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Research in context 38 
Evidence before this study 39 
Financial rewards have been used to improve antimicrobial stewardship (AMS) in primary care 40 
settings with differing degrees of effectiveness. The Quality premium (QP) is a National Health 41 
Service (NHS) England intervention towards improvement in antibiotic prescribing. 42 
Implemented at clinical commissioning group (CCG) level, the QP included antibiotic 43 
optimisation in its 2015/2016 guidance with targets set each financial year towards reduction 44 
in the number of items prescribed in primary care. We searched PubMed for studies in English 45 
from 1st January 2000 to 1st January 2020 with the following search terms: ("antimicrobial 46 
stewardship" OR  "antibiotic stewardship") AND ("primary care") AND ("antimicrobial 47 
resistance" OR "antibiotic resistance"). We reviewed the studies in order to identify relevant 48 
literature on the impact of AMS interventions in primary care on antimicrobial resistance 49 
(AMR). Studies evaluating the impact of the QP stewardship reward on antibiotic prescribing 50 
have shown reductions in the total number of antibiotics prescribed and antibiotic prescribing 51 
in primary care. One evaluation of the QP identified an 8.2% drop in the total number of 52 
antibiotics prescribed. Another study reported a 3% drop in rate of antibiotics prescribed for 53 
respiratory tract infections (RTIs) in particular. A further study noted that the reduction in 54 
antibiotic prescribing following the QP implementation was significantly higher amongst the 55 
top 20% of prescribers in England. However, none of these evaluations have included an 56 
assessment of the impact on AMR. Most evaluations of the impact of AMS interventions in 57 
England have focused on antibiotic prescribing rate as an outcome, with little evidence on 58 
their impact on AMR, which is a growing threat to global health security. Understanding the 59 
impact of such national interventions targeting antibiotic prescribing on resistance is important 60 
in quantifying the contributions of reduced prescribing to resistance trends, an area with limited 61 
evidence. A Scottish population-based study is one of the few evaluations of the impact of 62 
AMS interventions on AMR in the community. The study reported moderate reductions in 63 
resistance to three broad-spectrum antibiotics classes (fluoroquinolones, cephalosporins, and 64 
penicillins [co-amoxiclav]) among coliform bacteraemia. A further study conducted in Spain 65 
reported that implementation of AMS interventions in primary care improved appropriate 66 
antibiotic usage, reducing incidence of infections due to ed spectrum beta-lactamase (ESBL)-67 
producing E. coli in the community. 68 
 69 
Added value of this study  70 
The study findings suggest that there were substantial reductions in community broad-71 
spectrum antimicrobial prescribing associated on implementation of the 2015/16 QP AMS 72 
intervention. Corresponding changes in antimicrobial resistance amongst Escherichia coli 73 
bacteraemia, to all antibiotics individually and in combination, were more modest after 74 
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adjusting for confounding variables, including variations in general practitioner antibiotic 75 
prescribing. The present study has demonstrated that whilst the QP intervention has 76 
succeeded in reducing antibiotic usage, the corresponding resistance in E. coli causing 77 
bacteraemia, though attenuated following the implementation of the QP, remains on an 78 
upward trajectory.  79 
 80 
Implications of all the available evidence 81 
Whilst strategies to reduce inappropriate antibiotic prescribing can result in short-term 82 
reductions in resistance, these strategies alone may be insufficient alone in limiting the rise in 83 
AMR in the healthcare economy. Antibiotic prescribing in healthcare has been the cornerstone 84 
of antibiotic stewardship, but this is only one component of the stewardship landscape. It is 85 
becoming clearer that a leading cause of the unhindered resistance, despite falling antibiotic 86 
prescribing, is transmission of antibiotic resistance genes in the environment. It is therefore 87 
important to consider the impact of resistance genes and the patterns in which they are 88 
introduced into the population. It is discernible that a more radical, multi-sectorial approach, 89 
such as surveillance of resistance genes, is urgently needed to shift the growing threat of 90 
AMR. If we can identify the scale of genes that drive AMR, and how the bacterial population 91 
evolve and adapt to changing pressures of antibiotics, it will allow the development of targeted 92 
measures, diagnostics and treatments to prevent and control bacteraemia caused by resistant 93 
E. coli.  94 
 95 
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 98 
 99 
 100 
 101 
 102 
 103 
 104 
 105 
 106 
 107 
 108 
 109 
 110 
 111 



