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[bookmark: _Ref504566719][bookmark: _Ref504657134][bookmark: _Toc505354653]Compartmental multi-state disease transmission module
The transmission component of the model estimated the incidence and prevalence of bacterial infections and antimicrobial resistance development within a hospital environment as a result of patient interactions and exposure to antimicrobials. During each model cycle patients could move between discrete health states representing:
Colonised [X]: Patients colonised with pathogen of interest 
XW represents colonisation with a sensitive pathogen 
(i.e. no resistance to modelled treatments)
XR represents colonisation with a resistant pathogen 
(i.e. resistance to either one, two, or three modelled treatments)
Infected [I]: Patients infected with pathogen of interest 
IW represents infection with a sensitive pathogen 
(i.e. no resistance to modelled treatments)
IR represents infection with a resistant pathogen 
(i.e. resistance to either one, two or three modelled treatments)
Susceptible [S]: Patients not colonised or infected with a pathogen of interest
Death [D]

Transitions between these health states can be seen in Fig. 1 in the main body of the manuscript, and the formulae describing transition rates between health states are detailed in Table S1. Colonised and infected states contained sub-states split by pathogen type (sensitive or resistant), allowing differential probabilities of successfully treating susceptible and resistant pathogens, and for resistance to be retained and propagated as treated individuals in the infected state move to the colonised state. 
The parameterisation of these equations affects the rate of movement between health states and, as such, the incidence and prevalence of infection and colonisation within the modelled infection environment. Transmission parameters for each pathogen and indication are summarised in Table S2. 

Effective transmission probabilities, denoted by the symbol β, indicate the likelihood of pathogen transmission per model cycle, with the arrow indicating the direction of the transition. Different transitions have different parameterisations.

The probability of a pathogen developing new resistance per day exposed to treatment, denoted by the symbol α, describes the likelihood that a pathogen exposed to selection pressure as a result of antimicrobial treatment will develop de novo resistance per day of exposure to treatment. Each day a patient receives a given antimicrobial treatment, the exposed pathogen has a probability of developing new resistance to that treatment as described by Equation (1).

Equation (1): 

The natural clearance rate, denoted by the symbol γ, describes the proportion of patients per cycle that clear their infection spontaneously while receiving unsuccessful treatment (γI) and informs the rate of movement from a colonised to susceptible health state (γc) per cycle.

The proportion of infections cleared, denoted by the symbol φ, corresponds to the likelihood that a patient has been successfully treated, resulting in the patient no longer being infected or colonised by the pathogen.

Rate of resistance loss (AMR fitness), denoted by the symbol μ, describes the rate at which pathogens lose resistance in colonised patients that are not exposed to antimicrobial treatment. The higher the fitness cost the more rapidly pathogens lose their resistance because of being out-competed by non-resistant pathogens. Different fitness costs may be specified for pathogens with resistance to one, two, or three treatments.

The proportion of patients that become infected each cycle, denoted by the symbol λ, defines the probability that a colonised patient will become infected by the particular pathogen, without requiring direct or indirect contact with a currently infected patient.

It was assumed that the number of admissions and discharges are equal in each cycle and that newly admitted patients have the same resistance profiles as discharged patients. Due to the assumption that health states are homogeneous each infection was considered to be independent and once a patient was discharged from the infectious environment they were not readmitted.  


Table S1. Formulae for transition between each health state
	Label
	Transition 
	Formulae

	a
	S -> IR
	βSSXR/Ns + βISIw/N

	
	IR -> S
	P(infection cleared) * P(no change in resistance|IR) * IR * φ

	b
	S -> Iw
	βSSXw/Ns + βISIw/N

	
	Iw -> S
	P(infection cleared) * P(no change in resistance|IW) * IW * φ

	c
	S -> Xw
	SXwβX/Ns

	
	Xw -> S
	γCXw

	d
	S -> XR
	SXRβX/Ns

	
	XR -> S
	γCXR

	e
	XR -> XW
	μXR

	
	XW -> XR
	XWXRβC/N

	f
	Xw -> Iw
	λwXw + βIXwIw/N

	
	Iw -> Xw
	P(infection cleared) * P(no change in resistance|Iw) * Iw * (1-φ)

	g
	XW -> IR
	(βI*Xw*IR)/N

	h
	XR -> Iw
	(βI*XR*Iw)/N  

	i
	XR -> IR
	λRXR + βIXRIR/N

	
	IR -> XR
	P(infection cleared) * P(no change in resistance|IR) * IR * (1-φ)

