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Abstract

Background

Recent UK antibiotic stewardship policies have resulted in significant changes in primary
care dispensing, but whether this has impacted antimicrobial resistance is unknown.

Aim
To evaluate associations between changes in primary care dispensing and antimicrobial
resistance in community-acquired urinary Escherichia coliinfections.

Methods

Multilevel logistic regression modelling investigating relationships between primary care
practice level antibiotic dispensing for approximately 1.5 million patients in South West
England and resistance in 152,704 community-acquired urinary E. colibetween 2013 and
2016. Relationships presented for within and subsequent quarter drug-bug pairs, adjusted
for patient age, deprivation, and rurality.

Results

In line with national trends, overall antibiotic dispensing per 1000 registered patients fell
11%. Amoxicillin fell 14%, cefalexin 20%, ciprofloxacin 24%, co-amoxiclav 49% and trimeth-
oprim 8%. Nitrofurantoin increased 7%. Antibiotic reductions were associated with reduced
within quarter same-antibiotic resistance to: amoxicillin, ciprofloxacin and trimethoprim.
Subsequent quarter reduced resistance was observed for trimethoprim and amoxicillin. Anti-
biotic dispensing reductions were associated with increased within and subsequent quarter
resistance to cefalexin and co-amoxiclav. Increased nitrofurantoin dispensing was associ-
ated with reduced within and subsequent quarter trimethoprim resistance without affecting
nitrofurantoin resistance.
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Bristol Royal Infirmary and Southmead Hospital
Microbiology Laboratories between 2013 and 2016
calendar years for all E. coli confirmed urinary tract
infections. As this data contains patient postcode
information, which could be potentially identifiable,
it is not possible to publicly share this dataset in
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deposited on the University of Bristol Research
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Conclusions

This evaluation of a national primary care stewardship policy on antimicrobial resistance in
the community suggests both hoped-for benefits and unexpected harms. Some increase in
resistance to cefalexin and co-amoxiclav could result from residual confounding. Rando-
mised controlled trials are urgently required to investigate causality.

Introduction

Antibiotic resistance is considered one of the greatest threats to public health in the UK and
worldwide. Primary care is responsible for over 75% of all antibiotics prescribed, [1] and there-
fore an important contributor to antibiotic resistance in the community. [2, 3] Oral antibiotics
profoundly affect bacteria in the lower gastro-intestinal tract, which are thought to be the main
source of auto-infection in the urinary tract (UTI). [4] Antibiotic resistant UTIs last longer
and are more expensive to treat than susceptible infections, [5] and can lead to life-threatening
urosepsis. [6] UTIs are the most common confirmed bacterial infection managed in primary
care. [7] Urine samples submitted for susceptibility testing provide an abundant and accessible
source of information on resistance prevalence.

Numerous strategies have been developed to encourage improved antibiotic stewardship
internationally in primary, [8] and secondary care. [9] Many assume that bacteria with resis-
tance genes are less ‘fit’ than susceptible strains, [10] and therefore that reducing antibiotic
exposure should reduce resistance. [11] Since 2014/15, the NHS England quality premium has
incentivised the reduced primary care prescribing of co-amoxiclav (amoxicillin-clavulanate),
cephalosporins and quinolones for any infection. [12] The English Surveillance programme
for antimicrobial utilisation and resistance (ESPAUR) suggests that between 2015 and 2017
this was effective, [1] and not associated with any unintended consequences. [13] However, to
our knowledge, there has been no investigation of the antimicrobial resistance impact of these
changes.

This ecological study aims to investigate the relationship between primary care antibiotic
dispensing and resistance in community-acquired urinary Escherichia coli, exploring trends
over a four-year study period. The study period will allow us to observe whether practice-level
reductions in co-amoxiclav, cephalosporin and quinolone dispensing have resulted in reduc-
tions in their respective resistance profiles.

Materials and methods
Data collection

GP practices and antibiotic dispensing. We selected all GP practices exclusively sending
urine samples to two laboratories in South West England between 2013 (due to a change of
computer system, we could not collect data any further back than this) and 2016. The total
number of antibiotic items dispensed (both prescribed and collected at a pharmacy) for each
practice were extracted from NHS Digital (https://digital.nhs.uk/prescribing). We collated
monthly data between January 2013 to December 2016 and generated quarterly totals for the
20 most commonly dispensed antibiotics (see S1 Table), including those used for the treatment
of a UTI. We generated quarterly totals for our analysis based on findings from previous stud-
ies related to persistence of resistance once it develops. [2, 14] From the same website, we also
collected the total number of registered patients per quarter per practice and linked these to
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our practice-level dispensing data. We collected the proportion of children aged under 5 years
registered at each practice from the Public Health England Fingertips website. [15].

Antibiotic resistance. Microbiological data were collected directly from the two laborato-
ries: the Bristol Royal Infirmary (Lab A) and Southmead Hospital (Lab B). Both laboratories
used the British Society for Antimicrobial Chemotherapy guidelines for antibiotic susceptibil-
ity testing at the time urine specimens were tested. Resistance data for all urinary E. coli
sourced from the GP practices were collected for: amoxicillin, cefalexin, ciprofloxacin, co-
amoxiclav, nitrofurantoin and trimethoprim. Also available from the laboratories for each
sample were patients’ age, sex and partial postcode. From these we used the Index of Multiple
Deprivation (IMD) 2015 [16],and the Rural Urban Classification 2011, [17] both generated
from patient postcode information, to assign patient-level deprivation and rurality scores. We
excluded urine samples submitted from hospital wards or from outpatient clinics, and non-E.
coli UTIs, since other uropathogens are likely to have different resistance patterns due to the
presence of intrinsic resistance mechanisms. [18] We removed duplicate isolates, defined as
any urinary E. coli from the same patient with the same susceptibility pattern within 60 days.
Microbiological data was linked to antibiotic dispensing data via each patient’s primary care
practice code.

