-0.05) 14.6 (12.3-17.0)
SA RTI 0.46 (0.44-0.49) 1,118 (966-1,282) 0.06 (0.05-0.07) 12.9 (11.2-14.5)

Note. U, uncertainty interval; BSI, bloodstream infection; UTI, urinary tract infection; RTI, respiratory tract infections; KP, K. pneumoniae; PA, P. aeruginosa; Entero, E. faecium; SA, S. aureus.

reporting the most recent data and that with the closest represen-
tation to the Australian population and healthcare system was
considered.

Data acquisition and calculation

We used an Australian survey of the clinical management of patients
with a BSI caused by a resistant organism.?* From this publication,
we extracted the antibiotic treatment (type of antibiotic, dose, and
duration) and compared it against the treatment regimen for
patients infected with a susceptible organism as described in the
Australian Therapeutic guidelines (€TG)*! (Table 7 and Fig. 1).
We calculated the difference in costs of antibiotics used to treat a
single hypothetical patient with a resistant infection compared to
a patient with a susceptible infection (cost of resistant infection
minus the cost of a susceptible infection). Costs of antibiotics
were obtained from the Queensland Department of Health lead
pharmacist at a major metropolitan hospital using the 2017 pricing
agreement for all Queensland hospital pharmacies.

Excess LoS and mortality data were obtained from published
estimates identified in the literature review and are shown in
Tables 1-5 for each of the 5 organisms. Accounting costs of a hos-
pital bed used in our model was $1,839 per hospital bed day
obtained from the Australian Independent Hospital Pricing
Authority.?® The total annual cost of AMR was a product of the
cost of excess treatment and excess hospital stay multiplied by
the expected number of resistant infections in 2014.

Results
Health burden

The most frequently occurring infections in our analysis were
hospital-associated UTIs caused by E. coli (7.85 episodes per
1,000 patient days); these demonstrated a 10-fold higher rate than
E. coli BSI (0.61 episodes per 1,000 patient days) (Table 6). Similar
trends were evident for K. pneumoniae UTIs (1.3 UTI episodes per
1,000 patient days) compared with K. pneumoniae BSIs (0.14 BSI
episodes per 1,000 patient days). Respiratory tract infections
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(RTIs) caused by ceftazidime-resistant P. aeruginosa (0.12
episodes per 1,000 patient days; 95% uncertainty interval [UI],
0.11-0.13) also demonstrated rates that were 10-fold higher than
P. aeruginosa BSIs.

Across the 5 organisms included in our model, the proportion
of resistant isolates was highest in E. faecium, with 34.3% of BSIs
and 42.6% UTIs testing positive for vancomycin resistance.
However, incidence was amongst the lowest at 0.01 BSI episodes
per 1,000 patient days and 0.05 UTIs per 1,000 patient days.

Cost of antibiotics used to treat VRE was the highest across all
infections analyzed (Table 7). Linezolid prescribed intravenously
600 mg twice daily to treat VRE BSI?® resulted in an additional
AUDS$1,622 per infection and was ~20-fold more expensive than
antibiotic treatment of MRSA (Table 7).

Attributable LoS and mortality

Estimates of additional hospital stay and mortality are presented in
Tables 1-5. We identified high-quality studies that adjusted for
time-dependent bias and reported measures of additional LoS
and mortality for BSI patients for all selected organisms and excess
LoS as reported for S. aureus and P. aeruginosa causing respiratory
infections. High-quality studies that used a multistate modeling
method to adjust for time-dependent bias reported excess morbid-
ity and mortality of MRSA, E. coli, and K. pneumoniae BSIs."
Cheah et al. (2013)'® and Lambert et al. (2011)'* did not use multi-
state modeling methodology, but both groups controlled for time
of infection at the analysis phase (medium-quality study). We did
not identify any high-quality estimates for patients with UTIs for
any of the included organisms. Except for a study from two
Australian hospitals reporting additional LoS attributed to VRE
infection,'® all other estimates of LoS and mortality were based
on international data.!*!*17 All included studies were based on
the general hospital ward population, with the exception of that
by Lambert et al. (2011), which quantified attributable morbidity
and mortality in patients infected with P. aeruginosa or respiratory
MRSA from an intensive care unit.'*
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Excess Cost of Treating

Organism Treatment Dose; Duration Cost per Infection, AUD? Resistant Infection, AUDP
Susceptible E. coli Gentamicin or Ceftriaxone?* 1x0.3 g; 3d or 1x2g; 3 d $3.72