  4 

Summary 112 
Background: We sought to evaluate the effectiveness of a national antimicrobial stewardship 113 
intervention, the Quality Premium (QP), on broad-spectrum antibiotic prescribing and 114 
Escherichia coli bacteraemia resistance to broad-spectrum antibiotics in England. 115 
Methods: We used longitudinal data on patients registered with a general practitioner in the 116 
English National Health Service and patients with E. coli bacteraemia notified to the national 117 
mandatory surveillance programme between January 2013-December 2018. We conducted 118 
an ecological analysis using interrupted time series (ITS) analyses and generalised estimating 119 
equations (GEE) to estimate the change in broad-spectrum antibiotics prescribing over time 120 
and change in the proportion of E. coli bacteraemia cases where the causative bacteria were 121 
resistant to each antibiotic individually or to at least one of the five antibiotics, after 122 
implementation of the QP. 123 
Findings: Following the implementation of the QP in April 2015, we observed an immediate 124 
downward step-change in broad-spectrum antibiotic prescribing incidence rate of 0.867 per 125 
1000 patients (95% CI: 0.837 to 0.898, p<0·001). We found that the pre-intervention slope for 126 
total antibiotic usage was an IRR of 1.002 (CI: 1.000 to 1.004, p-value=0.046). The change in 127 
slope for total antibiotic usage was an IRR of 0.993 (CI: 0.991 to 0.995, p<0·001). We also 128 
observed a downward step-change in resistance rate of 0.947 per 1000 E. coli isolates tested 129 
(95% CI: 0.918 to 0.977, p<0·001). We found that the pre-intervention slope for total antibiotic 130 
resistance was an IRR of 1.001 (CI: 0.999 to 1.003, p-value=0.346). The change in slope level 131 
for total antibiotic usage was an IRR of 0.999 (CI: 0.997 to 1.000, p=0.112).  On examination 132 
of the long-term effect following implementation of the QP, there was an increase in the 133 
number of isolates resistant to at least one of the five broad-spectrum antibiotics tested. 134 
Interpretation: Whilst interventions targeting antibiotic use can result in changes in resistance 135 
over a short period, they may be insufficient alone in curtailing antimicrobial resistance. 136 
Funding: National Institute for Health Research, Economic and Social Research Council 137 
(ESRC), Rosetrees Trust and The Stoneygate Trust. 138 
 139 
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INTRODUCTION 149 
Antimicrobial resistance (AMR) is a persistent health issue causing approximately 700,000 150 
deaths due to antibiotic resistant bacteria per year globally.1 Escherichia coli (E. coli) is a 151 
frequent cause of bacteraemia, and accounts for 55% of all Gram-negative bacteraemia since 152 
2017 in England.2 The organism has become a particular concern due to its widespread 153 
antibiotic resistance.3 Inappropriate use of antibiotics is associated with the development and 154 
spread of antibiotic-resistant bacteria through promoting the selection of antibiotic-resistant 155 
strains4–7. In England, over 70% of antibiotics are prescribed in primary care, many of which 156 
are deemed inappropriate.8 To control AMR, antimicrobial stewardship interventions targeting 157 
antibiotic prescribing in primary care settings have been introduced.9  158 
 159 
The Quality Premium (QP) is a National Health Service (NHS) England intervention which 160 
provided performance-related financial rewards to clinically-led statutory bodies, known as 161 
Clinical Commissioning Groups (CCGs), responsible for planning and commissioning local 162 
healthcare services.9 The scheme rewards CCGs for meeting annual targets. The QP included 163 
antibiotic optimisation as an antibiotic resistance indicator in its 2015/2016 guidance, with 164 
targets for CCGs to reduce both total antibiotic prescribing and broad-spectrum antibiotic 165 
prescribing (co-amoxiclav, cephalosporins, and quinolone items) each financial year.10  166 
 167 
Studies evaluating the impact of antimicrobial stewardship interventions, such as the QP, have 168 
focussed on changes in antibiotic prescribing rate, with limited evidence on the subsequent 169 
impact of these on AMR.11 Understanding the impact of such national interventions on AMR 170 
is important in quantifying the contributions of reduced prescribing to resistance trends. A 171 
Scottish population-based study by Hernandez-Santiago et al. is one of the few evaluations 172 
of the impact of antimicrobial stewardship interventions on AMR in the community, however, 173 
their analysis did not control for the possible effect of prescribing of antibiotics on AMR. 11  174 
 175 
Five broad-spectrum antibiotics used to treat common infections in community practice as per 176 
the National Institute of Clinical Excellence (NICE) guidelines were investigated in this 177 
analysis.12 The antibiotics included were co-amoxiclav, levofloxacin, ciprofloxacin, 178 
moxifloxacin and ofloxacin. This study used longitudinal data from 2013 to 2018 on prescribing 179 
and bacteraemia-causing E. coli resistance to these key antibiotics to fulfil two aims. These 180 
were to evaluate the effectiveness of the QP antimicrobial stewardship intervention on (i) 181 
