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Summary 

Irish and European antimicrobial resistance(AMR) surveillance data has highlighted 

increasing levels of resistance in Enterobacterales species and vancomycin resistance in 

Enterococcus faecium(VRE). Antimicrobial consumption(AC) in the Irish hospital setting is 

increasing. 

Methods 

A retrospective time series analysis(TSA) was conducted to evaluate the trends and possible 

relationship between AC of selected antimicrobials and the incidence of AMR in clinical 

isolates of enterobacterales species and E. faecium isolates resistant to vancomycin, from 

January 2017 to December 2020. 

Results 

Increased AC was seen in ceftriaxone(p= 0.0006), piperacillin/tazobactam(p = 0.03) and 

meropenem(p = 0.054) while ciprofloxacin and gentamicin use decreased.  

The rates of AMR of E.coli were trending downwards, AMR rates of K.pneumoniae was 

stable or decreasing, while AMR rates for the other enterobacterales increased modestly 

with the greatest concern related to the increase in ertapenem resistance from 0.581% in 

2017 to 5.19% in 2020 (p= 0.003). The rate of VRE decreased from 64% in 2017 to 53% in 

2020 (p = 0.1). 

TSA identified a correlation between piperacillin/tazobactam use and the decreasing rate of 

ceftriaxone resistance in E.coli isolates. 

 

Conclusion 

The decreasing or relatively stable rates of AMR found in enterobacterales and VRE isolates 

in this study reflect the positive effect of the hospital AMS programme. The increasing 

incidence of CPE seen in this study should be addressed as part of the local AMS 

programme. The COVID-19 pandemic resulted in increased broad-spectrum antimicrobial 

use, however, it is too early to determine the impact of these changes on AMR rates. 

 

 

Introduction 

Antimicrobial resistance (AMR) is a significant threat to public health [1]. The increasing 

levels of resistance among gram negative enterobacterales organisms, and levels of 
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vancomycin-resistance among the gram positive Enterococcus faecium (VRE) organism are 

causing concern across Europe [2] and in Ireland [3].  

 

The well-established link between inappropriate and excessive use of antimicrobials and 

selection for AMR [4] has contributed to the rise in AMR among the enterobacterales 

species [5]. Antimicrobial stewardship (AMS) interventions are an important element in 

tackling AMR and are well established in the Irish hospital setting [6]. However, the median 

overall rate of antimicrobial consumption (AC) in the Irish hospital setting has increased by 

16% between 2009 and 2019 [7]. 

The COVID-19 pandemic associated with the novel coronavirus, SARS-CoV-2 [8], has had a 

significant impact on healthcare systems and delivery worldwide [9]. Many routine AMS 

activities have been reduced and the impact of this on the incidence of AMR are yet to be 

determined [10]. Furthermore, evidence suggests that there has been widespread and 

excessive prescription of antimicrobials due to the similarities between the clinical 

presentation, and difficulties in differentiating between COVID-19 and bacterial pneumonia, 

along with the absence of antiviral treatments with proven efficacy [11].  

 

There is a lack of studies linking AC and AMR in the Irish hospital setting. Given the 

prevailing trends in AC and AMR in Ireland and the knowledge that AC is generally 

recognised as the primary driver of AMR, it is important to investigate how changes in AC 

influence bacterial susceptibility and at what time scale. This will assist in the development 

of policies to manage AMR particularly following the COVID-19 pandemic.  

In this study we aim to investigate the trends and possible relationships between AC and 

AMR in enterobacterales species, and the proportion of Enterococcus faecium isolates 

resistant to vancomycin, between 2017-2020 in an Irish hospital setting. The AMR data will 

also be compared with EU and other Irish hospital data. 
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Methods 

Hospital setting 

The study hospital is a 271 bed, inner city, acute University Teaching Hospital, in the 

Republic of Ireland. The hospital is comprised of various medical and surgical specialities, a 

paediatric unit, and a general intensive care unit. The hospital established a formal AMS 

programme in 2007. Key AMS events and policies implemented prior to and during the 

study period are summarised in Supplementary data Table I. 

 

Antimicrobial consumption 

Inclusion criteria 

Quarterly aggregated hospital AC data (dispensed to inpatients on all hospital wards) for 

antimicrobial agents indicated in the treatment of infections caused by the enterobacterales 

species were collated. This consisted of the following antimicrobial agents: Ceftriaxone, 

Ciprofloxacin, Levofloxacin, Ertapenem, Meropenem, Piperacillin/tazobactam, Gentamicin, 

Co-trimoxazole and Aztreonam. Data was also collated for Vancomycin. 

Exclusion criteria 

Antimicrobials dispensed to the out-patient setting. 

Antimicrobials not indicated for the treatment of infections caused by the enterobacterales 

species. 

 

The AC data was obtained from the hospital pharmacy electronic dispensing records for the 

study period (1/1/2017 to the 31/12/2020). The data was converted to the standardised 

WHO’s Anatomical Therapeutic Chemical (ATC) Classification of defined daily dose (DDD and 

antibiotic usage was expressed as quarterly aggregated DDDs according to the 2018 ATC 

classification and normalised per 100 hospital/bed days used (BDU) [12]. 

 

AMR data 

Inclusion criteria 

Clinical microbiology specimens (blood, sterile fluid, sputum, urine, wound and anaerobic 

specimens) which identified the following organisms: E.faecium, E.coli, K.pneumoniae and 

other enterobacterales species processed from patients during an inpatient hospital stay 

during the study period. 
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Exclusion criteria 

Duplicate isolates from the same patient [13].   

Microbiological isolates from community samples or outpatient clinics.  

