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Background: Urinary tract infections are common and are increasingly resistant to antibiotic therapy. Northern
Australia is a sparsely populated region with limited access to healthcare, a relatively high burden of disease, a
substantial regional and remote population, and high rates of antibiotic resistance in skin pathogens.

Objectives: To explore trends in antibiotic resistance for common uropathogens Escherichia coli and Klebsiella
pneumoniae in northern Australia, and how these relate to current treatment guidelines in the community and
hospital settings.

Methods: We used data from an antibiotic resistance surveillance system. We calculated the monthly and year-
ly percentage of isolates that were resistant in each antibiotic class, by bacterium. We analysed resistance pro-
portions geographically and temporally, stratifying by healthcare setting. Using simple linear regression, we
investigated longitudinal trends in monthly resistance proportions and correlation between community and hos-
pital isolates.

Results: Our analysis included 177 223 urinary isolates from four pathology providers between 2007 and 2020.
Resistance to most studied antibiotics remained ,20% (for E. coli and K. pneumoniae, respectively, in 2019:
amoxicillin/clavulanate 16%, 5%; cefazolin 17%, 8%; nitrofurantoin 1%, 31%; trimethoprim 36%, 17%; gentami-
cin 7%, 2%; extended-spectrum cephalosporins 8%, 5%), but many are increasing by 1%–3% (absolute) per
year. Patterns of resistance were similar between isolates from community and hospital patients.

Conclusions: Antibiotic resistance in uropathogens is increasing in northern Australia, but treatment guidelines
generally remain appropriate for empirical therapy of patients with suspected infection (except trimethoprim in
some settings). Our findings demonstrate the importance of local surveillance data (HOTspots) to inform clinical
decision making and guidelines.

Introduction

Urinary tract infections (UTIs) are common infections predomin-
antly caused by Gram-negative Enterobacterales and have a sub-
stantial health and economic impact in both the community and
hospital setting.1–5 The prevalence of healthcare-associated UTIs
treated in Australian hospitals has been estimated at between

1%–2%, increasing the patient length of stay by 3–5 days.6,7 UTIs
caused by Escherichia coli are consistently the most frequently
occurring infections in Australian hospitals (7.85 episodes per 1000
patient days) and account for approximately 7% of antibiotic pre-
scriptions (fourth most common indication).8,9

Antibiotic resistance in UTI-causing organisms is common and
of most concern in Australia are extended-spectrum b-lactamases
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(ESBLs), carbapenemases, aminoglycoside-modifying enzymes
and ribosomal methylases.4,8 Resistant infections can further in-
crease inpatient length of stay and associated costs.9 There is evi-
dence that resistance is more common in the hospital setting
compared with the community, is geographically variable and is
increasing over time.10,11 Australian data shows that by global
standards the prevalence of resistance in general is relatively low,
but is considerably higher in the surrounding Asia-Pacific re-
gion.8,12–14 Even so, resistance in uropathogens in Australia is
increasing, commonly to b-lactams, fluoroquinolones and tri-
methoprim/sulfamethoxazole.8

Given that recommended treatments are often empirical,15–18

better knowledge of the common causative pathogens of UTIs
and local resistance patterns is essential in determining appropri-
ate therapy, thereby minimizing the risk of increasing resistance.19

This is especially relevant in northern Australia since it is a sparsely
populated region with a substantial regional and remote popula-
tion whose access to healthcare (particularly hospitals) is limited.
For example, in the Northern Territory (NT) 40% of the population
live remotely, of whom 58% are Aboriginal and/or Torres Strait
Islander.20 Furthermore, the infectious disease burden in northern
Australia is high relative to other parts of Australia and com-
pounded by increases in antibiotic resistance.21–25 Staphylococcus
aureus demonstrates an increasing prevalence of resistance to
common b-lactam antibiotics in northern Australia over time
(1993: 7%, 2012: 24%) and at levels much higher than elsewhere
in Australia.8,26

There are limited published data on UTI antibiotic resistance
epidemiology in northern Australia. We therefore aimed to explore
trends in antibiotic resistance for common uropathogenic organ-
isms E. coli and Klebsiella pneumoniae, and how these relate to
current treatment guidelines in the community and hospital set-
tings (Table 1). We hypothesized an increase in resistance rates
over time and variation by region.