broad-spectrum prescribing and (ii) resistance to broad-spectrum antibiotics, with adjustment 182 
for prescribing in primary care practices in England.  183 
 184 
 185 
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METHODS 186 
Study design and setting 187 
We conducted a quasi-experimental ecological study using monthly prescribing data from 188 
6,882 GP practices in England from January 2013 to December 2018. The period covered 189 
offered an opportunity to investigate a 27-month pre-implementation of the QP period and a 190 
45-month post-implementation of the QP period.  191 
 192 
Data Sources and linkage 193 
We used data on antimicrobial susceptibility testing (AST) of E. coli bacteraemia from the 194 
Communicable Disease Report (CDR) module of the Second-Generation Surveillance System 195 
(SGSS), a national microbiology surveillance database maintained by Public Health England 196 
(PHE). SGSS contained data on the patient’s GP practice by linking the data to the NHS 197 
Spine13, a central repository containing information on patient demographics, which occurs on 198 
the day each specimen is reported to SGSS. We classified intermediate AST results as 199 
susceptible to reflect the latest European Committee on Antimicrobial Susceptibility (EUCAST) 200 
definitions for AST.14 We linked the SGSS data to data from the mandatory surveillance 201 
scheme, a data reporting and analysis system for surveillance of healthcare-associated 202 
infections (HCAI) at PHE, to confirm the onset location of each episode of bacteraemia using 203 
an apportionment algorithm.2 The E. coli bacteraemia AST results were clustered at the unit 204 
of GP practice level using the patient’s GP practice code. We obtained monthly practice-level 205 
antibiotic prescribing data from OpenPrescribing, an Evidence-Based Medicine DataLab 206 
project at the University of Oxford,15 and subsequently linked this to the SGSS data using the 207 
GP practice code. Data from OpenPrescribing were obtained from the NHS Business Services 208 
Authority (NHS BSA) prescribing and dispensing information systems.16 209 
 210 
Based on previous ecological studies which have examined population-level changes in 211 
antibiotic prescribing and resulting resistance, changes in antibiotic prescribing at a GP 212 
practice level were assumed to have an impact on antimicrobial resistance associated with E. 213 
coli bacteraemia within 6 months.4 A 6-month lag period was therefore computed when linking 214 
the prescribing dataset and the E. coli bacteraemia AST results to account for this delayed 215 
impact. The final linked dataset included monthly counts of resistant isolates for each antibiotic 216 
and the monthly count of usage of each antibiotic per practice (see Figure 1 for a flowchart of 217 
data linkage).  218 
 219 
 220 
 221 
 222 
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Model generation and outcomes 223 
We examined prescribing trends of the five broad-spectrum antibiotics individually and as an 224 
aggregate. We examined resistance trends in E. coli isolates causing bacteraemia following 225 
the implementation of the QP. A binary variable was created to denote resistance to at least 226 
one of the five commonly prescribed broad-spectrum antibiotics (co-amoxiclav, ciprofloxacin, 227 
levofloxacin, moxifloxacin, ofloxacin). All analyses were conducted at the unit of the GP 228 
practice level. The main predictor was a binary variable indicating the implementation of the 229 
2015/16 QP. The intervention period included April 2015 to December 2018 with the pre-230 
intervention period as a control. The number of months since 2015/16 QP implementation was 231 
used to examine long term changes in trend following the intervention until the end of the study 232 
period.  233 
 234 
Confounders and effect modifiers in this study included the Index of Multiple Deprivation (IMD) 235 
from the English Indices of Deprivation 2015, based on the GP practice postcode.17,18 The 236 
IMD is a numeric relative measure of deprivation based on information from seven domains. 237 
These seven domains are income, employment, education, skills and training, health and 238 
disability, crime, barriers to housing services and living environment.18 The geographical 239 
region of each practice was also included as a potential confounder, defined by PHE centre. 240 
These centres were North East, North West, Yorkshire and the Humber, East Midlands, East 241 
of England, West Midlands, South East, South West and London.19 Additionally, prevalence 242 
of comorbidities and age distribution will affect the rate of antibiotic prescribing and will vary 243 
across practices.20 We therefore adjusted models for proportions of patients between 0-14 244 
and over 65 years,21 and the yearly prevalence of asthma, chronic obstructive pulmonary 245 
disease (COPD), diabetes, cancer, and chronic kidney disease (CKD) per 100 patients.22 We 246 
linked these data to the prescribing and E. coli bacteraemia AST results using a unique 247 
identification code for each GP practice.  248 
   249 
 250 
 251 
 252 
 253 
 254 
 255 
 256 
 257 
 258 
 259 