Resistant E. coli Meropenem?3 3x1g 14d $259.98 $256.29
Susceptible KP Gentamicin or Ceftriaxone?* 1x0.3 g;3dor 1x2 g; 3 d $3.72

Resistant KP Meropenem? 3x1g; 14d $259.98 $256.29
Susceptible PA Gentamicin or Ceftriaxone?* 1x0.5g;3d or3x2 g;3d $74.04

Resistant PA Meropenem? 3x1lg; 14d $202.72 $128.65
Susceptible Entero Vancomycin®* 3%x1-1.5g; 3d $24.21

Resistant Entero Linezolid?® 2x0.6 g; 14 d $1,646.40 $1,622.19
Susceptible SA Flucloxacilin* 4x2 g;3d $25.56

Resistant SA Vancomycin?® 1x2g;21d $112.98 $87.42

Note. KP, K. pneumoniae; PA, P. aeruginosa; Entero, E. faecium; SA, S. aureus.

2Costs of antibiotics were obtained from Queensland Department of Health, 2017 pricing agreement for hospital pharmacies.
bCost of antibiotics used for resistant infection minus cost of antibiotics used for susceptible infections.
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Fig. 2. Additional length of hospital stay (days) due to AMR infections in Australia,
2014. Note. AMR, antimicrobial resistant; BSI, bloodstream infection; RTI, respiratory
tract infection; KP, K. pneumoniae; PA, P. aeruginosa; VRE, vancomycin-resistant E. fae-
cium; MRSA, metbhicillin-resistant S. aureus.

Patients with BSIs caused by ceftriaxone-resistant E. coli stayed
in the hospital an average of 4.89 days (95% UI, 1.1-8.7) longer
than patients with susceptible E. coli infections (Table 1).!* This
additional LoS amounted to a total excess of 3,088 days (95%
UL, 1,159-5,988) in 2014 (Fig. 2). The average MRSA patient stayed
in the hospital 2.54 days (95% UI, —3.2 to 8.3) longer than
methicillin-susceptible S. aureus (MSSA) patients (Table 5),'
and we estimate that this resulted in an additional 2,899 hospital
days per year (Fig. 2). However, we noted large variation around
this point estimate. In our model, the greatest number of AMR-
attributable deaths were among patients with an RTI caused by
MRSA (155 deaths; 95% UI, 40-412) and P. aeruginosa (88 deaths;
95% UI, 9-196) (Fig. 3).

Economic burden

The cost of AMR in Australian hospitals is presented as the com-
bined effect of incidence of infection, resistance rate, in-hospital
antibiotic therapy, and additional LoS (Table 8). For total costs
per infection (cost of treatment combined with extra hospital stay),
VRE bacteremia was the most expensive infection and added
an estimated AUD$10,682 per infection (95% UI, $3,500-$23,223)
compared to a susceptible infection. We estimate that BSIs caused
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Fig. 3. Additional deaths due to AMR infections in Australia, 2014. Note. AMR, antimi-
crobial resistant; BSI, bloodstream infection; RTI, respiratory tract infection; KP, K.
pneumoniae; PA, P. aeruginosa; VRE, vancomycin-resistant E. faecium; MRSA, methicil-
lin-resistant S. aureus.

by K. pneumoniae and E. coli cost an additional AUD$9,248 (95%
UL $3,597-$17,470) and AUD$9,200 (95% UL, $3,716-$17,381)
per infection, respectively (Table 8). By combining the cost
per infection with incidence density, the largest contributor was
from ceftriaxone-resistant E. coli BSIs, which added an excess of
AUD$5.8-11.2 million per year. These costs were similar to those
for patients infected with MRSA BSIs, where the Australian health-
care system spent an additional AUD$5.5 million (95% UI,
$339,633-$22.7 million per year) compared with MSSA patients.

Discussion

Australian hospitals are spending an additional AUD$5.8 million
treating patients infected with 1 bacteria that is resistant to 1 anti-
biotic (ie, ceftriaxone-resistant E. coli BSI), and this estimate could
be as high as AUD$11.2 million per year. Without good-quality
measurable indicators of the additional LoS and risk of death of
patients, we cannot provide a more complete cost estimate and
include other antimicrobial classes or sites of infection. In particu-
lar, the lack of rigorous estimates of the additional burden of UTIs
caused by E. coli, which are highly prevalent (7.85 per 1,000 patient
days (95% Ul, 7.7-7.9), precludes a more accurate estimate of the
economic burden of resistant infections.
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Table 8. Estimated Economic Burden of AMR Infections, Australia 2014