Data analysis. As well as investigating the relationship between E. coli resistance to each
antibiotic tested and dispensing of that antibiotic (so called ‘drug-bug’ pairs), we tested how
resistance to each of the antibiotics was related to total antibiotic dispensing (see S1 Table).
We further tested for the relationship between trimethoprim resistance and nitrofurantoin dis-
pensing, whilst taking into account trimethoprim dispensing, since we hypothesised that
increased nitrofurantoin might lead to reduced trimethoprim resistance. [19]

Data from both laboratories were combined for all analyses, though since Labs A and B did
not routinely test against amoxicillin and cefalexin respectively until late 2014, these data were
drawn only from the laboratory undertaking the testing.

Two sets of analyses were run for all drug-bug pairs. First, we tested for a quicker, within-
quarter, relationship between practice-level dispensing and resistance from urine samples
from the same practices. As a delay could exist in the effect of dispensing, a second set of analy-
ses tested practice-level dispensing rates with subsequent quarter practice-level resistance.

Multilevel models. Since urine samples are not independent observations (urine samples
from the same practice in the same quarter might be expected to correlate more strongly than
urine samples from different practices or different quarters) we fitted multilevel logistic regres-
sion models to allow for hierarchical dependencies using R, [20] and Ime4, [21] packages. [22]
It further allows for predictor variables to be included in the model at the appropriate level.
For example, in our study dispensing is a predictor that varies by practice by quarter, whereas
patient age is a predictor that varies by urine sample.

For the within-quarter analysis, we accounted for the hierarchical structure of the data by
including random intercepts on the practice-quarter and practice level (i.e. the model inter-
cepts could vary by practice-quarter and practice, which means that we assume that the aver-
age resistance can vary by practice and quarter). Our main predictor was the number of
antibiotic items dispensed per 1000 patients for a given practice in a quarter. The model
included the following covariates: patient age in years (patient level), IMD 2015 scores (patient
level), rural/urban 2011 classification (patient level), percentage of children under five regis-
tered at practice (practice level), and number of patients registered at practice (practice-quarter
level). All continuous variables were grand-mean centred. Rural/urban 2011 classification was
coded as a dummy variable with the rural classification as the reference category.

For the subsequent quarter analysis, we used the same model specifications, apart from dis-
pensing rates which were dated one or more quarters back. As it is unclear after what delay
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potential associations of prescribing on antibiotic resistance might become apparent, we ini-
tially fitted these models with different delays, i.e. prescribing rates from the previous quarter,
from two quarters ago, and from three quarters ago. We then compared statistical model per-
formance for each of these and interpreted the results of those models which came out favour-
ably in this comparison. It was important to limit the number of analyses as much as possible,
and given that there were only marginal differences between the different time points, the
quarter closest to the current quarter only was selected, reasoning that the shorter the delay,
the less likely it would be that other factors are influencing the relationship between dispensing
and resistance. Performance of the model was evaluated by using 10-fold cross-validation (see
S2 Table).

Patient and public involvement

No patients were involved in setting the research question or the outcome measures, nor were
they involved in developing plans for design or implementation of the study. No patients were
asked to advise on interpretation or writing up of results. Results will be disseminated to rele-
vant patient communities through news media.

Results
Practice-level antibiotic dispensing

Dispensing data were available for 163 primary care served by Lab A and Lab B for all study
years. The primary care practices included an average registered population of approximately
1.5 million patients per study year across a wide range of urban and rural areas in the South
West of England, namely Bristol, Bath, North Somerset, Somerset, South Gloucestershire and
Wiltshire.

Between 2013 and 2016, there were reductions in dispensing for most antibiotics at prac-
tice-level (Fig 1), and total dispensing of all antibiotics per 1000 registered patients reduced by
11% (see S3 Table). Individually, co-amoxiclav reduced the most, by 49%; amoxicillin 14%;
cefalexin 20%; ciprofloxacin 24%; and trimethoprim 8%. Nitrofurantoin dispensing increased
by 7%.

Prevalence of antibiotic resistance

Microbiology data was supplied for 163 primary care practices between 2013 and 2016 (see S4
Table). Overall, 152,704 E. coli urine samples were cultured. Among all urinary E. coli, 65% of
patients were 51 years old or over, and 87% were female. Most patients lived in urban areas
(81%), with more patients living in the least than more deprived areas (Table 1). S5 shows the
total number of E. coli urine isolates tested against each antibiotic included in the study and
the percentage of resistant isolates per year. Resistance was highest against amoxicillin (52%)
and trimethoprim (36%).

Primary analysis

Practice level relationship between antibiotic dispensing and resistance, within and sub-
sequent quarters. Table 2 reports the results of our primary analysis of the relationship
between antibiotic dispensing and resistance. Full results including all covariates included in
each model are reported in S6 and S7. The odds ratios for all analyses represent the change in
odds of resistance for a change of one dispensed item per 1000 patients, adjusted for age, depri-
vation (IMD 2015), urban versus rural classification, number of patients registered at primary
care practice and the proportion of children under 5 years registered at primary care practice.
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Fig 1. Median number of dispensed antibiotic items per 1000 registered practice population per year.