  8 

 260 
Figure 1. Flowchart for dataset creation and linkage 261 
Abbreviations: BSI – Bloodstream Infection; DCS – Data Capture System; GP – General 262 
Practitioner; QOF – Quality and Outcomes Framework; MHCLG - Ministry of Housing, 263 
Communities and Local Government 264 
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Statistical analysis 265 
Interrupted time series (ITS) is a powerful quasi-experimental method for evaluating the 266 
longitudinal effects of public health intervention.23 We used ITS to estimate changes in the 267 
rate of antibiotic prescribing and E. coli resistance to antibiotics over time following the 268 
implementation of the 2015/16 QP. We examined changes in trends of E. coli resistance as a 269 
change in the rate of resistant community-onset E. coli bacteraemia isolates per 1000 isolates 270 
tested per month. The offset for this outcome was the total number of isolates that were tested 271 
against the antibiotic during AST. We examined changes in trends of prescribing of antibiotics 272 
as a change in the rate of antibiotic prescriptions per 1000 patients per month. The offset for 273 
this outcome was total number of patients registered at the GP practice. The outcomes were 274 
assessed by generalised linear regression analysis of the time series, aggregating the 275 
outcomes for each month and including the offset. We examined changes in trends for pre-276 
intervention trends, changes in level after the QP implementation and changes in slope for 277 
post-intervention trends. The regression coefficients obtained from ITS models were 278 
exponentiated to obtain incidence rate ratios (IRRs). A trend line denoting the counterfactual 279 
scenario was generated. This was the predicted trend that would have been expected had the 280 
QP not been implemented. This trend line was compared to the observed post-intervention 281 
trend line. Absolute changes were calculated by taking difference between the predicted pre-282 
intervention trend of the outcomes and the actual trend at the end of the study period. We 283 
evaluated the relative change by calculating the absolute change as a relative proportion.  284 
 285 
We tested the data for overdispersion by comparing the Akaike Information Criterion (AIC) of 286 
the negative binomial and Poisson regressions. Models were selected where the model fit 287 
improved, denoted by a lower AIC. All models were a priori adjusted for season by adding a 288 
the ‘month’ variable, due to the accepted assumption that antimicrobial prescribing and 289 
resistance differ by season.24,25 To assess autocorrelation, we inspected the residual, 290 
autocorrelation (ACF) and partial autocorrelation function (PACF) plots (Supplementary 291 
Figures 1 and 2). We also used the Durbin-Watson test to examine first order autocorrelation. 292 
Where we noted autocorrelation, we added lag terms to the models. As the data were at 293 
monthly level, any significant lags up until 12th-order were chosen for further analyses. In order 294 
to assess whether the lag term should be included in the final model, we assessed whether 295 
the addition of the lag term (i) improved the Durbin-Watson statistic (ii) was statistically 296 
significant in the model (iii) improved model fit on comparing the AIC of the models and using 297 
likelihood ratio tests (iv) indicated residual autocorrelation on implementing the Breusch–298 
Godfrey test. 299 
  300 
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We used generalized estimating equations (GEE) with ecological resistance data at GP 301 
practice level clustered by time (month) to predict the impact of QP on antibiotic resistance. 302 
The Poisson variance was used for GEE models. The GEE method accounts for 303 
overdispersion due its basis in quasi-likelihood.26 Models with resistance as the outcome used 304 
total number of isolates submitted per month as an offset. A continuity correction of 0·5 was 305 
added across all variables related to resistance to enable total isolates in the offset. Models 306 
with antibiotic usage as the outcome used total number of patients per month as an offset. A 307 
continuity correction of 0·5 was also added to variables related to usage. The correlation 308 
structure was assessed using the Quasi-Information Criterion (QIC) and the model with the 309 
lowest QIC was chosen. We adjusted the GEE models to take into account prescribing rates 310 
of included antibiotics, the proportion of patients above 65 years old and between 0-14 years 311 
old in each practice, PHE region, season, deprivation level and prevalence of the 312 
comorbidities. The regression coefficients obtained from GEE models were exponentiated to 313 
obtain incidence rate ratios (IRRs).   314 
 315 
We used R Studio (http://www.r-project.org) for data management and ITS analysis using the 316 
‘glm’ and ‘glm.nb’ functions in the MASS package. We used Stata version 14 (Stata Corp, 317 
College Station, TX, USA) for modelling GEE using the ‘xtgee’ function. 318 
 319 
Missingness and sensitivity analyses 320 
GP practices that did not meet analysis criteria were excluded (Figure 1) and imputation 321 
methods were employed to address missingness. Where comorbidity data was missing for 322 
individual months, we used the last observation carried forward (LOCF) method.17 We 323 
manually imputed missing GP practice IMD scores using the practice postcode (n=24). We 324 
used the patient’s registered GP practice for the vast majority of practices. Where GP practice 325 
code was missing, we imputed GP practice from those closest to patient address using the 326 
first three letters of the patient postcode. We conducted three sensitivity analyses. Firstly, we 327 
conducted a sensitivity analysis using GEE, using the dataset with only complete GP practice 328 
codes and compared effect sizes across models with imputed versus fully observed datasets. 329 
Second, we conducted a further sensitivity analysis using GEE to compare the effect of the 330 
QP in different GP practice types. A binary variable was created to denote the top 20% of GP 331 
practices that observed the largest decreases in prescribing following the implementation of 332 
the QP, with the remaining 80% of GP practices as the baseline of this variable. The variable 333 
was then added as an interaction term in the GEE model comparing effect sizes across the 334 
practice types. Finally, in order to investigate extended spectrum beta-lactamase (ESBL)-335 
producing isolates,27 we conducted a further sensitivity analysis. ESBLs are enzymes 336 
produced by bacteria that confer resistance to broad spectrum antibiotic classes such as those 337 
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included in this study. We therefore conducted a standalone ITS analysis for the third-338 
generation cephalosporin ceftriaxone as ceftriaxone-resistant E. coli are a known proxy for 339 
identifying ESBL producing isolates.27 Ceftriaxone antimicrobial susceptibility testing (AST) 340 
data was obtained from the Communicable Disease Report (CDR) module of the Second-341 
Generation Surveillance System (SGSS). 342 
 343 
Role of the funding source 344 
The sponsor of the study had no role in study design, data collection, data analysis, data 345 
interpretation, or writing of the report. The corresponding author had full access to all the data 346 
in the study and had final responsibility for the decision to submit for publication. 347 
 348 
RESULTS 349 
Descriptive analysis results 350 
The total number of prescriptions issued over the study period for all five antibiotics was 351 
7,002,756 (760,497 ciprofloxacin, 6,068,217 co-amoxiclav, 82,500 levofloxacin, 29,953 352 
moxifloxacin and 61,589 ofloxacin). Over the study period (72 months), the mean number of 353 
antibiotics prescribed per GP practice was 1017·55 (SD = 816·35, 95% CI: 998·26-1036·84) 354 
(Table 1). Supplementary Table 1 shows the mean number of items for the entire pre- and 355 
post-intervention periods. 356 
 357 

 358 
 359 
 360 
 361 
 362 
 363 

Table 1.  GP practice antibiotic prescribing for community-onset E. coli bacteraemia isolates 

 

Antibiotics prescribed over the 
entire study period 
(Jan. 2013 to Dec. 2018, 72 months) 
(n = 6,8821) 

Antibiotics prescribed in the 6-
month period before implementation 
of QP 
(Oct. 2013 to Mar. 2015) 
(n = 6,8821) 

Antibiotics prescribed in the 6-month 
period after implementation of QP 
(Apr. 2015 to Sep. 2015) 
(n = 6,8821) 

Mean SD Lower 
95% CI 

Upper 
95% CI Mean SD Lower 

95% CI 
Upper 
95% CI Mean SD Lower 

95% CI 
Upper 
95% CI 

Ciprofloxacin 110·51 116·46 107·75 113·26 10·79 13·22 10·48 11·10 9·38 11·34 9·11 9·64 