 

AMR data was collected from the hospital Microbiology laboratory database for the study 

period (1/1/2017 to the 31/12/2020). Bacterial identification and antibacterial susceptibility 

testing were performed in the clinical microbiology laboratory of the hospital using the 

Vitek2 (bioMérieux) system according to the manufacturer’s guidelines. Antimicrobial 

susceptibility was assessed according to the recommendations of the European Committee 

for Antimicrobial Susceptibility Testing (EUCAST) antimicrobial susceptibility testing 

references and definitions [14]. Percentage resistance to a specified antimicrobial were 

calculated for the selected bacteria. The resistance rate was defined as the percentage of 

total isolates that were resistant to the selected agent. All non-susceptible isolates (i.e. 

resistant and intermediate) were considered resistant. 

 

Additional AMR data 

The European Antimicrobial Resistance Surveillance Network (EARS-Net) reports 

population-weighted EU/EEA wide AMR rates [3] using data submitted by medical 

microbiology laboratories including the study hospital. While there is some variability in 

reporting across Europe, data from Ireland is estimated to cover 96% of the population with 

a high geographical, hospital, patient and isolate representativeness. This AMR data is based 

on antimicrobial susceptibility testing generated using EUCAST methodology for invasive 

(blood or cerebrospinal fluid) isolates. Where groups of antimicrobials are reported, the 

reported figure is based on the result for the antimicrobial showing the highest level of 

resistance [3]. EU and National data is only available for VRE, E.coli and K.pneumoniae. 

 

Statistical analysis 

Initial analysis of the evolving trends in AC and AMR rates was conducted by linear 

regression analysis. Further analysis was conducted using time series analysis (TSA), which 

has been used previously to investigate possible correlations between AC and AMR where 

the data are measured repeatedly at equal intervals of time [15-17]. The Box–Jenkins 

method of TSA modelling was used to develop univariate autoregressive integrated moving 
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average (ARIMA) models of the AC and AMR data [18].  Following the development of 

univariate ARIMA models, a linear transfer function modelling method [16, 17] was used to 

investigate the dynamic relationship between antimicrobial use and the incidence of 

resistant isolates, considering possible time delays (lag times). These methods are described 

in detail in the supplemental data. All statistical analyses were performed with R version 

4.0.3. 

 

The study is reported according to the Strengthening the reporting of observational studies 

in Epidemiology (STROBE) statement: guidance for reporting observational studies[19] and 

the STROBE-AMS recommendations for reporting epidemiology studies of AMR and 

informing improvement in AMS [20]. 

 

Ethics 

Ethical approval for this study was granted by the Clinical Research Ethics Committee of the 

Cork Teaching Hospitals (Reference numbers ECM4(p) and ECM3(xx)).  
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Results  

Hospital trends in AC 

The trends in AC of the individual antimicrobials can be seen in Figure 1. Increasing trends 

were seen in ceftriaxone consumption (p= 0.0006), Piperacillin/tazobactam consumption (p 

= 0.03) and meropenem consumption (p = 0.054). Decreasing trends were seen in 

ciprofloxacin consumption (p = 0.0012) and gentamicin consumption (p= 0.057). Further 

trend analysis of AC is contained in Supplemental data Table II.   

 

 
Figure 1 Quarterly antimicrobial consumption rates of selected antimicrobials from Q1 2017 to Q4 2020  
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Hospital trends in AMR 

The rates of AMR for E. coli, K.pneumoniae and VRE incidence have been collated and are 

compared with Irish and European resistance figures in Table II. 

 

Table II: Percentage of clinical isolates of E. coli, K. pneumoniae and E.faecium resistant to 
selected antimicrobials from the study hospital (Hosp), Ireland and the EU 2017-2019 (Only 
study hospital data is available for 2020 at the time of writing) 

Bacteria Antimicrobial 
agent/Group 

2017 2018 2019 2020 

Hosp Ire EU Hosp Ire EU Hosp Ire EU Hosp 

E. coli 
 

Third generation 
cephalosporin* 

21 12 14.9 15.8 12.9 15.1 13.2 12 15.1 14.2 

 Carbapenems** 1.4 0 0.1 1.6 0 0.1 1.1 0 0.3 0 

 Fluoroquinolones# 32.5 23.6 25.7 31.5 23.9 25.3 27.7 20.4 23.8 25.7 

 Aminoglycosides 12.7 11.9 11.4 10.4 11.7 11.1 11.4 11.8 10.8 9.1 

K. 
pneumoniae 

Third generation 
cephalosporin* 

19.6 14.9 31.2 17.8 14.5 31.7 11.9 17.6 31.3 10.8 

 Carbapenems** 0 0.2 7.1 1.4 0.6 7.5 0 0.9 7.9 1.92 

 Fluoroquinolones# 22.4 5.9 30.5 23.3 8.1 19.5 8 5.3 19.3 12.5 

 Aminoglycosides 17.8 11.9 24.1 14.6 13 22.7 10 11 22.3 3.85 

E.faecium Vancomycin 
resistance 

64.1 38.2 14.9 56.3 40.2 17.3 48.6 38.4 18.3 53 

*EU and Ire data relates to cefotaxime/ceftriaxone/ceftazidime, study hospital data relates to ceftriaxone 
resistance 
** EU and Ire data relates to imipenem/meropenem, study hospital data relates to ertapenem resistance 
# EU and Ire data relates to ciprofloxacin/levofloxacin/ofloxacin, study hospital data relates to 
ciprofloxacin resistance 
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E.coli 

The number of clinical isolates of E.coli per year ranged from 233 in 2017 to 211 in 2020. 

The evolving trends in E.coli resistance to selected antimicrobials can be seen in Figure 2. 