Methods

Study setting

The data used in this analysis were collected as part of antibiotic resistance
surveillance called HOTspots.27 HOTspots sources antibiotic susceptibility
data from clinical isolates tested by the major pathology providers in north-
ern Australia (Figure 1). In Western Australia (WA), participating pathology
providers (Western Diagnostic Pathology and PathWest) include non-
hospital healthcare facilities (hereafter referred to as community health-
care facilities), and public hospitals (PathWest). In the NT, participating
pathology providers include all public hospitals (Territory Pathology) and all
community healthcare facilities (Western Diagnostic Pathology). In
Queensland (QLD), participating pathology providers include all public hos-
pitals and a proportion of community healthcare facilities (Pathology
Queensland). In this study we define northern Australia as the entire NT
and the area above the Tropic of Capricorn in WA and QLD (Figure 1). We
divided each jurisdiction into regions based on classification by the
Australian Bureau of Statistics (Statistical Area Level 3), with populations
ranging from 30 000 to 130 000 people.20

Microbiological data
We used all E. coli and K. pneumoniae isolates from urinary specimens and
their corresponding antibiotic susceptibilities, covering the period from
January 2007 to June 2020. Almost all specimens were urine (95%) but

also included specimens from the urinary tract (including kidney aspirates,
fluid discharge and urethral swabs). No clinical data were available.

Participating pathology providers are accredited under regularly audited
national testing guidelines (National Association of Testing Authorities) and
are members of the National Quality Assurance and Quality Control pro-
gramme run by the Royal College of Pathologists of Australasia External
Quality Control Assurance programme. Susceptibility testing in the included
laboratories was done using a combination of VITEK 2 (bioMérieux) and
disc-diffusion techniques. Western Diagnostics and PathWest provided
CLSI-interpreted values (Susceptible, Intermediate and Resistant). MICs
were provided by Territory Pathology, to which we applied the 2017 CLSI
M100-S27 Performance Standards for Antimicrobial Susceptibility Testing.
Pathology Queensland provided CLSI-interpreted values from 2008 to June
2012, and EUCAST-interpreted values from July 2012 onwards. All MICs
were interpreted using the current breakpoints at the time of data delivery.
We defined resistance as a ‘Resistant’ susceptibility result (intermediate
was considered to be susceptible).

Based on clinical importance, treatment guideline recommendations
(Table 1) and available data,15–17 our analysis focused on resistance in five
antibiotic classes: b-lactamase inhibitor plus penicillin combinations
(amoxicillin/clavulanate), first-generation cephalosporins [cefazolin (used
to infer cefalexin resistance)], fluoroquinolones (resistance to ciprofloxacin
and/or norfloxacin), aminoglycosides (gentamicin) and extended-
spectrum cephalosporins (ESCs) (resistance to ceftriaxone and/or ceftazi-
dime). Supplementary analyses also included ampicillin, nitrofurantoin, tri-
methoprim and trimethoprim/sulfamethoxazole.

Statistical analyses
We used Stata 16.1 and R (via RStudio 1.3) to clean and analyse the
data.28,29 We calculated the monthly and yearly percentage of isolates
that were resistant in each antibiotic class, by bacterium. We mapped re-
sistance proportions by region (for 2019, the most recent year with data
from all pathology providers) and plotted them over time using locally
weighted regression, stratifying by jurisdiction (WA versus NT versus QLD)
and healthcare setting (community versus hospital). Using simple linear re-
gression, we investigated longitudinal trends in monthly resistance propor-
tions and correlation between community and hospital isolates. Months
with fewer than ten isolates were excluded and only the first isolate per in-
dividual per year was included. We excluded antibiotics that were tested in
,75% of isolates.

Ethics approval
This project was granted ethics approval from the Human Research Ethics
Committee of the Northern Territory Department of Health and Menzies
School of Health Research (HREC-2018-3084) as well as the Queensland
Health Public Health Act 2005 (Section 280). All data were analysed in com-
pliance with the requirements of the National Statement on Ethical
Conduct in Human Research (2007).

Results

Descriptive characteristics

Our analysis included 177 223 urinary isolates [Western
Diagnostics (WA/NT): 77 405; PathWest (WA): 7304; Territory
Pathology (NT): 10 808; Pathology Queensland (QLD): 81 706]
(Figure 1). Most of these were E. coli isolates (86%, n"154 387; K.
pneumoniae: 14%, n"24 442). The median age at first isolate col-
lected was 41 years (IQR: 24–64) and 86% (n"92 240) were fe-
male (age/sex not available from all pathology providers).
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Geographical variation of antibiotic resistance in
uropathogens, 2019