	j
	Iw -> D
	P(Death|Iw) * Iw

	k
	IR -> D
	P(Death|IR) * IR

	l
	S -> D
	Not explicitly modelled; captured through hospital discharges

	m
	Xw -> D
	Not explicitly modelled; captured through hospital discharges

	n
	XR -> D
	Not explicitly modelled; captured through hospital discharges

	o
	Admissions/
Discharges
	Admissions: number of new patients arriving in the infectious environment
Discharges: number of current patients leaving the infectious environment

	p
	XR -> XR
	XRXRβC/N

	
Parameter descriptions:
· Where βS is the transmission rate from the susceptible to the infected population (Iw or IR)
· Where βI is the transmission rate from the colonised to the infected population (Iw or IR) 
· Where βX is the transmission rate from the susceptible to the colonised population (Xw or XR)
· Where βC is the transmission rate informing resistance gain within the colonised community (Xw or XR)
· Where N is the total number of susceptible and colonised patients alive in hospital in a given cycle (S + Xw + XR)
· Where NS is the total number of susceptible patients alive in hospital in a given cycle 
· Where φ is the proportion successfully-treated individuals who do not gain resistance, and are no longer colonised with pathogens of interest
· Where γ is the proportion of individuals that naturally clear the infection 
· Where µ is the fitness cost defined as the proportion of individuals colonised with resistant bacteria that lose resistance and return to the sensitive state 
· Where λ is the proportion of the applicable colonised community (Xw or XR) who become infected with a pathogen of interest other than by person to person transmission (βI and βS)
· Where P(no change in resistance|I) is the probability that individuals return to each respective colonised state (Xw or XR) from each respective infected state (Iw or IR) with no change in resistance
· Where P(gain resistance to Treatment X|I) is the probability that individuals return to each respective colonised state (Xw or XR) from each respective infected state (Iw or IR) with a gain in resistance to a given treatment/s
· Where P(Death|I) is the probability of death as a consequence of infection
· Where [p] XR -> XR represents the gain of resistance to an additional antimicrobial (e.g. antimicrobial B) within the colonised population already resistant to an antimicrobial (e.g. antimicrobial A). 
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Table S2. Transmission parameters for all modelled indications and pathogens.
	Parameter
	Parameter description
	Value

	
	
	E. coli.
	Klebsiella spp.
	P. aeruginosa

	cIAI
	
	
	
	

	βI
	Effective transmission probability per cycle: colonised → infected
	0.0679
	0.0006
	0.0960

	βS
	Effective transmission probability per cycle: susceptible → infected
	NA
	NA
	NA

	βX
	Effective transmission probability per cycle: susceptible → colonised
	NA
	NA
	NA

	βc
	Effective transmission probability per cycle: informing resistance gain within the colonised community
	0.0001
	0.0001
	0.0001

	α
	Probability of pathogen developing new resistance per day exposed to treatment
	0.1820
	0.5000
	0.5000

	γc
	Natural clearance rate of pathogen colonisation per cycle
	NA
	NA
	NA

	γI
	Probability of natural clearance rate of infection per cycle during unsuccessful treatment
	0.0300
	0.0300
	0.0300

	φ
	Proportion of infections cleared (i.e. no colonisation remaining) following successful treatment
	NA
	NA
	NA

	μ1
	Rate of resistance loss due to fitness cost per cycle; resistant to one treatment
	0.0231
	0.0010
	0.0010

	μ2
	Rate of resistance loss due to fitness cost per cycle; resistant to two treatments
	0.0005
	0.000001
	0.000001

	μ3
	Rate of resistance loss due to fitness cost per cycle; resistant to three treatments
	0.00001
	0.000000001
	0.000000001

	λ
	Proportion of colonised patients who become infected by their colonising pathogen per cycle
	0.0052
	0.0019
	0.0005

	cUTI
	
	
	
	

	βI
	Effective transmission probability per cycle: colonised → infected
	0.1173
	0.1149
	0.0899

	βS
	Effective transmission probability per cycle: susceptible → infected
	0.1175
	0.1043
	0.1570

	βX
	Effective transmission probability per cycle: susceptible → colonised
	0.0001
	0.0529
	0.0373

	βc
	Effective transmission probability per cycle: informing resistance gain within the colonised community
	0.0506
	0.0001
	0.0373

	α
	Probability of pathogen developing new resistance per day exposed to treatment
	0.1832
	0.0905
	0.2430