2016

https://doi.org/10.1371/journal.pone.0232903.g001

Table 1. Demographic characteristics of patients with E. coli UTI between 2013 and 2016.

Number (%) (N =152,704)

Number (%) resistant >1 antibiotic (N = 78,987)

Number (%) sensitive to all antibiotics (N = 73,717)

Age group:
<5 years | 3783 (2.48) 1890 (2.39) 1889 (2.56)
5 to 15 years | 6718 (4.40) 3079 (3.90) 3643 (4.94)
16 to 50 years | 43,463 (28.46) 20,510 (25.97) 22,948 (31.13)
>51 years | 98,733 (64.66) 53,504 (67.74) 45,234 (61.37)
Missing | 7 (0.00) 4(0.01) 3(0.01)
Sex:
Female | 132,668 (86.88) 68,316 (86.49) 64,350 (87.29)
Male | 20,014 (13.11) 10,655 (13.49) 9361 (12.70)
Missing | 22 (0.01) 16 (0.02) 6(0.01)
Deprivation score:
(Least deprived) 1 | 45,431 (29.75) 23,864 (30.21) 21,570 (29.26)
2| 23,847 (15.62) 11,244 (14.24) 12,599 (17.09)
3| 38,472 (25.19) 21,154 (26.78) 17,167 (23.44)
4| 22,139 (14.50) 11,509 (14.57) 10,556 (14.32)
(Most deprived) 5 | 10,675 (6.99) 5286 (6.69) 5395 (7.32)
Missing | 12,140 (7.95) 5930 (7.51) 66210 (8.57)
Urban/rural:
Urban | 123,087 (80.61) 65,065 (82.37) 58,021 (78.71)
Rural | 21,569 (14.12) 10,374 (13.13) 11,196 (15.19)
Missing | 8048 (5.27) 3548 (4.49) 4500 (6.10)

https://doi.org/10.1371/journal.pone.0232903.t001
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Table 2. Relationship between antibiotic dispensing and antimicrobial resistance within the same quarter®.

Reduced dispensing of same antibiotic” Reduced dispensing of all antibiotics® | Increased dispensing of nitrofurantoin®

0Odds ratio? 95% CI 0Odds ratio? 95% CI Odds ratio® 95% CI
Within quarter:
Amoxicillin resistance | 0.998* 0.850 to 0.972 0.999** 0.998 to 1.000
Cefalexin resistance | 1.033*** 1.020 to 1.046 1.001 1.000 to 1.002
Ciprofloxacin resistance | 0.982* 0.965 to 0.999 0.999* 0.998 to 1.000
Co-amoxiclav resistance | 1.014*** 1.008 to 1.019 1.000 0.999 to 1.001
Nitrofurantoin resistance | 1.012 0.997 to 1.027 0.998 0.996 to 1.000
Trimethoprim resistance | 0.996* 0.992 to 1.000 0.999 0.999 to 1.000 0.991*** 0.986 to 0.996
Subsequent quarter:
Amoxicillin resistance | 0.997** 0.995 to 0.999 0.999** 0.998 to 1.000
Cefalexin resistance | 1.033"*** 1.011 to 1.036 1.001 1.000 to 1.002
Ciprofloxacin resistance | 0.982 0.965 to 1.000 1.000 0.998 to 1.001
Co-amoxiclav resistance | 1.010*** 1.004 to 1.016 1.000 0.999 to 1.001
Nitrofurantoin resistance | 0.999 0.983 to 1.013 0.996*** 0.994 to 0.998
Trimethoprim resistance | 0.992*** 0.988 to 0.997 0.999* 0.999 to 1.000 0.994* 0.989 to 0.999
Where

***p-value is <0.001

“*p-value is <0.01

“p-value is <0.05

* Full model is presented in S6 and S7

® An odds ratio (OR) of <1 means reduced resistance associated with reduced dispensing, whereas an OR of >1 means increased resistance associated with reduced
dispensing

¢ Total antibiotics includes: cefalexin, cefaclor, cefuroxime, azithromycin, clarithromycin, erythromycin, amoxicillin, co-amoxiclav, flucloxacillin,
phenoxymethylpenicillin, ciprofloxacin, levlfloxacin, ofloxacin, doxycycline, lymecycline, tetracycline, trimethoprim, clindamycin, metronidazole, nitrofurantoin.

¢ Adjusted for age (years), deprivation (IMD 2015), urban versus rural classification, number of patients registered at primary care practice, and proportion of children
under 5 years registered at primary care practice.