Overall, resistance to all the studied antibiotic classes was higher in
E. coli isolates compared with K. pneumoniae in 2019 (Figure 2).
Highest overall (community and hospital combined) resistance in
E. coli isolates was to ampicillin [Figure S1 is available as
Supplementary data at JAC-AMR Online; WA: 63%, NT: 66%, QLD:
47% (P , 0.05 for each pairwise combination)], followed by tri-
methoprim [Figure S1; WA: 33%, NT: 38% (P , 0.01)], cefazolin
[Figure 2; NT: 12%, QLD: 19% (P , 0.001)], amoxicillin/clavulanate
[Figure 2; WA: 17% (P , 0.001 compared with the NT), NT: 5%,
QLD: 18% (P , 0.001 compared with the NT)] and fluoroquinolones
[Figure 2; WA: 12%, NT: 11%, QLD: 17% (P , 0.001 compared with
WA and the NT)]. Overall resistance in K. pneumoniae isolates was
less than 10% for all studied antibiotic classes, except for trimetho-
prim/sulfamethoxazole in NT hospitals which was 16% (nitrofur-
antoin and trimethoprim both also .10%, however ,30 isolates

were tested for each). E. coli resistance to trimethoprim/sulfa-
methoxazole was high in NT hospital isolates (36%) but we could
not compare this with other jurisdictions since trimethoprim/sulfa-
methoxazole susceptibility data was not available.

Resistance differed within jurisdictions as well as between juris-
dictions, but the low numbers of isolates tested limited statistical
comparisons (especially in WA and the NT).

Temporal trends of antibiotic resistance in
uropathogens

Significant increases in resistance over time were common for E.
coli and K. pneumoniae in both the community and hospital set-
tings (Tables S1 and S2, Figure 3, Figures S2 and S3). Most of these
increases ranged from 0.1% to 2.6% (absolute) per year (Table S2).
Combining hospital and community isolates, E. coli resistance to
fluoroquinolones in QLD had the largest increase [1.5% per year

WA NT QLD
Pathology 

service
Months 
included Facility type Number of 

facili�es
Number of 

isolates
Number of 

facili�es
Number of 

isolates
Number of 

facili�es
Number of 

isolates

WD 01/07–
04/19 Community 10 3,889 68 73,516

PW 01/15–
12/19

Community 12 3,886
Hospital 10 3,418

TP 01/12–
06/20 Hospital 5 10,808

PQ 01/08–
12/19

Community 51 5,734
Hospital 35 75,972

Figure 1. Map of northern Australia and regions represented in dataset, and summary of data sources. WA, Western Australia (Kimberley and
Pilbara); NT, Northern Territory; QLD, far north Queensland; WD, Western Diagnostic Pathology; PW, PathWest; TP, Territory Pathology; PQ,
Pathology Queensland. The following antibiotics were not included in pathology datasets: (WA, community: gentamicin, trimethoprim/sulfameth-
oxazole; hospital: cefazolin, ceftazidime, ceftriaxone, ciprofloxacin, gentamicin, trimethoprim/sulfamethoxazole); (NT, community: nitrofurantoin,
trimethoprim, trimethoprim/sulfamethoxazole); (QLD, community: nitrofurantoin, trimethoprim, trimethoprim/sulfamethoxazole; hospital: nitro-
furantoin, trimethoprim, trimethoprim/sulfamethoxazole).
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(2008: 2%, 2019: 17%); P , 0.001]. There was also a large increase
in E. coli resistance to trimethoprim [1.5% per year (2012: 31%,
2020: 42%); P , 0.001] and trimethoprim/sulfamethoxazole [1.2%
per year (2012: 30%, 2020: 38%); P , 0.001] in NT hospital isolates
(Figure S3). There was an increase in K. pneumoniae resistance to
cefazolin in QLD community isolates [2.6% per year (2008: 0%,
2017: 30%); P , 0.01], but there was a low number of isolates
tested and a low number of available data points (11 months
across 10 years).

There were some differences between trends in community
and hospital isolates. In WA, E. coli resistance to fluoroquinolones
increased significantly in hospital isolates but not in community
isolates. Conversely, K. pneumoniae resistance to amoxicillin/

clavulanate increased significantly in WA community isolates but
not in hospital isolates; this was also seen for cefazolin and ESCs in
the NT. The only other increase in resistance to amoxicillin/clavu-
lanate was for E. coli in QLD hospital isolates, and this was only an
absolute increase of ,2% over 12 years. Furthermore, K. pneumo-
niae resistance to ESCs did not change over time in NT and QLD
hospital isolates.

There were some significant decreases in resistance. K. pneu-
moniae resistance to gentamicin in NT and QLD hospital isolates
decreased, however resistance in NT community isolates
increased. E. coli resistance to amoxicillin/clavulanate and K. pneu-
moniae resistance to fluoroquinolones and nitrofurantoin
decreased in NT hospital isolates.