Co-Amoxiclav 881·75 737·71 864·32 899·18 86·59 81·30 84·67 88·51 73·63 67·79 72·03 75·24 

Levofloxacin 11·99 36·71 11·12 12·86 0·99 3·75 0·90 1·08 0·86 3·33 0·78 0·94 

Moxifloxacin 4·35 12·53 4·06 4·65 0·39 1·61 0·35 0·43 0·34 1·43 0·30 0·37 

Ofloxacin 8·95 15·94 8·57 9·33 0·59 1·56 0·56 0.63 0·59 1·55 0·55 0·62 

Total Antibiotics 1017·55 816·35 998·26 1036·84 99·35 88·15 97·27 101·43 84·79 74·35 83·04 86·55 

Abbreviations: CI = Confidence Interval, SD = standard deviation 
1 Number of GP practices included in study as the denominator 
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We included practices that had complete observations for the variable on the number of 364 
patients in the practice for the 72 months covered in this study; this represents 99·3% of GP 365 
practices in England as of December 2018.21 We included data for 99·3% of the 6,928 GP 366 
practices in England as of December 2018, which is the last month of observation in our 367 
dataset. The remaining 0·7% (46) of practices did not have complete observations for 368 
preceding months in our study (for instance, practices that opened or closed during the 369 
observation period).  370 
 371 
A total of 138,787  E. coli bacteraemia isolates were recorded over the study period 372 
(Supplementary Table 2). Of these, 84,078 (60·6%) E. coli isolates were susceptible to all five 373 
antibiotics included in the study, and 54,709  (39·4%) E. coli isolates were resistant to at least 374 
one of the five antibiotics. Of all isolates, 74,519 (53·7%) were recovered from female patients. 375 
The highest number of isolates came from those who were 65 years and over (72·5%). The 376 
South East region of England had the highest number of isolates submitted (15·6%) whilst the 377 
North East region contributed the lowest (6·5%). A total of 119,140 isolates were tested for 378 
resistance to co-amoxiclav whilst only 112 were tested against ofloxacin (Supplementary 379 
Table 2).  380 
 381 
ITS analysis results 382 
A time series plot showed an overall reduction in the sum prescribing of all five broad-spectrum 383 
antibiotics over the study period. After the implementation of the QP, the ITS analysis showed 384 
an immediate downward step-change in the prescribing rate of the broad-spectrum antibiotics 385 
(IRR of 0·867 per 1000 patients, 95% CI: 0·837 to 0·898, p<0·001). The pre-intervention slope 386 
for total antibiotic usage was an IRR of 1·002 (CI: 1·000 to 1·004, p-value=0·046). The change 387 
in slope level for total antibiotic usage was an IRR of 0·993 (CI: 0·991 to 0·995, p<0·001). This 388 
was an absolute change of 0·870 and a relative change of -56·50%. Similar trends and 389 
changes in trends were observed for most of the antibiotics when plotted individually. Over 390 
the study period, there was an increasing trend in resistance rate to broad-spectrum 391 
antibiotics, which was attenuated following the implementation of the QP. ITS analysis showed 392 
there was an immediate downward step-change in the rate of resistance (IRR of 0·947 per 393 
1000 isolates tested; 95% CI: 0·918 to 0·977; p<0·001) following the implementation of the 394 
QP. The pre-intervention slope for total antibiotic resistance was an IRR of 1·001 (CI: 0·999 395 
to 1·003, p-value=0·346). The change in slope level for total antibiotic usage was an IRR of 396 
0·999 (CI: 0·997 to 1·000, p=0·112). The absolute change at 35·44 and the relative change 397 
was -12·03%. 398 
 399 
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After the implementation of the QP, the ITS analysis showed there was no change in the rate 400 
of ciprofloxacin prescribing (IRR of 1·009 per 1000 patients, 95% CI: 0·996 to 1·022, p=0·198) 401 
however there was a down-ward step change in co-amoxiclav prescribing (IRR of 0.866 per 402 
1000 patients, 95% CI: 0·835 to 0·897, p<0·001). The increasing trend in co-amoxiclav 403 
resistance seen over the study period attenuated following QP implementation. ITS analysis 404 
showed an immediate downward step-change in resistance rates for both antibiotics after QP 405 
implementation (ciprofloxacin: IRR of 0·939 per 1000 patients, 95% CI: 0·887 to 0·993, 406 
p=0·028 and co-amoxiclav: IRR of 0·942 per 1000 patients, 95% CI: 0·908 to 0·978, p=0·039).  407 
 408 
The QP had no impact on moxifloxacin prescribing (IRR of 0·951 per 1000 patients, 95% CI: 409 
0·899 to 1·005, p=0·860) and resistance (IRR of 0·942 per 1000 patients, 95% CI: 0·887 to 410 
1·339, p=0·740).  411 
 412 
Over the study period, there was an increasing trend in levofloxacin prescribing. An 413 
attenuation of the trend in levofloxacin prescribing was seen after QP implementation (IRR of 414 
0·928 per 1000 patients; 95% CI: 0·890 to 0·968; p<0·001). The QP had no impact on 415 
ofloxacin prescribing at QP implementation (IRR of 1·008 per 1000 patients; 95% CI: 0·969 to 416 
1·050; p=0·680). The QP had no impact on levofloxacin and ofloxacin resistance although 417 
there was a low number of isolates reported for these antibiotics and months with no isolates 418 
reported (see Table 1). All ITS coefficients are shown in Table 2 and corresponding plots are 419 
shown in Figure 2. Residual diagnostics are found in supplementary Figures 1 and 2.  420 
 421 
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 422 
 423 
 424 
 425 
 426 
 427 
 428 
 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 