¢ Adjusted for trimethoprim dispensing, age (years), deprivation (IMD 2015), urban versus rural classification, number of patients registered at primary care practice,

and proportion of children under 5 years registered at primary care practice.

https://doi.org/10.1371/journal.pone.0232903.t1002

These demonstrated associations at practice level between a lower rate of antibiotic dispensing
and lower prevalence of antibiotic resistance (as indicated by odds ratios less than 1) for the
following drug-bug combinations within quarter: amoxicillin, ciprofloxacin and trimetho-
prim. For reduced total antibiotics dispensed, we also found reduced within quarter resistance
to amoxicillin and ciprofloxacin. In the opposite direction, we found lower rates of cefalexin
and co-amoxiclav dispensing were respectively associated with increased cefalexin and co-
amoxiclav resistance. A higher rate of nitrofurantoin dispensing was also associated with
reduced prevalence of trimethoprim resistance. Concerning the covariates (see S6 Table and
S7 Table), we consistently found that the odds of resistance increased with patient age and
higher patient Index of Multiple Deprivation (IMD) scores. A higher percentage of children
under five registered at the primary care practice increased odds of resistance for amoxicillin
and co-amoxiclav. A greater number of patients registered at the primary care practice
increased the odds of resistance to co-amoxiclav.

The next set of models that we fitted investigated the relationship between the rate of antibi-
otic dispensing in a given calendar quarter, and the prevalence of resistance in isolates cultured
in the subsequent calendar quarter. Cross validation results are reported in S2 Table, which
indicated that a delay of one quarter was either optimal or performed equally in the model
with other delays for all dispensing-resistance combinations.
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With the exception of the dispensing variables, model specifications remained the same as
for within quarter models. These results indicate that relationships observed (in both direc-
tions) within quarter tended to persist to the subsequent quarter. Relationships between covar-
iates and resistance we also remained similar to within quarter analyses (see S6 Table and S7
Table).

Discussion

To our knowledge, this is the only study to evaluate the impact of recent English primary care
stewardship policy on antibiotic resistance. In keeping with national trends, we found reduc-
tions in overall and individual antibiotic dispensing between 2013 and 2016, from 163 GP
practices serving 1.5 million patients. [1] Antibiotic dispensing reductions were associated
with reduced within quarter antibiotic resistance to ciprofloxacin, trimethoprim and amoxicil-
lin, and these reductions persisted for three months for trimethoprim and amoxicillin. Of con-
cern, some antibiotic dispensing reductions were associated with increased within and
subsequent quarter resistance to cefalexin and co-amoxiclav. Reassuringly, nitrofurantoin (the
go-to-first antibiotic for uncomplicated lower UTI) [23] dispensing increases were associated
with reduced within and subsequent quarter trimethoprim resistance, without apparent
changes in nitrofurantoin resistance.

The magnitudes of effect are both clinically and statistically significant. For example, the
practice-level odds of resistance to trimethoprim decrease by 4% for every 100 fewer trimetho-
prim items dispensed per 1000 patients per annum, and the practice-level odds of resistance to
cefalexin increase by 33% for every 100 fewer cephalosporin items dispensed per annum per
1000 patients.

Strengths and limitations

Our study linked local practice-level antibiotic dispensing data with >150,000 routinely col-
lected urine specimens testing positive for UTI caused by E. coli, which to our knowledge, is
one of the largest of its kind, providing sufficient power to detect both within and subsequent
quarter relationships between dispensing and resistance. Our study practices were found to be
representative of both regional and national primary care practices. [15] Our study population
however, included a slight over-representation of females, [24] and an under-representation of
those living in the most deprived IMD quintile, [15] compared to regional and national aver-
ages. Our over-representation of females is nevertheless consistent with national primary care
consultation data which suggests females consult more frequently than men. [25] The reasons
for an under-representation of those living in the most deprived IMD 2015 quintile are largely
unknown, but might relate to the inverse care law, where the availability of, and access to,
medical care tends to vary inversely with the need of the population being served. [26] This is
also supported by the fact that a recent survey on attitudes towards emergency care in England
reported at 59% of those living in the most deprived IMD areas found it hard to get an
appointment with their GP. [27] Therefore it may be that those living in the most deprived
areas find it less easy to access their GP to provide a urine sample in the first instance.

The methods used in the study are robust; the multi-level modelling analysis enabled us to
establish that associations between primary care antibiotic dispensing and resistance are inde-
pendent of age sex, deprivation of study population, rurality, practice size and proportion of
pre-school children registered at the practice. Further, as our antibiotic dispensing data was
collected independently of our antibiotic sensitivity data from the laboratories, reporting of
one was unlikely to have been influenced by knowledge of the other, adding to the reliability of
our dataset. Also, although the use of fosfomycin is now encouraged for treatment of a UTI,
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[23] it is rarely used in primary care, and so was not included in our top 20 most commonly
prescribed primary care antibiotics. However routinely submitted urine specimens are not
currently tested against fosfomycin for susceptibility, so it would not have been possible for us
to determine prevalence of resistance. Finally, our study measures antibiotic use in number of
items dispensed as opposed to prescribed. We consider this to be a much stronger measure of
exposure and consumption since it reflects what patients have collected from a pharmacy and
taken home. Unfortunately, it was not possible to collect routine data for antibiotic dispensing
in secondary care, or ambulatory care, which are other potentially important sources of antibi-
otic consumption, due to its lack of availability as a routinely collected data source.

As with any population-based observational study, our findings do not provide information
about individual patient risk of resistance, nor do the statistical associations observed mean
the relationships are causal. Indeed, residual confounding from unmeasured variables, and/ or
the ecological fallacy (e.g. individuals receiving fewer antibiotics might not be the ones
experiencing UTIs with the use of some antibiotics being concentrated in higher risk patients,
secondary care prescribing) could be operating. However, Bell and colleagues reported that
antibiotic challenge at the population-level may be crucial in determining risk of resistance to
antibiotics in the community, [28] and an advantage of this practice level analysis is that it
inherently includes the hypothesised indirect effects of antibiotic exposure-i.e. if exposed indi-
viduals transmit resistant bacteria to unexposed individuals. Reverse causality seems improba-
ble given the timing of dispensing reductions in relation to the timing of the NHS England
quality premium.