The rates of resistance to the listed antimicrobials in the clinical isolates of E.coli were all 

trending downwards e.g. (Ceftriaxone p=0.136, Ciprofloxacin p=0.138, 

Piperacillin/tazobactam p=0.143), except for co-trimoxazole(p=0.69). Fluoroquinolone 

resistance rates in the hospital have fallen since 2017 (p=0.138) but are consistently higher 

than national and EU rates. The presence of the ESBL resistance mechanism in the study 

hospital E.coli isolates ranged from 19.8% in 2017 to 14.1% in 2020 (p = 0.323). Further 

details on the annual rates of resistance are contained in Supplemental data Table III 

 

 
Figure 2 Quarterly E.coli resistance rates to selected antimicrobials from Q1 2017 to Q4 2020  
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K. pneumoniae 

The number of clinical isolates of K.pneumoniae per year ranged from 72 in 2017 to 59 in 

2020. The evolving trends in K.pneumoniae resistance to selected antimicrobials can be seen 

in Figure 3. The rates of resistance to the listed antimicrobials in the clinical isolates of 

K.pneumoniae were stable or trending downwards. Third generation cephalosporin 

resistance was considerably higher in the EU than in Ireland, and in the study hospital. 

Carbapenem resistance rates were higher in the EU, but were trending slowly upwards in 

Ireland, and fluctuating in the study hospital based on ertapenem resistance rates. 

Fluoroquinolone resistance was higher in 2017 in the study hospital (22%) than the EU 

(30%); the hospital rate has fallen below the EU rate but remains above the national rate in 

the following years as can be seen in the ciprofloxacin and levofloxacin rates in Table 2 and 

Figure 3. The presence of the ESBL resistance mechanism in K.pneumoniae isolates ranged 

from 19.8% in 2017 to 8.88% in 2020 (p = 0.0254) in the study hospital. Further details on 

the annual rates of resistance are contained in Supplemental data Table IV. 
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Figure 3 Quarterly K.pneumoniae resistance rates to selected antimicrobials from Q1 2017 to Q4 2020  
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Other Enterobacterales species (excluding K. pneumoniae and E. coli) 

The number of clinical isolates of other enterobacterales species per year ranged from 165 

in 2017 to 133 in 2020. The most frequently isolated other enterobacterales species were: 

Citrobacter, Enterobacter, Proteus and Serratia. The evolving resistance trends in the other 

enterobacterales species to selected antimicrobials can be seen in Figure 4.  While there 

were some increases in the rates of resistance to most antimicrobials during the study 

period the trend of greatest concern was in ertapenem resistance which increased from 

0.581% in 2017 to 5.19% in 2020 (p-value= 0.003). 

The presence of ESBL positive enterobacterales isolates was insignificant (1.43% in 2017 to 

0% in 2020, [p =0.013]). Further details on the annual rates of resistance are contained in 

Supplemental data Table V. 

 

 
Figure 4 Quarterly resistance rates for other Enterobacterales species to selected antimicrobials from Q1 

2017 to Q4 2020 
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Enterococcus faecium 

The number of clinical isolates of E.faecium per year ranged from 116 in 2017 to 124 in 

2020. In the study hospital the rate of VRE has decreased from 64% in 2017 to 53% in 2020 

(p = 0.1) but is considerably higher than seen both nationally and in the remainder of the 

EU.  

 

Incidence and dynamic regression of E.coli resistance to ceftriaxone and the influence of 

piperacillin/tazobactam 

For ceftriaxone resistance in E.coli we identified an ARIMA model [18] with one significant 

moving average term of order 2. The transfer function model was developed which 

explained 86% (R2=86) of the variation in incidence with piperacillin/tazobactam 

consumption as a statistically significant explanatory variable for ceftriaxone resistance in 

E.coli. A 1% increase in piperacillin/tazobactam use would result in a 1.33% decrease in 

ceftriaxone resistance immediately and a further 0.488 % decrease in 3 months. The 

transfer function model also included the moving average term of the resistance rate itself 

with a lag of 6 months. Further details are contained in Supplemental data Table V. 
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Discussion 

This study contains an analysis of the rates of AC and AMR in an Irish teaching hospital using 

TSA. The findings show that while overall AC rates and broad-spectrum antimicrobial 

(ceftriaxone, piperacillin/tazobactam and meropenem) use increased over the study period 

there was not a corresponding increase in rates of AMR, in fact the rates of resistance 

decreased or remained stable with a few exceptions. These findings suggest that hospital AC 

is just one of several factors that influence the rates of AMR seen in the hospital setting. 

Analysis of AMR trends in this study showed hospital rates of resistance in E.coli and 

K.pneumoniae were decreasing or stable. The rates of AMR in the other enterobacterales 

isolates were relatively stable or slowly increasing. The rate of ertapenem resistance (CPE) 

in K.pneumoniae and other enterobacterales isolates is increasing, following a national trend 

of increasing incidence of CPE and the diagnosis of invasive CPE infections [21]. The rate of 

VRE in the study hospital has fallen from 64% in 2017 to 53% in 2020 but is higher than 

national and EU figures. 

The decreasing or stabilising rates of AMR among enterobacterales isolates seen in this 

study is encouraging and suggests the hospital AMS programme is having a positive impact 

on gram negative AMR rates [22].  A recent analysis of AC and AMR data from the EU has 

identified similar findings in terms of stabilisation of AMR rates in E.coli and K.pneumoniae, 

which was associated with the positive effects of AMS initiatives [23]. The decrease in the 

rate of VRE in this study is also encouraging as historically, AMS programmes have been less 

effective in reducing the incidence rates of VRE [22]. It is important that the increasing 

incidence of CPE seen in this study is addressed as part of the local AMS programme. The 

most effective AMS interventions to target CPE are those which address carbapenem use 

and incorporate education and restrictive measures [24, 25]. The reduction in AMS activities 

[10] seen during the COVID-19 pandemic is likely to have contributed to the increased 

carbapenem use seen during this study.  