Table 2. Interrupted time series analysis of changes in trends for antibiotic usage and 
antimicrobial resistance 

 Regression 
intercept 

Pre-
intervention 
trend 

Immediate 
change after 
implementation 
of the QP 

Change in 
trend over 
study period 

Absolute 
effect 

Relative 
effect (%) 

Antibiotic Usagea 

Total Antibiotic 
Usage 

0·002  
(0·002 to 0·002) 

1·002  
(1·000 to 1·004) 

0·867 
(0·837 to 0·898) 

0·993  
(0·991 to 0·995) 0·870 -56·50 

Co-amoxiclav 0·002  
(0·002 to 0·002 

1·003  
(1·001 to 1·005) 

0·866  
(0·835 to 0·897) 

0·992  
(0·990 to 0·994) 0·842 -62·68 

Ciprofloxacin 0·000 
(0·000 to 0·000) 

0·999 
(0·999 to 1·000) 

1·009  
(0·0·996 to 0·914) 

0·997  
(0·996 to 0·997) 0·020 -15·26 

Levofloxacin 0·000  
(0·000 to 0·000) 

1·008  
(1·006 to 1·010) 

0·928  
(0·890 to 0·968) 

1·000  
(0·997 to 1·002) 0·003 -8·71 

Ofloxacin 0·000  
(0·000 to 0·000) 

 0·999  
(0·998 to 1·001) 

1·008  
(0·969 to 1·050) 

 1·001  
(0·998 to 1·004) 0·001 5·30 

Moxifloxacin 0·000  
(0·000 to 0·000) 

1·001  
(0·998 to 1·004) 

 0·951 
(0·899 to 1·005) 

 0·998  
(0·995 to 1·001) 0·000 -5·68 

Antimicrobial Resistanceb 

Total 
Antimicrobial 
Resistance 

0·226  
(0·207 to 0·246) 

1·001  
(0·999 to 1·003) 

0·947  
(0·918 to 0·977) 

0·999  
(0·997 to 1·000) 35·44 -12·03 

Co-amoxiclav 0·356  
(0·341 to 0·373) 

1·004  
(1·003 to 1·006) 

0·942  
(0·908 to 0·978) 

0·998  
(0·996 to 1·000) 72·25 -17·56 

Ciprofloxacin 0·170  
(0·159 to 0·181) 

1·000  
(0·998 to 1·003) 

0·939  
(0·887 to 0·993) 

1·003  
(1·000 to 1·006) 10·43 5·66 

Levofloxacin 0·134  
(0·102 to 0·178) 

0·999  
(0·988 to 1·009) 

0·994  
(0·813 to 1·241) 

0·995  
(0·983 to 1·006) 63·01 -27·63 

Ofloxacin 0·777  
(0·147 to 4·123) 

 1·009  
(0·952 to 1·070) 

1·062  
(0·503 to 2·244) 

 0·988  
(0·928 to 1·051) 566·03 -64·29 

Moxifloxacin 0·231  
(0·100 to 0·534) 

1·003  
(0·974 to 1·032) 

0·942  
(0·663 to 1·339) 

0·995  
(0·965 to 1·026) 77·59 -29·81 

Confidence intervals shown in brackets 
Incidence Rate Ratios (IRR) were obtained by Poisson or Negative Binomial regression analyses 
aAs a change in rate of antibiotics prescribed per 1000 patients in GP practice 
bAs a change in rate of resistant isolates per 1000 isolates submitted to Public Health England 



  15 

 Antibiotic prescribing Antibiotic Resistance 

Al
l A

nt
ib

io
tic

s 

  

C
ip

ro
flo

xa
ci

n 

  

C
o-

am
ox

ic
la

v 

  

M
ox

ifl
ox

ac
in

 

  



  16 

GEE analysis results 437 
The GEE model showed that the implementation of the QP had no impact on resistance to at 438 
least one of the five broad-spectrum antibiotics tested (IRR: 0·996; 95% CI: 0·986-1·003; p-439 
value=0·207). After adjusting for prescribing, co-morbidities, age, deprivation index and 440 
geographical region, the effect of the QP did not change (IRR: 0·996; 95% CI: 0·987-1·005; 441 
p-value=0·410). The GEE model showed that in the long term, there was a sustained increase 442 
in the number of E. coli isolates resistant to at least one of the broad-spectrum antibiotics 443 
tested on implementation of the QP (IRR: 1002; 95% CI: 1·000-1·003; p-value=0·047) (Table 444 
3).  445 
 446 
 447 
 448 
 449 
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Figure 2.  Rates of community antimicrobial exposure from 2013 to 2018 and GP practice level rates of 
resistance in E. coli community-onset E. coli bacteraemia isolates in England in relation to the QP 
antimicrobial stewardship intervention implemented in 2015, with counterfactual (dotted line) and linear 
regression segments (black lines) 
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Table 3. Generalized Estimating Equation (GEE) models showing immediate and monthly effect 
of QP intervention on the number of community-onset E. coli bacteraemia isolates resistant to 
at least one of five antibiotics used for common infections 
 IRR Lower 95% CI  Upper 95% CI p-value 
Unadjusted model 
Immediate Effect After QP 0·9958 0·9862 1·0030 0·207 