Ceftriaxone-resistant E. coli BS/ $161,601 (133,011-193,316)

Teresa M. Wozniak et al

$9,200 (3,716-17,381) $5,839,782 (2,288,318-11,176,790)

Ceftriaxone-resistant KP BSI $36,601 (22,839-53,577)

$9,248 (3,597-17,470) $1,351,360 (358,717-3,158,370)

Ceftazidime-resistant PA BSI $17,670 (11,237-25,382)

$792 (405-1,327) $108,581 (48,551-202,756)

Ceftazidime-resistant PA RTI N/A

$562 (200-1,113) $1,296,324 (456,198-2,577,397)

VRE BSI $213,335 (136,355-307,969)

$10,682 (3,500-23,223)

MRSA BSI $288,477 (249,335-330,954)

$4,929 (297-19,933) $5,546,854 (339,633-22,688,754)

MRSA RTI N/A

(

$1,404,064 (415,766-3,287,542)
(
(

$1,364 (649-2,458) $1,525,552 (726,903-2,791,453)

Note. Ul, uncertainty interval; BSI, bloodstream infection; RTI, respiratory tract infection; KP, K. pneumoniae; PA, P. aeruginosa; VRE, vancomycin-resistant E. faecium; MRSA, methicillin-resistant

S. aureus; N/A. not available.

2Calculated as the total costs divided by the number of resistant infections. The number of resistant infections can be found in Table 6.

To date, we have identified only ‘one’ estimate of the cost of AMR
in Australia. Using international data and assuming comparable
AMR rates and healthcare costs between the United States and
Australia, the Expert Advisory Group on Antimicrobial Resistance
have report an additional AUD$250 million per year.?® Hence, within
the context of such estimates, our measure of additional combined
estimate AUD$16.8 million per year (for the five organisms ana-
lyzed) may be a conservative underestimate. This underestimation
may be attributable to a several key factors discussed below.

First, our economic model includes hospital patients with bac-
teremia only, with the exception of respiratory P. aeruginosa and
MRSA infection where high-quality estimates of AMR-attributable
morbidity were reported. However, excluding highly prevalent
infections (eg, UTIs”’) based on lack of evidence would inevitably
impact the overall costs of infection. Second, our estimates only
include direct costs of infection and do not consider personal costs,
the cost of premature death, nor any estimate of productivity loss.”!°
Last, we focused on five clinically important infections that consti-
tute the majority of but not all, hospital-associated infections.

We applied Monte Carlo simulation to propagate forward, to
the results, the effect of uncertainties in the model parameters.
For each sample, a different set of random values from the prob-
ability functions were selected. The advantage of using a Monte
Carlo simulation method over a single-point estimate is that the
results show not only what could happen but also how likely each
outcome is at providing a result.?®

A number of limitations should be considered when interpreting
the results of this study. First, we assumed that every infection
had a specimen collected that grew the organism, and that each
one of these had sensitivity testing performed. Second, we used
Queensland-specific data and extrapolated these to the Australian
population. With an area of 1,727,000 square kilometers, Queensland
is the second largest state in Australia. As a comparator to national
rates of hospital-acquired infection, the Queensland rate of
S. aureus cases (MRSA and MSSA) in 2014 was equivalent to
the national rate of 0.07 cases per 1,000 days of patient care.?’
At the time of requesting data for this study, Australia did not have
a routine surveillance system for AMR; hence, we assessed
Queensland-specific data that uses a single reliable testing method-
ology and covered all public hospitals in an entire state, was the
best data source. Third, treatment data were only available for
BSIs and do not include other sites of infection or costs associated
with staff time, equipment or any additional aspects of treating a
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patient in hospital. However, auxiliary costs are often considered
when estimating the average cost of a bed day and thus may in part
be reflected in the overall cost estimate. We did not consider the
loss of productivity or the societal perspective. Lastly, the under-
lying model assumes that resistant infections replace susceptible
infections; however, others suggest that resistance has an additive
effect as well.** If this is the case, our estimates of cost on the health-
care system are likely to be larger than reported.

We have provided an evidence-based, locally informed estimate
of the cost of AMR in Australian hospitals, which has also been
developed into an online open-access tool.’! Together these esti-
mates and tool aims impact the clinical management of patients with
resistant infection, to inform current AMR strategy and implemen-
tation plans,” and to raise awareness of the significant knowledge
gaps and the need for future investments in this important issue.
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