 

When each of the AC-AMR combinations (e.g. AC and ertapenem resistance, AC and VRE 

rates) were cross-correlated using linear regression of the ARIMA model residuals, only one 

significant correlation between antimicrobial use and AMR was identified. This may have 

been because it is difficult to demonstrate a statistically significant correlation due to the 

complex and evolving nature of AMR despite the link between AMR and AC being well 
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established [26]. A recent study from the Netherlands in the outpatient setting found that 

the association between antimicrobial use and resistance was weak [27]. Suggested factors 

for the lack of correlation included patient related factors (e.g. age, sex), individual patient 

antimicrobial exposure, resistance mechanisms to antimicrobials between different bacteria 

[27] and the interaction with the use of other antimicrobials [16].  

In this study a correlation between piperacillin/tazobactam use and the rate of resistance to 

ceftriaxone in E.coli was observed using TSA. Over the study period the rate of resistance to 

ceftriaxone in E.coli decreased while the use of ceftriaxone increased particularly in 2020. 

The increased consumption of ceftriaxone during 2020 did not appear to have an immediate 

impact on the rate of ceftriaxone resistance but this should be monitored due to a potential 

lag in the influence of the increased use on rates of resistance. The use of 

piperacillin/tazobactam also increased during the study period but using TSA a correlation 

was identified with the decrease in ceftriaxone resistance in E.coli. This effect has also been 

seen in a study involving the substitution of piperacillin/tazobactam for a broad-spectrum 

cephalosporin (ceftazidime) which resulted in decreasing levels of ceftazidime resistance in 

other enterobacterales species (K.pneumoniae and Proteus mirabilis) [28]. Resistance strain 

dynamics can play an important role in changes in AMR rates in E.coli species and are 

influenced by antimicrobial consumption changes [17]. In situations where there are high 

levels of resistance to third generation cephalosporins such as ceftriaxone as seen in the 

study hospital, efforts to substitute ceftriaxone with piperacillin/tazobactam should be 

considered. 

The consumption of broad spectrum antimicrobials ceftriaxone, piperacillin/tazobactam and 

meropenem, increased over the course of the study with a particularly large increase in 

2020, during the COVID-19 pandemic. As expected, the increased consumption of these 

antimicrobials was associated with the treatment of suspected pneumonia in patients with 

suspected or proven COVID-19 following national recommendations for AMS strategies 

during the pandemic [29]. Studies have estimated that up to 72% of hospitalised COVID-19 

patients received antimicrobials while the rate of bacterial co-infection ranged from 6% [30] 

to 11% [31]. Such instances of poor AMS highlight the challenges faced in the delivery of 

AMS programmes during the pandemic [31] and the negative impact it has had on AMS 

activities [10]. The increases in the prescribing of broad-spectrum antimicrobials and 

decreased AMS activities has led to concerns that AMR may proliferate in hospitals because 
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of COVID 19. However, the COVID-19 pandemic does not appear to have resulted in 

significant changes to AMR rates seen in the study hospital in 2020, or elsewhere to date 

[32].  

One potential benefit of the COVID-19 pandemic was the enhancement of Infection 

Prevention and Control (IPC) [33] practices. AMS programmes are more effective when 

implemented alongside IPC measures [22] as antimicrobial use selects for AMR, it’s 

dissemination is facilitated by suboptimal IPC practices and AC. While some AMS activities 

decreased during the COVID-19 pandemic, IPC was brought to the fore, and an increased 

recognition of the importance of IPC in reducing the transmission of infection resulted.  

 

The focus of this study was on AC and AMR in the hospital setting but it is important to 

acknowledge the impact of community antimicrobial use has on AMR, as antimicrobial use 

in one setting can impact AMR in the other. This ‘spill-over’ effect has previously been 

suggested as a reason for not detecting AC and AMR correlations particularly in smaller 

patient populations [34]. The response to the COVID-19 pandemic are also likely to impact 

AC and AMR in the community, decreased international travel, social distancing and mask 

wearing all reducing the transmission of infection [32]. The implications of changes to 

community AC and other changes in response to the COVID 19 pandemic will be important 

to explore.   

 

Limitations of the study 

The study was ecological in nature and did not analyse AMR and AC data at the patient level 

and nor did not control for patient-related factors. The study was unable to determine if 

individual patients identified with a resistant organism were exposed to the most relevant 

antimicrobial, other antimicrobials or risk-factors conventionally associated with resistance 

which means we cannot exclude confounding factors that may be responsible for the 

observed relationships. 

Patient demographic data were only available for AMR and not AC, limiting the value of 

trying to include variables such as age, sex and location in our analysis. However, given the 

large sample size, effects of sampling variation in patient-level characteristics should 

theoretically be negligible.  
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This study only included clinical isolates and not routine surveillance cultures leading to a 

risk of selection bias due to an underestimate of the incidence of resistance. It is possible 

that not all patients with infections in the hospital may have been identified, some 

diagnosed infections may not have had specimens sent to the microbiology laboratory for 

investigations, and some specimens from infected patients may not have grown a 

microorganism to identify and submit for antimicrobial susceptibility tests. 

This was a single centre retrospective study which makes it difficult to explore the complex 

relationship further. Future studies involving multi-centres and community practice would 

allow the examination of the relationships more fully. 

Other studies have suggested more frequent observations should be used when conducting 

TSA [15] however this was not practical for this study. The use of a longer reporting period 

should be considered in future studies with the use of monthly data to increase sensitivity 

to identify possible correlations. 