Amoxicillin-clavulanate
(overall: 16%)

Cefazolin
(overall: 17%)

Fluoroquinolones
(overall: 15%)

Gentamicin
(overall: 7%)

ESCs
(overall: 8%)

E. coli
Amoxicillin-clavulanate

(overall: 5%)

Cefazolin
(overall: 8%)

Fluoroquinolones
(overall: 6%)

Gentamicin
(overall: 2%)

ESCs
(overall: 5%)

K. pneumoniae

% resistant
90 - 100
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70 - 80
60 - 70
50 - 60
40 - 50
30 - 40
20 - 30
10 - 20
0 - 10
no isolates

Figure 2. Proportion of isolates resistant to five antibiotics/antibiotic groups in 2019, by region and healthcare setting [community or hospital (dis-
played as circles)]. ESCs, extended-spectrum cephalosporins (resistance to ceftriaxone or ceftazidime); fluoroquinolones, resistance to ciprofloxa-
cin or norfloxacin (only norfloxacin in WA hospitals). Regions (i.e. community healthcare facilities) with ,30 isolates: [WA, all regions (E. coli and K.
pneumoniae, cefazolin and ESCs)]; [NT, all regions (E. coli and K. pneumoniae, all antibiotics)]; [QLD, Cairns & Hinterland (E. coli and K. pneumoniae,
all antibiotics); North West (K. pneumoniae, all antibiotics); Townsville (E. coli and K. pneumoniae, all antibiotics)]. Hospitals with ,30 isolates: [WA,
Pilbara (K. pneumoniae, amoxicillin/clavulanate and fluoroquinolones)]; [NT: East Arnhem (K. pneumoniae, all antibiotics); Katherine (E. coli, all anti-
biotics); Barkly (K. pneumoniae, all antibiotics)].
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Generally, the differences between resistance in community
isolates and hospital isolates were minimal (,10%). Positive cor-
relation between resistance in community and hospital isolates
was evident (Tables S3 and S4, Figures 2 and 3, Figures S1 and S3),
especially for E. coli isolates in QLD [coefficients from linear regres-
sions—cefazolin: 1.17 (95% CI: 0.91–1.44); fluoroquinolones: 0.87
(0.71–1.03); gentamicin: 0.68 (0.43–0.94); ESCs: 0.44 (0.29–0.59)].
There was a strong correlation for fluoroquinolone resistance in E.
coli and K. pneumoniae isolates in all three jurisdictions. None of
the negative correlations were significant, except for E. coli ampicil-
lin resistance in QLD (Figure S3).

Discussion

National and international context

Northern Australia is a geographically vast area with demographic,
climatic and healthcare differences both within the region and
compared with the rest of Australia (i.e. below the Tropic of
Capricorn). Despite these differences, in general, variation in

uropathogen antibiotic resistance between northern and southern
Australia is minimal.8 Some notable exceptions are resistance to
trimethoprim (37% versus 25%) and trimethoprim/sulfamethoxa-
zole (38% versus 20%) in E. coli isolates, which are both higher in
northern Australia.

The differences between northern and southern Australia
show that it is important to ensure local antibiotic treatment
guidelines are up to date and informed by local antibiotic suscep-
tibility data. Furthermore, it is more informative to interpret tem-
poral trends rather than point prevalence (e.g. a yearly cross-
sectional estimate) due to fluctuations in resistance (e.g. due to
seasonal variation).11,30–34

Compared with global rates of resistance for E. coli/K. pneumo-
niae and in the context of the Asia-Pacific region where ESC and
fluoroquinolone resistance is often in excess of 30% and 50% re-
spectively, northern Australia is in an enviable position.10,12–14,35

However, resistance is increasing steadily. Between 2015 and
2017, E. coli fluoroquinolone resistance has risen in Australia from
3rd lowest (10.5%) to 6th lowest (14.4%) compared with
European Union countries.8 More narrow-spectrum agents such as
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cefalexin remain a better option than fluoroquinolones, which con-
tinue to be restricted for use in Australia.36–38