Results in the context of existing research

Our dispensing trends are similar to national trends reported in the 2018 ESPAUR report.
This report indicated that nitrofurantoin consumption in England had increased by 28.8%,
cefalexin consumption has decreased by 21.4%, and amoxicillin consumption had decreased
by 7.4% between 2013 and 2017. [1] In 2014 nitrofurantoin was recommended as a first-line
treatment for UTIs over trimethoprim, which likely accounts for the reductions in trimetho-
prim use we observed consistently between 2014 and 2016.

Previous studies, some now over 10 years old, have demonstrated compatible results to our
study. Butler et al (2007) explored the relationship between ampicillin and trimethoprim dis-
pensing and resistance in general practices in Wales, [5] as did Ironmonger et al (2018) on a
wider array of drug-bug combinations. [29] However, unlike these studies, ours was conducted
during a period of reducing overall antibiotic prescribing, and includes a broader range of
antibiotics. Priest et al (2001) reported modest reductions in amoxicillin dispensing resulting
in modest reductions in amoxicillin resistance. [30] This study however only explored this
relationship over one year, and did not adjust for the use of other antibiotics, age, sex, rurality
or deprivation. Pouwels (2018 and 2019) reported co-selection of resistance to antibiotics asso-
ciated with prescribing, but did not adjust for possible confounding factors. [19, 31] No study
has yet demonstrated the concerning rise in resistance we observed in relation to the decreased
dispensing of some antibiotics. The explanation for this is not clear. The ecological fallacy
could be operating as described above, or given people can become persistently colonised with
resistant E. coli following a short stay in a different environment, for example during overseas
travel or hospitalisation, [32, 33] another possibility is that co-amoxiclav and cefalexin resis-
tance in the community is linked to use of these or related drugs in other settings, such as sec-
ondary care. In a 2017/18 survey of 900 cefalexin resistant urinary E. coli isolates from primary
care in the same study area, 626 (69.6%) were found to be resistant to third generation cepha-
losporins used in secondary care, of which 571 (91.2%) produced the extended spectrum beta-
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lactamase CTX-M. [34] Given that our study population is predominantly older in age, visit-
ing, and even long-term use of healthcare facilities is possible.

We observed associations between a reduced rate of trimethoprim dispensing and a
reduced likelihood of trimethoprim resistance, which was similar after one quarter than within
the same quarter. This is comparable to the findings in a recent UK study investigating the
association between use of different antibiotics and trimethoprim resistance. [19] This study
noted that trimethoprim resistance could, in part, be explained by trimethoprim use in Entero-
bacteriaceae at the population level. As per our study, Pouwels et al also found reductions in
trimethoprim resistance with increasing nitrofurantoin use. [19] This is expected given that
nitrofurantoin has been recommended as the first-line treatment for UTIs over trimethoprim,
therefore an increase in nitrofurantoin use, likely reflects a decrease in trimethoprim use,
which are both used almost exclusively for the treatment of UTIs.

We were surprised that even at the practice level, associations were detectable within three
months, and persisted for up to six months. These temporal relationships are comparable with
those we have observed at the individual level. [2, 3] This is also consistent with an Israeli
study where the prevalence of ciprofloxacin resistance was assessed before, during and after a
nationwide restriction on quinolone use. [35] The study reported an immediate (same month)
reduction in resistance levels. Another recent population-based study reported an association
between higher rates of quinolone-resistant E. coli UTIs in populations with higher rates of
quinolone prescribing, regardless of whether quinolones had been consumed by the individual
patient. [36]

Policy, clinical and research implications

Population, local and primary care practice level antibiotic stewardship policies based on ‘first-
principles’ may result in both hoped-for benefits and unexpected harms. Our study suggests
encouraging the first-line use of nitrofurantoin for uncomplicated lower UTI remains reason-
able. Both policy makers and clinicians can be reassured that changes in dispensing can result
in changes in resistance over a short timescale, but this also suggests national prescribing
guidelines will need to be reviewed and updated frequently.

Given the concerning rise in cefalexin and co-amoxiclav resistance, practice level rando-
mised controlled trials of prescribing guidance are needed urgently to establish causality. In
our view, these should be part of a programme of real-time, one-health surveillance to improve
our understanding of the vastly complex relationship between antibiotics, other factors, and
resistance. Further community-based research is also needed to investigate these relationships
at the individual patient level.

Conclusions

This first evaluation of national primary care stewardship policy on community antimicrobial
resistance suggests both hoped-for benefits and unexpected harms. The concerning increases
in resistance to cefalexin and co-amoxiclav could be explained, at least in part, by residual con-
founding, and therefore require urgent investigation for causality in randomised controlled
trials.

Supporting information

S1 Table. Antibiotic dispensing data collected from NHS Digital.
(DOCX)
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S2 Table. Cross-validation results comparing models with different time delays for antibi-
otic resistance. This procedure worked as follows: we trained the statistical model on 90% of
the data (i.e. the training set), and then used this model to predict the remaining 10% of the
data (i.e. the test set). The division between training and test set was made at random. A pre-
diction accuracy, i.e. the percentage of cases in the test set for which the model predicted resis-
tance correctly was then calculated. We repeated these two steps ten times, so that all
observations had been part of the test set, and averaged the prediction accuracy over the ten
test sets. This average prediction accuracy served as our criterion for statistical model perfor-
mance. This procedure was repeated for all delays so that we could compare the statistical per-
formance between the delays.