 

Conclusion 

The decreasing or relatively stable rates of AMR found in the enterobacterales and VRE 

isolates in this study are a positive response to the hospital AMS programme. Broad 

spectrum AC increased over the course of the study with a particularly large increase in 

response to the COVID-19 pandemic. Much of the increase during the COVID-19 pandemic 

may have been unnecessary and occurred at a time of decreased AMS programme activities 

but has not resulted in changes to AMR rates to date. IPC practices have improved in 

response to the COVID-19 pandemic and continue to contribute to the effectiveness of AMS 

programmes. 

Future research should explore the possible link between AC and AMR in the local 

community as well as the hospital setting, and patient level AC and AMR data would be a 

significant advantage for this. The use of TSA to analyse routine AC and AMR data as part of 

AMS programmes should also be considered, as it would allow for the identification and 

analysis of correlations such as that between piperacillin/tazobactam and ceftriaxone 

resistance in E.coli identified in this study to be investigated further. 

 

 
 



 18 

Acknowledgements 

The authors would like to thank Liz Fitzpatrick, Chief Medical Scientist, MUH Microbiology 

Laboratory for her assistance in the collation in of the AMR data. 

The authors would like to thank Dr Darren Dahly, HRB Clinical Research Facility at UCC, for his 

assistance with the statistical analysis of this study. 

The authors would like to thank Dr Brendan Palmer, HRB Clinical Research Facility UCC, for his 

assistance with the R coding of this study. 

Conflicts of interests statement 

Nothing to declare 

Funding 

The study was supported by internal funding. 

  



 19 

References  

[1] World Health Organisation. Antimicrobial resistance: global report on surveillance 
2014, 2014. 
[2] European Centre for Disease Prevention and Control. Antimicrobial resistance in the 
EU/EEA (EARS-Net) - 

Annual Epidemiological Report 2019., 2020. 
[3] European Centre for Disease Prevention and Control. Additional-tables-EUEEA-
population-weighted-mean-2019.pdf, 2020. 
[4] Arnold SR, Straus SE. Interventions to improve antibiotic prescribing practices in 
ambulatory care. Cochrane Database Syst Rev 2005(4):CD003539. 
https://doi.org/10.1002/14651858.CD003539.pub2. 
[5] Watkins RR, Bonomo RA. Increasing prevalence of carbapenem-resistant 
Enterobacteriaceae and strategies to avert a looming crisis. Expert Review of Anti-infective 
Therapy 2013;11(6):543-5. https://doi.org/10.1586/eri.13.46. 
[6] SARI Hospital Antimicrobial Stewardship Working Group. Guidelines for Antimicrobial 
Stewardship 

in Hospitals in Ireland, 2009. 
[7] Health Protection Survailence Centre (HPSC). Micro B-Hospital antimicrobial 
consumption surveillance 2019, 2020. 
[8] Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and clinical 
characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a 
descriptive study. The Lancet 2020;395(10223):507-13. https://doi.org/10.1016/s0140-
6736(20)30211-7. 
[9] Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors for mortality 
of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet 
2020;395(10229):1054-62. https://doi.org/10.1016/S0140-6736(20)30566-3. 
[10] Ashiru-Oredope D, Kerr F, Hughes S, Urch J, Lanzman M, Yau T, et al. Assessing the 
Impact of COVID-19 on Antimicrobial Stewardship Activities/Programs in the United Kingdom. 
Antibiotics (Basel) 2021;10(2). https://doi.org/10.3390/antibiotics10020110. 
[11] Huttner BD, Catho G, Pano-Pardo JR, Pulcini C, Schouten J. COVID-19: don't neglect 
antimicrobial stewardship principles! Clinical microbiology and infection : the official 
publication of the European Society of Clinical Microbiology and Infectious Diseases 
2020;26(7):808-10. https://doi.org/10.1016/j.cmi.2020.04.024. 
[12] World Health Organization (WHO). Collaborating centre for drug statistics 
methodology. ATC/DDD index 2018, 2018. 
[13] Hindler JF, Stelling J. Analysis and presentation of cumulative antibiograms: a new 
consensus guideline from the Clinical and Laboratory Standards Institute. Clin Infect Dis 
2007;44(6):867-73. https://doi.org/10.1086/511864. 
[14] Matuschek E, Brown DF, Kahlmeter G. Development of the EUCAST disk diffusion 
antimicrobial susceptibility testing method and its implementation in routine microbiology 
laboratories. Clin Microbiol Infect 2014;20(4):O255-66. https://doi.org/10.1111/1469-
0691.12373. 
[15] Monnet DL, Lopez-Lozano JM, Campillos P, Burgos A, Yague A, Gonzalo N. Making 
sense of antimicrobial use and resistance surveillance data: application of ARIMA and transfer 

https://doi.org/10.1002/14651858.CD003539.pub2
https://doi.org/10.1586/eri.13.46
https://doi.org/10.1016/s0140-6736(20)30211-7
https://doi.org/10.1016/s0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.3390/antibiotics10020110
https://doi.org/10.1016/j.cmi.2020.04.024
https://doi.org/10.1086/511864
https://doi.org/10.1111/1469-0691.12373
https://doi.org/10.1111/1469-0691.12373