Implications for guidelines

Community setting

In general, E. coli and K. pneumoniae resistance proportions re-
main at a clinically manageable level. Overall, only 10% of E. coli
isolates were resistant to all first-line oral agents [WA (Western
Diagnostics data only): 5%; NT: 8%; QLD: 11%]. First-line agents
cefalexin and amoxicillin/clavulanate (resistance �20%) are still
reasonable treatment options for conditions such as cystitis and
non-severe pyelonephritis. However, the increase in E. coli cefalex-
in resistance, especially in QLD from 9% to 19% between 2008 and
2019, should be monitored closely. Furthermore, cefalexin is one
of the most commonly used antibiotics in Australia and use is often
non-compliant with guidelines.8,39 Promisingly, a pilot audit of
antimicrobial use in remote primary healthcare in northern
Australia indicates that the antimicrobial therapy for UTIs is often
clinically appropriate and guideline-compliant.40

All three treatment guidelines used in northern Australia rec-
ommend trimethoprim as a first-line agent,15–17 but our data
show that E. coli resistance to this antibiotic is increasing above
30% in both WA and the NT (QLD data not available). Preliminary
data indicate that trimethoprim is the most common antimicrobial
used to treat UTIs in remote northern Australian primary health-
care,40 however, nationally in 2017 only 45% of female adults with
a UTI received trimethoprim, indicating that cefalexin is often used
preferentially.8 In northern Australia, where there is relatively low
cefalexin resistance (e.g. ,15%) and relatively high trimethoprim
resistance (e.g. .25%), cefalexin may be preferred.

Similarly, E. coli resistance to trimethoprim/sulfamethoxazole in
the NT has increased from 30% to 40% over the past 5 years. This
increase may be associated with recent guidelines recommending
trimethoprim/sulfamethoxazole as first-line treatment for skin
and soft tissue infections (SSTI), particularly due to methicillin-
resistant S. aureus.41,42 Regions in northern Australia with a higher
prevalence of SSTIs appear to also have higher uropathogen resist-
ance rates to trimethoprim/sulfamethoxazole.8,26,43

Trimethoprim/sulfamethoxazole is mainly indicated for use in chil-
dren, and while our data would need to be stratified into age
groups for more detailed commentary, this recommendation may
need to be revised. Fluoroquinolone resistance is also increasing,
especially in E. coli isolates in QLD, despite restrictions on use.

Hospital setting

In the hospital setting, current recommendations for the use of
gentamicin (E. coli: 7% resistant; K. pneumoniae: 2% resistant in
2019) and ceftriaxone (E. coli: 8% resistant; K. pneumoniae: 5% re-
sistant in 2019) to treat severe UTIs and complications such as py-
elonephritis and sepsis are still appropriate (although there have
been increases E. coli resistance).

Limitations

These data are comprised of susceptibility tests from pathology
providers who use either CLSI or EUCAST standards. This is an on-
going challenge in ensuring data are comparable, however the

differences between these two methodologies for the organisms
and antibiotics included in this study are minimal and unlikely to
impact the overall conclusions substantively.

We classified isolates into community and hospital based on
the facility at which the specimen was collected. In the remote re-
gion of northern Australia, some hospitals are more akin to a pri-
mary healthcare facility in a metropolitan setting than a tertiary
hospital. Furthermore, since we had no clinical data or information
on patient history, we could not define community-acquired or
healthcare-associated infections (or indeed distinguish between
colonization and infection). The literature suggests that approxi-
mately 50% of UTIs treated in hospital are community-
acquired.6,44,45

Finally, the Australian Therapeutic Guidelines recommend that
urine culture may not be necessary for non-pregnant women pre-
senting with their first UTI.16 Other regional guidelines do not
make this distinction, however, in a remote setting, sending a sam-
ple for microbiological analysis is more difficult and so might be
less common for patients at their first presentation.15,17 Since
patients with recurrent UTIs are more likely to be infected with an
antibiotic-resistant organism, it is possible the resistance propor-
tions we have observed are an overestimation.

Conclusions

In northern Australia resistance in uropathogens is slowly increas-
ing, but in most cases, guidelines remain appropriate for empirical
therapy. Cefalexin, nitrofurantoin or amoxicillin/clavulanate might
be better treatment options in settings where trimethoprim resist-
ance is high (e.g. .25%) and resistance to these other first-line
agents is relatively low (e.g. ,15%). These comparably low resist-
ance rates are in sharp contrast to neighbouring Asia-Pacific coun-
tries and the resistance profile of other problematic pathogens in
northern Australia such as S. aureus.

Our findings demonstrate the importance of this antibiotic re-
sistance surveillance system (HOTspots)27 as an adjunct to clinical
guidelines for health professionals in northern Australia. Crucially,
HOTspots provides detail at a local level, capturing variations in
antibiotic resistance between regions and healthcare settings.
Planned additions to this dataset such as age and sex will further
enrich this resource.
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