(DOCX)

$3 Table. Median number of dispensed antibiotic items/1000 registered practice popula-
tion/year. Numbers in bold indicate the five largest relative decreases in antibiotic dispensing
(%) between 2013 and 2016 * % decrease in dispensed items between 2013 and 2016 ® negative
numbers indicate an increase in antibiotic items dispensed between 2013 and 2016.

(DOCX)

S$4 Table. Total number of primary care practice urine samples received between 2013 and
2016.
(DOCX)

S5 Table. Number and percentage of resistant E. coli UTI per year. * data for amoxicillin
resistance from Lab B only ® data for cefalexin resistance from Lab A only for 2013 and 2014,
then Lab A and Lab B from 2015 to 2016.

(DOCX)

S6 Table. Relationship between rate of antibiotic dispensing and prevalence of antibiotic
resistance within the same quarter (full table of results). Where ***p-value is <0.001; **p-
value is <0.01; *p-value is <0.05; IMD = Index of Multiple Deprivation 2015; Urban = Urban/
Rural Classification 2011 * The intercepts represent the average odds of observing resistance,
keeping all else equal at the mean. i.e. an odds ratio of one indicates there is a 50% chance of
observing resistance at the mean level of the covariates.

(DOCX)

S7 Table. Relationship between rate of antibiotic dispensing and prevalence of antibiotic
resistance in the subsequent quarter (full table of results). Where ***p-value is <0.001; **p-
value is <0.01; *p-value is <0.05; IMD = Index of Multiple Deprivation 2015; Urban = Urban/
Rural Classification 2011 * The intercepts represent the average odds of observing resistance,
keeping all else equal at the mean. i.e. an odds ratio of one indicates there is a 50% chance of
observing resistance at the mean level of the covariates.

(DOCX)

Author Contributions

Conceptualization: Ashley Hammond, Matthew B. Avison, Alastair D. Hay.
Data curation: Ashley Hammond, Matthew B. Avison.

Formal analysis: Ashley Hammond, Bobby Stuijfzand.

Funding acquisition: Matthew B. Avison, Alastair D. Hay.

Investigation: Ashley Hammond.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232903 May 14, 2020 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232903.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232903.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232903.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232903.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232903.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232903.s007
https://doi.org/10.1371/journal.pone.0232903

PLOS ONE

Antimicrobial resistance associations with national antimicrobial stewardship policy

Methodology: Ashley Hammond, Bobby Stuijfzand, Alastair D. Hay.

Project administration: Ashley Hammond.

Supervision: Matthew B. Avison, Alastair D. Hay.
Validation: Ashley Hammond, Bobby Stuijfzand.

Writing - original draft: Ashley Hammond, Alastair D. Hay.

Writing - review & editing: Ashley Hammond, Bobby Stuijfzand, Matthew B. Avison, Alas-

tair D. Hay.

References

1.

10.

1.

12

13.

14.

15.

Public Health England. English Surveillance Programme for Antimicrobial Utilisation and Resistance
(ESPAUR). Report. 2018 October 2018.

Bryce A, Hay AD, Lane IF, Thornton HV, Wootton M, Costelloe C. Global prevalence of antibiotic resis-
tance in paediatric urinary tract infections caused by Escherichia coli and association with routine use of
antibiotics in primary care: systematic review and meta-analysis. BMJ. 2016; 352:i939. https://doi.org/
10.1136/bm;.i939 PMID: 26980184

Costelloe C, Metcalfe C, Lovering A, Mant D, Hay AD. Effect of antibiotic prescribing in primary care on
antimicrobial resistance in individual patients: systematic review and meta-analysis. BMJ. 2010; 340:
€2096. https://doi.org/10.1136/bmj.c2096 PMID: 20483949

Yamamoto S, Tsukamoto T, Terai A, Kurazono H, Takeda Y, Yoshida O. Genetic evidence supporting
the fecal-perineal-urethral hypothesis in cystitis caused by Escherichia coli. J Urol. 1997; 157:1127-9.
PMID: 9072556

Butler CC, Dunstan F, Heginbothom M, Mason B, Roberts Z, Hillier S, et al. Containing antibiotic resis-
tance: decreased antibiotic-resistant coliform urinary tract infections with reduction in antibiotic prescrib-
ing by general practices. Br J Gen Pract. 2007; 57(543):785-92. PMID: 17925135

Gharbi M, Drysdale JH, Lishman H, Goudie R, Molokhia M, Johnson AP, et al. Antibiotic management
of urinary tract infection in elderly patients in primary care and its association with bloodstream infec-
tions and all cause mortality: population based cohort study. BMJ. 2019; 364:1525. https://doi.org/10.
1136/bmj.1525 PMID: 30814048

Dolk FCK, Pouwels KB, Smith DRM, Robotham JV, Smieszek T. Antibiotics in primary care in England:
which antibiotics are prescribed and for which conditions? Journal of Antimicrobial Chemotherapy.
2018; 73(suppl_2):ii2—ii10. https://doi.org/10.1093/jac/dkx504 PMID: 29490062

Tonkin-Crine SKG, Tan PS, van Hecke O, Roberts NW, McCullough A, Hansen MP, et al. Clinician-tar-
geted interventions to influence antibiotic prescribing behaviour for acute respiratory infections in pri-
mary care: an overview of systematic reviews. Cochrane Database of Systematic Reviews. 2017; 9.