 20 

function models. Clin Microbiol Infect 2001;7 Suppl 5:29-36. https://doi.org/10.1046/j.1469-
0691.2001.00071.x. 
[16] López-Lozano JM, Monnet DL, Yagüe A, Burgos A, Gonzalo N, Campillos P, et al. 
Modelling and forecasting antimicrobial resistance and its dynamic relationship to 
antimicrobial use: a time series analysis. Int J Antimicrob Agents 2000;14(1):21-31. 
https://doi.org/10.1016/s0924-8579(99)00135-1. 
[17] Vernaz N, Huttner B, Muscionico D, Salomon J-L, Bonnabry P, López-Lozano JM, et al. 
Modelling the impact of antibiotic use on antibiotic-resistant Escherichia coli using 
population-based data from a large hospital and its surrounding community. Journal of 
Antimicrobial Chemotherapy 2011;66(4):928-35. https://doi.org/10.1093/jac/dkq525. 
[18] Helfenstein U. Box-Jenkins modelling in medical research. Stat Methods Med Res 
1996;5(1):3-22. https://doi.org/10.1177/096228029600500102. 
[19] von Elm E, Altman DG, Egger M, Pocock SJ, Gotzsche PC, Vandenbroucke JP, et al. 
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: 
guidelines for reporting observational studies. BMJ 2007;335(7624):806-8. 
https://doi.org/10.1136/bmj.39335.541782.AD. 
[20] Tacconelli E, Cataldo MA, Paul M, Leibovici L, Kluytmans J, Schröder W, et al. STROBE-
AMS: recommendations to optimise reporting of epidemiological studies on antimicrobial 
resistance and informing improvement in antimicrobial stewardship. BMJ Open 
2016;6(2):e010134. https://doi.org/10.1136/bmjopen-2015-010134. 
[21] Health Protection Surveilence Centre (HPSC). Summary Report on Carbapenemase 
Producing Enterobacterales (CPE), 2021. 
[22] Baur D, Gladstone BP, Burkert F, Carrara E, Foschi F, Döbele S, et al. Effect of antibiotic 
stewardship on the incidence of infection and colonisation with antibiotic-resistant bacteria 
and Clostridium difficile infection: a systematic review and meta-analysis. The Lancet 
Infectious Diseases 2017;17(9):990-1001. https://doi.org/10.1016/s1473-3099(17)30325-0. 
[23] Penalva G, Hogberg LD, Weist K, Vlahovic-Palcevski V, Heuer O, Monnet DL, et al. 
Decreasing and stabilising trends of antimicrobial consumption and resistance in Escherichia 
coli and Klebsiella pneumoniae in segmented regression analysis, European Union/European 
Economic Area, 2001 to 2018. Euro Surveill 2019;24(46):pii=1900656. 
https://doi.org/10.2807/1560-7917.ES.2019.24.46.1900656. 
[24] Lopez-Vinau T, Penalva G, Garcia-Martinez L, Caston JJ, Munoz-Rosa M, Cano A, et al. 
Impact of an Antimicrobial Stewardship Program on the Incidence of Carbapenem Resistant 
Gram-Negative Bacilli: An Interrupted Time-Series Analysis. Antibiotics (Basel) 2021;10(5). 
https://doi.org/10.3390/antibiotics10050586. 
[25] Garcia-Rodriguez JF, Bardan-Garcia B, Pena-Rodriguez MF, Alvarez-Diaz H, Marino-
Callejo A. Meropenem antimicrobial stewardship program: clinical, economic, and antibiotic 
resistance impact. Eur J Clin Microbiol Infect Dis 2019;38(1):161-70. 
https://doi.org/10.1007/s10096-018-3408-2. 
[26] Turnidge J, Christiansen K. Antibiotic use and resistance--proving the obvious. Lancet 
2005;365(9459):548-9. https://doi.org/10.1016/s0140-6736(05)17920-3. 
[27] Martinez EP, van Rosmalen J, Bustillos R, Natsch S, Mouton JW, Verbon A. Trends, 
seasonality and the association between outpatient antibiotic use and antimicrobial 
resistance among urinary bacteria in the Netherlands. J Antimicrob Chemother 
2020;75(8):2314-25. https://doi.org/10.1093/jac/dkaa165. 
[28] Bantar C, Vesco E, Heft C, Salamone F, Krayeski M, Gomez H, et al. Replacement of 
broad-spectrum cephalosporins by piperacillin-tazobactam: impact on sustained high rates of 

https://doi.org/10.1046/j.1469-0691.2001.00071.x
https://doi.org/10.1046/j.1469-0691.2001.00071.x
https://doi.org/10.1016/s0924-8579(99)00135-1
https://doi.org/10.1093/jac/dkq525
https://doi.org/10.1177/096228029600500102
https://doi.org/10.1136/bmj.39335.541782.AD
https://doi.org/10.1136/bmjopen-2015-010134
https://doi.org/10.1016/s1473-3099(17)30325-0
https://doi.org/10.2807/1560-7917.ES.2019.24.46.1900656
https://doi.org/10.3390/antibiotics10050586
https://doi.org/10.1007/s10096-018-3408-2
https://doi.org/10.1016/s0140-6736(05)17920-3
https://doi.org/10.1093/jac/dkaa165