Long-term effect 39 months After QP 1·0012 0·9999 1·0030 0·080 

Adjusted model1 

Immediate Effect After QP 0·9962 0·9872 1·0053 0·410 

Long-term effect 39 months After QP 1·0024 1·0000 1·0030 0·047 
Abbreviations: IRR = Incidence Rate Ratio, CI = Confidence Interval. 
1Adjusted for prescribing for all 5 antibiotics per practice, the proportion of patients per GP practice with chronic obstructive 
pulmonary disorder (COPD), the proportion of patients per GP practice with chronic kidney disease (CKD), the proportion of 
patients in GP practice asthma, the proportion of patients in a GP practice with cancer, proportion of patients in a GP practice with 
diabetes, the proportion of patients in a GP practice aged between 0-14, the proportion of patients in a GP practice aged 65+, GP 
practice deprivation index, PHE region and season. 

 452 
Sensitivity analyses 453 
A sensitivity analysis was conducted looking at only those community-onset E. coli 454 
bacteraemia isolates that had a GP practice code recorded (n=138,576), compared with the 455 
dataset including imputed GP practice codes (descriptive analyses for practice-level and 456 
patient-level data for the fully observed dataset are presented in Supplementary Tables 6 and 457 
7, respectively). The adjusted GEE model estimates on the effect of QP on resistance to these 458 
five antibiotics was similar for each dataset with the main model with imputed data showing a 459 
conservative estimate (IRR: 0·993 in the fully observed vs IRR: 0·997 in the imputed data). 460 
An additional sensitivity analysis was conducted looking at the effect of the QP in GP practices 461 
that saw the largest decreases in prescribing following its implementation. The adjusted GEE 462 
model estimates on the effect of QP on resistance to tested antibiotics was the same in the 463 
main dataset and the model with the interaction term (IRR: 0·993 in the model with the 464 
interaction term vs IRR: 0·997 in the imputed data). Finally, a sensitivity analysis was 465 
conducted using ITS analysis looking at the effect of the QP on ceftriaxone prescribing and 466 
resistance. The QP had no impact on ceftriaxone prescribing  (IRR: 0·929 items per 1000 467 
patients; 95% CI 0·817 to 1·057; p=0·955) or ceftriaxone resistance (IRR: 1·043 per 1000 468 
isolates; 95% CI 0·905 to 1·201; p=0·562) (Supplementary Tables 3 to 5 and supplementary 469 
Figure 3). 470 
 471 
 472 
 473 
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DISCUSSION  474 
This study provides information on trends in broad-spectrum prescribing and antibiotic 475 
resistance in E. coli bacteraemia isolates before and after the implementation of a national 476 
financial reward in 2015/16, the Quality Premium. The study findings demonstrate attainment 477 
of the QP objective of reducing the prescribing rate of co-amoxiclav and levofloxacin but not 478 
of ciprofloxacin, ofloxacin or levofloxacin. We observed a  step-change in resistance to all 479 
antibiotics individually and in combination on implementation of the QP. However, the overall 480 
pattern was one of attenuation rather than a reversal of previously rising rates of antibiotic-481 
resistant E. coli isolates, with the pre-intervention trend in rates of antibiotic resistance 482 
persisting in the long term.  483 
 484 
This analysis has been strengthened by adjusting for antibiotic prescribing data in the analysis 485 
which similar studies have not controlled for.11 Our previous work shows strong evidence of 486 
an association between antimicrobial prescribing and development of resistance.5,28 To 487 
advance our understanding of the impact of antimicrobial stewardship interventions on AMR 488 
and the resulting implications for policy and practice, evaluating both antimicrobial prescribing 489 
and AMR data is necessary. To our knowledge, this is the first study to conduct such an 490 
investigation using longitudinal data representative of the English primary care practices.  491 
 492 
This study has some limitations. Firstly, antibiotic susceptibility testing (AST) reports made to 493 
the Second-Generation Surveillance System (SGSS) occur voluntarily which may lead to 494 
incomplete data collection. However, comparing bacteraemia rates from laboratories in the 495 
voluntary laboratory surveillance scheme with those reported to the mandatory surveillance 496 
scheme showed similar rates.3 Another possible limitation is the variation in definitions of 497 
clinical breakpoints. Most laboratories use EUCAST definitions of susceptibility to determine 498 
minimum inhibitory concentrations (MICs), which are considered more stringent29, however, a 499 
small subset of laboratories use Clinical & Laboratory Standards Institute (CLSI) definitions. 500 
This may lead to discrepancies in interpreting AST results for specific bacteria, which could 501 
affect the overall results of this study. Yet even with the use of EUCAST breakpoints, it is not 502 
clear at any point in time what particular version laboratories might be using thus potentially 503 
overlooking breakpoint changes. Additionally, there are other factors that may explain the 504 
variability in isolate submission such as local policies around screening for serious infections 505 
such as sepsis (e.g. Commissioning for Quality and Innovation [CQUINs]).30 Previous 506 
literature has cited increased detection of bacteraemia as an unintended consequence of 507 
policies that increase awareness of sepsis.31 Moreover, cephalosporins were not included in 508 
the main analysis. This is due to the majority of cephalosporins in primary care prescribed as 509 
cefalexin, a first-generation cephalosporin.12,32 E. coli bacteraemia isolate resistance to first-510 
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generation cephalosporins is not commonly tested as a key drug/bug combination33 and was 511 
thus unavailable in the reported data. Furthermore, second- and third-generation 512 
cephalosporins, are rarely prescribed in the community setting for managing common 513 
infections.12 They are prescribed in specialist cases and are not an accurate reflection of 514 