	γc
	Natural clearance rate of pathogen colonisation per cycle
	0.0300
	0.0300
	0.0300

	γI
	Probability of natural clearance of infection during unsuccessful treatment
	0.0300
	0.0300
	0.0300

	φ
	Proportion of infections cleared (i.e. no colonisation remaining) following successful treatment
	0.8993
	0.7541
	0.9665

	μ1
	Rate of resistance loss due to fitness cost per cycle; resistant to one treatment
	0.0885
	0.0999
	0.0426

	μ2
	Rate of resistance loss due to fitness cost per cycle; resistant to two treatments
	0.0078
	0.0100
	0.0018

	μ3
	Rate of resistance loss due to fitness cost per cycle; resistant to three treatments
	0.0007
	0.0010
	0.0001

	λ
	Proportion of colonised patients who become infected by their colonising pathogen per cycle
	0.0100
	0.0851
	0.0100

	HAP/VAP
	
	
	
	

	βI
	Effective transmission probability per cycle: colonised → infected
	0.3018
	0.0424
	0.0278

	βS
	Effective transmission probability per cycle: susceptible → infected
	NA
	NA
	NA

	βX
	Effective transmission probability per cycle: susceptible → colonised
	NA
	NA
	NA

	βc
	Effective transmission probability per cycle: informing resistance gain within the colonised community
	0.0001
	0.0001
	0.0001

	α
	Probability of pathogen developing new resistance per day exposed to treatment
	0.3289
	0.3762
	0.2006

	γc
	Natural clearance rate of pathogen colonisation per cycle
	NA
	NA
	NA

	γI
	Probability of natural clearance of infection during unsuccessful treatment
	0.0300
	0.0300
	0.0300

	φ
	Proportion of infections cleared (i.e. no colonisation remaining) following successful treatment
	NA
	NA
	NA

	μ1
	Rate of resistance loss due to fitness cost per cycle; resistant to one treatment
	0.0212
	0.0115
	0.0128

	μ2
	Rate of resistance loss due to fitness cost per cycle; resistant to two treatments
	0.0004
	0.0001
	0.0002

	μ3
	Rate of resistance loss due to fitness cost per cycle; resistant to three treatments
	0.00001
	0.000002
	0.000002

	λ
	Proportion of colonised patients who become infected by their colonising pathogen per cycle
	0.0020
	0.0038
	0.0026

	cIAI: complicated intraabdominal infections; cUTI: complicated urinary tract infection; HAP/VAP: hospital-acquired pneumonia, including ventilator associated pneumonia



Model calibration process
Parameter values were derived empirically based on calibration to observed infection incidence and resistance development reported by Public Health England [1], Fingertips [2] and the Health Protection Agency [3]. Data used for model calibration are presented in Table S3 and Table S4 for infection incidence and resistance development, respectively. Model inputs were derived jointly, with an objective function of minimising the mean absolute percentage difference between model estimates of infection incidence and resistance development over time. The optimisation process used the generalized reduced gradient nonlinear method as implemented in Excel Solver, with model input parameters initialised at 1x10-6. Transmission parameters were constrained to be > 0 and ≤ 1, and rate of resistance loss was assumed to be multiplicative for patients with multidrug resistant infections, i.e. μ2 = μ12 and μ3 = μ13 (Table S2).
Table S3. Infection incidence used for model calibration process
	Description
	Value
	Source

	E. coli

	12 month rolling rate of hospital-acquired E. coli bacteraemia (cases/100,000 bed days)
	13.97
	Fingertips [2]

	New cases per day in a 500-bed hospital (cases/500 bed days)
	0.07
	-

	New cases per model cycle (one month, multiply by 365.25/12) 
	2.12
	-

	Of which, cUTI (17.2%)
	0.37
	Health Protection Agency [3]

	Of which, cIAI (8.8%)
	0.19
	Health Protection Agency [3]

	Of which, HAP/VAP (22.8%)
	0.48
	Health Protection Agency [3]

	Klebsiella spp.