 21 

bacterial resistance. Antimicrobial agents and chemotherapy 2004;48(2):392-5. 
https://doi.org/10.1128/aac.48.2.392-395.2004. 
[29] Health Service Excutive Antimicrobial Resistance and Infection Control Team. 
Antimicrobial Stewardship in COVID-19, 2020. 
[30] Townsend L, Hughes G, Kerr C, Kelly M, O'Connor R, Sweeney E, et al. Bacterial 
pneumonia coinfection and antimicrobial therapy duration in SARS-CoV-2 (COVID-19) 
infection. JAC Antimicrob Resist 2020;2(3):dlaa071. https://doi.org/10.1093/jacamr/dlaa071. 
[31] Rawson TM, Moore LSP, Zhu N, Ranganathan N, Skolimowska K, Gilchrist M, et al. 
Bacterial and Fungal Coinfection in Individuals With Coronavirus: A Rapid Review To Support 
COVID-19 Antimicrobial Prescribing. Clin Infect Dis 2020;71(9):2459-68. 
https://doi.org/10.1093/cid/ciaa530. 
[32] Livermore DM. Antibiotic resistance during and beyond COVID-19. JAC-Antimicrobial 
Resistance 2021;3(Supplement_1):i5-i16. https://doi.org/10.1093/jacamr/dlab052. 
[33] Islam MS, Rahman KM, Sun Y, Qureshi MO, Abdi I, Chughtai AA, et al. Current 
knowledge of COVID-19 and infection prevention and control strategies in healthcare 
settings: A global analysis. Infect Control Hosp Epidemiol 2020;41(10):1196-206. 
https://doi.org/10.1017/ice.2020.237. 
[34] Olesen SW, Lipsitch M, Grad YH. The role of “spillover” in antibiotic resistance. 
Proceedings of the National Academy of Sciences 2020;117(46):29063. 
https://doi.org/10.1073/pnas.2013694117. 

  

  

https://doi.org/10.1128/aac.48.2.392-395.2004
https://doi.org/10.1093/jacamr/dlaa071
https://doi.org/10.1093/cid/ciaa530
https://doi.org/10.1093/jacamr/dlab052
https://doi.org/10.1017/ice.2020.237
https://doi.org/10.1073/pnas.2013694117


 22 

Supplemental data 

 

Box-Jenkins method 

The Box-Jenkins method consisted of the following steps:  

Each time series was checked for stationary requirements (constant mean, variance and 

autocorrelation through time), with the unit root test (augmented Dickey–Fuller test); Some 

series did not need any transformation while some series required suitable differencing or 

other types of transformations, e.g., logarithmic transformation, to obtain a stationary 

series; Once the series was stationary the sample autocorrelation function (ACF) and partial 

autocorrelation function (PACF) were used to identify the auto-regressive (AR), moving-

average (MA) or mixed behaviour (ARMA).  The ARIMA (p,d,q) model notation consists of p, 

the order of AR terms, d, the order of non-seasonal differencing operations, and q, the 

order of MA terms. Having constructed separate models for each antibiotic and resistance 

time series, we then diagnosed them for acceptability using the Akaike Information Criterion 

(AIK) and the Ljung- Box statistic for white noise for residuals.  

Following the development of univariate ARIMA models, a linear transfer function modelling 

method[16, 17] was used to investigate the dynamic relationship between antibiotic use 

and the incidence of resistant isolates, considering possible time delays (lag times). In this 

study the output or response was the percentage of AMR and the explanatory variable was 

AC. The cross-correlation function (CCF) between the residuals of the two ARIMA models 

was used to determine the correlations between the antibiotic use series and the incidence 

of resistant isolates. The transfer function model was then estimated with significance tests 

for parameter estimates at a p value of <0.05 used to eliminate unnecessary terms. The 

most parsimonious model was chosen, i.e. the model with the fewest parameters and 

highest biological plausibility. All final model residuals passed a ‘white noise’ test (based on 

the Ljung–Box statistics). For each model, the R2 coefficient was calculated as goodness-of-

fit measure, expressing the fraction of the variance of the dependent variable explained by 

the dynamic regression model. For the purposes of this manuscript only the significant 

findings are reported. 
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Table I: Annual antimicrobial consumption trends for in-patient antibiotic use in the study 
hospital 2017-2020 (Mean annual DDD/100 bed days) 
 

Antimicrobial 2017 2018 2019 2020 Trend p-
value 

of 
trend 

Third Generation cephalosporin 

Ceftriaxone 1.8 2.27 2.8 4.59 Increasing 0.0006 

Carbapenems 

Ertapenem 0 0 0.0497 0.212 Increasing 0.011 

Meropenem 2.75 2.76 2.98 3.53 Increasing 0.054 

Fluroquinolones 

Ciprofloxacin 7.1 6.11 6.24 5.24 Decreasing 0.0012 

Levofloxacin 1.01 1.01 2.89 1.61 Increasing 0.076 

Aminoglycosides 

Gentamicin 4.45 5.32 4.38 3.88 Decreasing 0.057 

Broad spectrum penicillin combination 

Piperacillin- 
tazobactam 

11.7 14.2 13.8 16.8 Increasing 0.03 

Other antimicrobials 

Aztreonam 0.18 0.0422 0.0347 0.296 Increasing 0.371 

Co-trimoxazole 1.07 0.902 0.966 2.03 Increasing 0.15 

Vancomycin 3.41 3.71 3.15 3.64 Stable 0.86 
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Table II: Percentage of non-duplicate clinical isolates of E.coli antibiotic resistance trends in 
the MUH (Annual mean quarterly resistance %) 
 
Antibiotics 2017 2018 2019 2020 Trend p-value of 

trend 
Number of 
Isolates 

233 258 255 211   

Ceftriaxone 21 15.8 13.2 14.2 Decreasing 0.136 
Ciprofloxacin 32.5 31.5 27.8 25.7 Decreasing 0.138 
Levofloxacin 35 36.6 31.7 29.4 Decreasing 0.233 
Co-trimoxazole 31 38.3 32.3 34.4 Stable 0.69 
Ertapenem 1.39 1.59 1.12 0 Stable 0.32 
Meropenem 0 0.39 0 0 Stable 0.467 
Piperacillin-
tazobactam 

23.9 26.1 21.6 18 Stable 0.143 

Gentamicin 12.7 10.4 11.4 9.09 Stable 0.206 
Aztreonam 22.6 17 14.8 16.5 Decreasing 0.07 
 
 
Table III: Percentage of non-duplicate clinical isolates of Klebsiella pneumoniae 
antibiotic resistance trends (Annual mean quarterly resistance %) 