community cephalosporin use.12 Additionally, as this is an ecological study design with data 515 
aggregated at group-level, this may lead to bias due to ecological fallacy. Caution must be 516 
taken to avoid making inferences about antibiotic-resistant E. coli isolates from individual 517 
patients based on GP practice-level data. Finally, as this study originates in a high-income 518 
country, the generalisability of the study findings beyond other similar high-income settings 519 
are limited. Therefore, future work on addressing gap this is necessary. 520 
 521 
Although the current study noted a reduction in prescribing following the implementation of a 522 
financial reward, which is consistent with previous studies,23,34 it has also been shown 523 
implementation of such interventions can have little effect after their implementation.35 The 524 
reducing trend in total and individual prescribing demonstrated in the findings is consistent 525 
with previous studies.3,20,23 Notably, the 2019 English Surveillance Programme for 526 
Antimicrobial Usage and Resistance (ESPAUR) at PHE has reported a decrease in the total 527 
prescribing of antibiotics in primary care practices between April 2015 and March 2019. 528 
Decreases were also reported for co-amoxiclav and some quinolones.3 Our study found an 529 
increase in levofloxacin prescribing which is consistent with ESPAUR, which noted a 530 
consistent increase from 2014 to 2018.3 Other studies on the impact of the QP on antibiotic 531 
prescribing also showed a reducing trend in antibiotic prescribing in primary care.20,23 532 
 533 
The relationship between antibiotic prescribing and AMR has been established by a number 534 
of studies.4–7 Whilst there is evidence that reduction and restriction of antibiotic prescribing 535 
corresponds to a decrease in AMR in other similar high-income settings,36,37 previous research 536 
has noted persistent AMR despite decreasing prescribing.11,38–40 Several mechanisms may 537 
contribute to this. Firstly, whilst the use of penicillins, such as co-amoxiclav, has been shown 538 
to decrease in primary care, the use of penicillins in hospital inpatients has steadily increased.3 539 
This may lead to increased E. coli bacteraemia resistance as it may promote the selection of 540 
antibiotic-resistant strains of organisms within the whole healthcare economy.5 Additionally, a 541 
study by Vihta et al. found that GP practices that prescribed more co-amoxiclav in the previous 542 
year were more likely to see more urinary tract infections caused by co-amoxiclav resistant E. 543 
coli.41 As E. coli bacteraemia are frequently known to be preceded by the underlying UTI, 544 
these UTIs may have then progressed to bacteraemia. Additionally, studies have noted that a 545 
decrease in prescribing may require many years, perhaps up to a decade, to reduce 546 
corresponding resistance which may suggest that effects of the QP intervention need more 547 
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time to manifest.38 One study by Pouwels et al. noted that the use of specific antibiotics for E. 548 
coli UTIs, such as levofloxacin, is associated with resistance to other antibiotics used for other 549 
indications, such as ciprofloxacin, leading to co-selection of AMR E. coli isolates.42 Perhaps 550 
the most likely reason for the unhindered resistance despite falling antibiotic prescribing is the 551 
accumulation of mutations conferring resistance to antibiotics and acquired AMR genes within 552 
the bacterial populations.43 Collignon et al. suggested that transmission of antibiotic-resistant 553 
genes was likely the most dominant contributor to AMR, implying that resistance might 554 
continue despite a restriction of prescribing.43 This is of particular concern as the acquired 555 
AMR genes are usually present on mobile genetic elements (such as plasmids and 556 
transposons), that can be easily transmitted from one bacterial cell to another within the same 557 
species as well as between different bacterial species.44 These mobile genetic elements can 558 
carry more than one AMR gene making bacterial isolates resistant to multiple antibiotics.44 An 559 
example is the widely disseminated CTX-M enzyme which has become widespread globally 560 
and is responsible for most common antimicrobial resistance in E. coli, in the UK and the rest 561 
of Europe.45 Furthermore, anthropogenic activities that rely heavily on antibiotic use such as 562 
animal husbandry and wastewater treatment become reservoirs which promote transmission 563 
of the aforementioned antimicrobial resistance genes.45 These genes can then be transmitted 564 
to humans from the environment or through the food chain.45  565 
 566 
The present study has demonstrated that whilst the QP intervention has succeeded in 567 
reducing prescribing, resistance in E. coli causing bacteraemia, though attenuated following 568 
the implementation of the QP, remains on an upward trajectory. This study suggests that 569 
reducing prescribing, whilst effective in dampening resistance trends, may be insufficient as a 570 
standalone to curtail antimicrobial resistance in the primary care setting. AMR is a complex 571 
phenomenon which requires a collaborative effort across multiple sectors. We recommend 572 
surveillance of resistance genes for their early anticipation as there are irreversible genetic 573 
consequences of inappropriate antimicrobial use. The ability to identify the scale of genes that 574 
drive AMR and how the bacterial population evolve and adapt to changing pressures of 575 
antibiotics in use is important in the rational development of targeted measures, diagnostics 576 
and treatments to prevent and control bacteraemia caused by resistant E. coli.  577 
 578 
Our findings suggest that focussing on reducing antibiotic use in primary care setting, a target 579 
for UK AMR strategy for many years, may be insufficient alone in countering resistance that 580 
has become established in the bacteraemia-causing E. coli population.   581 
 582 
 583 
 584 
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