Davey P, Marwick CA, Scott CL, Charani E, McNeil K, Brown E, et al. Interventions to improve antibiotic
prescribing practices for hospital inpatients. Cochrane Database of Systematic Reviews. 2017; 2.

Heinemann JA, Ankenbauer RG, Amabile-Cuevas CF. Do antibiotics maintain antibiotic resistance?
Drug Discov Today. 2000; 5(5):195-204. https://doi.org/10.1016/s1359-6446(00)01483-5 PMID:
10790263

Enne VI. Reducing antimicrobial resistance in the community by restricting prescribing: can it be done?
J Antimicrob Chemother. 2010; 65:179-82. https://doi.org/10.1093/jac/dkp443 PMID: 20008449

NHS England. Quality Premium: 2015/16 guidance for CCGs Leeds2015 [Available from: https://www.
england.nhs.uk/wp-content/uploads/2013/12/qual-prem-guid.pdf.

Balinskaite V, Bou-Antoun S, Johnson AP, Holmes A, Aylin P. An Assessment of Potential Unintended
Consequences Following a National Antimicrobial Stewardship Program in England: An Interrupted
Time Series Analysis. Clin Infect Dis. 2019; 69:233—-42. https://doi.org/10.1093/cid/ciy904 PMID:
30339254

Bryce A, Costelloe C, Wootton M, Butler CC, Hay AD. Comparison of, and risk factors for, and preva-
lence of, antibiotic resistance in contaminating and pathogenic urinary Escherichia coliin children in pri-
mary care: prospective cohort study. Journal of Antimicrobial Chemotherapy. 2018:dkx525—dkx.

Sommet A, Sermet C, Yves Boelle P, Tafflet M, Bernede C, Guillemot D. No significant decrease in anti-
biotic use from 1992 to 2000, in the French community. Journal of Antimicrobial Chemotherapy. 2004;
54:524—-8. https://doi.org/10.1093/jac/dkh342 PMID: 15243024

PLOS ONE | https://doi.org/10.1371/journal.pone.0232903 May 14, 2020 11/12


https://doi.org/10.1136/bmj.i939
https://doi.org/10.1136/bmj.i939
http://www.ncbi.nlm.nih.gov/pubmed/26980184
https://doi.org/10.1136/bmj.c2096
http://www.ncbi.nlm.nih.gov/pubmed/20483949
http://www.ncbi.nlm.nih.gov/pubmed/9072556
http://www.ncbi.nlm.nih.gov/pubmed/17925135
https://doi.org/10.1136/bmj.l525
https://doi.org/10.1136/bmj.l525
http://www.ncbi.nlm.nih.gov/pubmed/30814048
https://doi.org/10.1093/jac/dkx504
http://www.ncbi.nlm.nih.gov/pubmed/29490062
https://doi.org/10.1016/s1359-6446(00)01483-5
http://www.ncbi.nlm.nih.gov/pubmed/10790263
https://doi.org/10.1093/jac/dkp443
http://www.ncbi.nlm.nih.gov/pubmed/20008449
https://www.england.nhs.uk/wp-content/uploads/2013/12/qual-prem-guid.pdf
https://www.england.nhs.uk/wp-content/uploads/2013/12/qual-prem-guid.pdf
https://doi.org/10.1093/cid/ciy904
http://www.ncbi.nlm.nih.gov/pubmed/30339254
https://doi.org/10.1093/jac/dkh342
http://www.ncbi.nlm.nih.gov/pubmed/15243024
https://doi.org/10.1371/journal.pone.0232903

PLOS ONE

Antimicrobial resistance associations with national antimicrobial stewardship policy

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Department for Communities and Local Government. The English Indices of Deprivation 2010. In:
Release NS, editor. London2011.

Office for National Statistics. Open Geography Portal 2019 [Available from: http://geoportal.statistics.
gov.uk/.

Jacoby GA. AmpC beta-lactamases. Clin Microbiol Rev. 2009; 22:161-82. https://doi.org/10.1128/
CMR.00036-08 PMID: 19136439

Pouwels KB, Freeman R, Muller-Pebody B, Rooney G, Henderson KL, Robotham JV, et al. Association
between use of different antibiotics and trimethoprim resistance: going beyond the obvious crude asso-
ciation. J Antimicrob Chemother. 2018; 73:1700-7. https://doi.org/10.1093/jac/dky031 PMID:
29394363

R Core Team. R: A Language and Environment for Statistical Computing 2018 [Available from: https://
www.R-project.org/.

Bates D, Maechler M, Bolker S, Walker S. Fitting Linear Mixed-Effects Models Using Ime4. Journal of
Statistical Software. 2015; 61(1).

Hox JJ, Moerbeek M, Van de Schoot R. Multilevel analysis: Techniques and applications: Routledge;
2017.

National Institute for Health and Care Excellence (NICE). Urinary tract infection (lower): antimicrobial
prescribing. 2018.

NHS Digital. Patients registered at a GP practice 2013-2016 2019 [Available from: https:/digital.nhs.
uk/data-and-information/publications/statistical/patients-registered-at-a-gp-practice.