Antibiotics 2017 2018 2019 2020 Trend p-value of 
trend 

Number of Isolates 72 63 51 59   
Ceftriaxone 19.6 17.8 11.9 10.8 Decreasing 0.043 
Ciprofloxacin 22.4 23.3 8.01 12.5 Decreasing 0.014 
Levofloxacin 25.1 35.4 17.7 15.4 Decreasing 0.0255 
Co-trimoxazole 20.4 19.6 13.6 11.5 Decreasing 0.053 
Ertapenem 0 1.39 0 1.92 Increasing 0.471 
Meropenem 0 1.39 0 1.92 Increasing 0.471 
Piperacillin-
tazobactam 

44.8 44.3 29.9 24.7 Decreasing 0.012 

Gentamicin 17.8 14.6 10 3.85 Decreasing <0.01 
Aztreonam 19.6 17.8 10 10.8 Decreasing 0.0462 
 
 
The most frequently isolated other Enterobacterales species were: 
2017 –165 isolates (Citrobacter (21), Enterobacter(55), Proteus(28), Serratia(21)) 
2018-151 isolates (Citrobacter (20), Enterobacter(39), Proteus(35), Serratia(20)) 
2019-167 isolates (Citrobacter (16), Enterobacter(59), Proteus(30), Serratia(22)) 
2020-133 isolates (Citrobacter (12), Enterobacter(34), Proteus(36), Serratia(21)) 
 
Table IV: Study hospital percentage of non-duplicate clinical isolates of other 
Enterobacterales species antibiotic resistance trends (Annual mean quarterly resistance %) 
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Antibiotics 2017 2018 2019 2020 Trend p-value of 

trend 
Number of Isolates 165 151 167 133   
Ceftriaxone 16     13.3   19.3  18.7  Stable 0.231 
Ciprofloxacin 13.8   11.2   10.2  16.1  Fluctuating 0.571 
Levofloxacin 15.2   11.5   13.8  18.2  Fluctuating 0.353 
Co-trimoxazole 8.28  13.9   11.2  12.8  Increasing 0.353 
Ertapenem 0.581 1.35  1.47 5.19 Increasing 0.003 
Meropenem 0     0.676 0    0    Stable 0.918 
Piperacillin-
tazobactam 

15.5   16.3   21.8  17.2  Increasing 0.426 

Gentamicin 3.3   5.29  4.76 5.51 Increasing 0.44  
Aztreonam 14.5   12     20    17.2  Fluctuating 0.3   

 
Table V: Multivariate transfer function model of piperacillin/tazobactam use and temporal 
relationship with the incidence of non-duplicate clinical isolates of E.coli resistant to 
ceftriaxone 
 

 (1) 

(Intercept) 53.930 *** [9.003] 

Piperacillin/tazobactam lag 0 -1.333 ** [-4.564] 

Piperacillin/tazobactam lag 1 -0.488 [-2.246] 

Moving average term 2 -0.839 *** [-6.509] 

N 12      

R squared 0.864  

logLik -23.135  

AIC 56.270  

 *** p < 0.001;  ** p < 0.01;  * p < 0.05. T statistics in brackets. 
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Arima modelling 
Antibiotic time series Operation to make 

stationary 
Arima model (p,d,q) 

Vancomycin Difference and log (0,1,1) 
Total antimicrobial use log (0,0,1) 
Ceftriaxone Difference and log (0,1,1) 
Piperacillin/tazobactam Difference and log (0,1,1) 
Ciprofloxacin Difference (1,1,1) 
Levofloxacin Difference and log (0,1,2) 
Meropenem Difference (0,1,1) 
Ertapenem Difference (0,1,1) 
Aztreonam Difference (0,1,0) 
Gentamicin Difference and log (0,1,1) 
Co-trimoxazole  log (0,0,0) 

 
E.coli time series 

Antibiotic resistance Operation to make 
stationary 

Arima model (p,d,q) 

Ciprofloxacin Log (0,0,0) 
Levofloxacin Log (0,0,0) 
Meropenem None (0,0,0) 
Ertapenem Difference (0,1,1) 
Gentamicin Difference (0,1,1) 
Ceftriaxone Difference and log (0,1,2) 
ESBL positive Difference and log (0,1,1) 
Piperacillin/tazobactam Log (0,0,0) 
Co-trimoxazole Log (0,0,1) 
Aztreonam Difference (0,1,0) 

 
 
 
K.Pneumoniae 

Antibiotic resistance Operation to make 
stationary 

Arima model (p,d,q) 

Ciprofloxacin Difference (0,1,2) 
Levofloxacin Difference (0,1,1) 
Meropenem None (0,0,0) 
Ertapenem None (0,0,0) 
Gentamicin Difference (0,1,2) 
Ceftriaxone Difference (0,1,1) 
ESBL positive Difference (0,1,2) 
Piperacillin/tazobactam Difference (2,1,0) 
Co-trimoxazole None (0,0,0) 
Aztreonam Difference (0,1,1) 

 
Enterobacteriaceae  
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Antibiotic resistance Operation to make 
stationary 

Arima model (p,d,q) 

Ciprofloxacin Difference (0,1,1) 
Levofloxacin Difference (0,1,1) 
Meropenem Not required  
Ertapenem Difference (2,1,1) 
Aztreonam Difference (0,1,2) 
Gentamicin Difference (0,1,0) 
Ceftriaxone Difference (0,1,1) 
ESBL positive Not required  
Piperacillin/tazobactam None (0,0,2) 
Co-trimoxazole Difference (0,1,1) 
Aztreonam Difference (0,1,2) 

 
 
VRE 
Difference and Arima model (0,1,2) 
 