Wang Y, Hunt K, Nazareth I, Freemantle N, Petersen I. Do men consult less than women? An analysis
of routinely collected UK general practice data. BMJ Open. 2013; 3:e003320. https://doi.org/10.1136/
bmjopen-2013-003320 PMID: 23959757

Tudor Hart J. The Inverse Care Law. The Lancet. 1971; 297(7696):405-12.

Curtice J, Clery E, Perry J, Phillips M, Rahim N. British Social Attitudes: The 36th Report. London: The
National Centre for Social Research; 2019.

Bell B, Schellevis F, Stobberingh E, Gossens H, Pringle M. A systematic review and meta-analysis of
the effects of antibiotic consumption on antibiotic resistance. BMC Infect Dis. 2014; 14:13. https://doi.
org/10.1186/1471-2334-14-13 PMID: 24405683

Ironmonger D, Edeghere O, Verlander NQ, Gossain S, Hopkins S, Hilton B, et al. Effect of general prac-
tice characteristics and antibiotic prescribing on Escherichia coli antibiotic non-susceptibility in the West
Midlands region of England: a 4year ecological study. J Antimicrob Chemother. 2018; 73:787—94.
https://doi.org/10.1093/jac/dkx465 PMID: 29309593

Priest P, Yudkin P, McNulty C, Mant D, Wise R. Antibacterial prescribing and antibacterial resistance in
English general practice: cross sectional study Commentary: antibiotic resistance is a dynamic process.
BMJ. 2001; 323(7320):1037—41. https://doi.org/10.1136/bmj.323.7320.1037 PMID: 11691763

Pouwels KB, Muller-Pebody B, Smieszek T, Hopkins S, Robotham JV. Selection and co-selection of
antibiotic resistances among Escherichia coli by antibiotic use in primary care: An ecological analysis.
PLoS One. 2019; 14:€0218134. https://doi.org/10.1371/journal.pone.0218134 PMID: 31181106

Bevan ER, McNally A, Thomas CM, Piddock LJV, Hawkey PM. Acquisition and Loss of CTX-M-Produc-
ing and Non-Producing Escherichia coli in the Fecal Microbiome of Travelers to South Asia. mBio.
2018; 9:e02408—18.

Arcilla MS, van Hattem JM, Haverkate MR, Bootsma MCJ, van Genderen PJJ, Goorhuis A. Import and
spread of extended-spectrum B-lactamase-producing Enterobacteriaceae by international travellers
(COMBAT study): a prospective, multicentre cohort study. Lancet Inf Dis. 2017; 17(1):78-85.

Findlay J, Gould VC, North P, Bowker K, Williams MO, MacGowan AP, et al. Characterisation of cefo-
taxime-resistant urinary Escherichia coli from primary care in South-West England 2017—-2018. bioRxiv.
2019; 701383.

Gottesman BS, Carmeli Y, Shitrit P, Chowers M. Impact of quinolone restriction on resistance patterns
of Escherichia coli isolated from urine by culture in a community setting. Clin Infect Dis. 2009; 49
(6):869-75. https://doi.org/10.1086/605530 PMID: 19686074

Low M, Neuberger A, Hooton TM, Green MS, Raz R, Balicer RD, et al. Association between urinary
community-acquired fluoroquinolone-resistant Escherichia coli and neighbourhood antibiotic consump-
tion: a population-based case-control study. The Lancet Infectious Diseases. 2019; 19(4):419-28.
https://doi.org/10.1016/S1473-3099(18)30676-5 PMID: 30846277

PLOS ONE | https://doi.org/10.1371/journal.pone.0232903 May 14, 2020 12/12


http://geoportal.statistics.gov.uk/
http://geoportal.statistics.gov.uk/
https://doi.org/10.1128/CMR.00036-08
https://doi.org/10.1128/CMR.00036-08
http://www.ncbi.nlm.nih.gov/pubmed/19136439
https://doi.org/10.1093/jac/dky031
http://www.ncbi.nlm.nih.gov/pubmed/29394363
https://www.R-project.org/
https://www.R-project.org/
https://digital.nhs.uk/data-and-information/publications/statistical/patients-registered-at-a-gp-practice
https://digital.nhs.uk/data-and-information/publications/statistical/patients-registered-at-a-gp-practice
https://doi.org/10.1136/bmjopen-2013-003320
https://doi.org/10.1136/bmjopen-2013-003320
http://www.ncbi.nlm.nih.gov/pubmed/23959757
https://doi.org/10.1186/1471-2334-14-13
https://doi.org/10.1186/1471-2334-14-13
http://www.ncbi.nlm.nih.gov/pubmed/24405683
https://doi.org/10.1093/jac/dkx465
http://www.ncbi.nlm.nih.gov/pubmed/29309593
https://doi.org/10.1136/bmj.323.7320.1037
http://www.ncbi.nlm.nih.gov/pubmed/11691763
https://doi.org/10.1371/journal.pone.0218134
http://www.ncbi.nlm.nih.gov/pubmed/31181106
https://doi.org/10.1086/605530
http://www.ncbi.nlm.nih.gov/pubmed/19686074
https://doi.org/10.1016/S1473-3099(18)30676-5
http://www.ncbi.nlm.nih.gov/pubmed/30846277
https://doi.org/10.1371/journal.pone.0232903