	12 month rolling rate of hospital-acquired Klebsiella spp. bacteraemia (cases/100,000 bed days)
	5.22
	Fingertips [2]

	New cases per day in a 500-bed hospital (cases/500 bed days)
	0.03
	-

	New cases per model cycle (one month)
	0.79
	-

	Of which, cUTI (17.2%)
	0.14
	Health Protection Agency [3]

	Of which, cIAI (8.8%)
	0.07
	Health Protection Agency [3]

	Of which, HAP/VAP (22.8%)
	0.18
	Health Protection Agency [3]

	P. aeruginosa

	12 month rolling rate of hospital-acquired P. aeruginosa bacteraemia (cases/100,000 bed days)
	2.98
	Fingertips [2]

	New cases per day in a 500-bed hospital (cases/500 bed days)
	0.01
	-

	New cases per model cycle (one month)
	0.45
	-

	Of which, cUTI (17.2%)
	0.08
	Health Protection Agency [3]

	Of which, cIAI (8.8%)
	0.04
	Health Protection Agency [3]

	Of which, HAP/VAP (22.8%)
	0.10
	Health Protection Agency [3]

	cIAI: complicated intraabdominal infections; cUTI: complicated urinary tract infection; HAP/VAP: hospital acquired pneumonia or ventilator-associated pneumonia 





Table S4. Resistance time series used for model calibration process as reported by English surveillance programme for antimicrobial utilisation and resistance (ESPAUR) [1]
	Year
	E. coli
	Klebsiella pneumoniae
	Pseudomonas spp.

	Piperacillin/tazobactam

	2011
	8.45%
	12.62%
	-

	2012
	9.55%
	13.29%
	8.44%

	2013
	10.39%
	16.50%
	8.89%

	2014
	10.95%
	16.97%
	10.28%

	2015
	11.62%
	18.58%
	9.96%

	2016
	11.74%
	17.79%
	10.29%

	Carbapenems

	2011
	0.10%
	0.96%
	10.37%

	2012
	0.12%
	0.84%
	9.92%

	2013
	0.07%
	0.91%
	9.40%

	2014
	0.14%
	1.59%
	11.32%

	2015
	0.12%
	1.09%
	9.26%

	2016
	0.10%
	0.85%
	10.77%



Baseline resistance
E. coli, K. pneumoniae or P. aeruginosa, contain sub-populations exhibiting resistance to currently available antimicrobial treatments. Where analysis was not conducted based on plausible ranges of resistance, baseline pathogen resistance levels in each CCG were sourced from Fingertips [2] and supplemented with data from the 2017 ESPAUR report, published by Public Health England (PHE) [1]. In the absence of appropriate data, pathogen-specific resistance was assumed to be equivalent across indications. For pooled analyses, the model calculated the mean weighted resistance associated with each indication based on the baseline resistance for each pathogen (Table S5).


Table S5. Baseline resistance to modelled treatments for each pathogen
	Treatment (applicable indication)a
	Pathogen
	Source

	
	E. coli
	Klebsiella spp.
	P. aeruginosa
	

	Piperacillin/tazobactam (cIAI & cUTI)
	11.74%
	17.79%
	10.29%
	ESPAUR [1]

	Meropenem (cIAI, cUTI, HAP/VAP)
	0.10%
	0.85%
	10.77%
	ESPAUR [1]

	Colistin plus tigecycline (HAP/VAP)
	3.00%
	7.00%
	3.00%
	ESPAUR [1]

	cIAI: complicated intraabdominal infections; cUTI: complicated urinary tract infection; HAP/VAP: hospital acquired pneumonia or ventilator-associated pneumonia
a: PHE does not stratify by indication so baseline resistance assumed equal across indications



Validation outcomes
Mean observed resistance was compared with model predictions across five data sources: British Society for Antimicrobial Chemotherapy (BSAC) [4], European Centre for Disease Prevention and Control (ECDC) [5], ESPAUR [1], Public Health Wales (PHW) [6] and Scottish Antimicrobial Prescribing Group (SAPG) [7], stratified by pathogen, antimicrobial, and data source (Figure S1). Data from two sources (Antimicrobial Testing Leadership and Surveillance (ATLAS) [8] and Fingertips [2]) were not included in the analysis due to a combination of small sample sizes and limited follow-up. 

Linear correlations between model predictions and observed data are presented in Table S6. The overall R2 statistic (when measures of goodness-of-fit from different data sources, antimicrobials, and pathogens were combined) was 0.82 indicating a high degree of linear correlation and resulting in an overall mean absolute error (MAE) of 1.34 percentage points. When stratified by antimicrobial, model predictions for carbapenems exhibited an R2 of 0.84 and a MAE of 0.71 percentage points, and for piperacillin/tazobactam an R2 of 0.67 and MAE of 1.87 percentage points. Model predictions for colistin exhibited an R2 of 0.55, indicating a lower degree of linear correlation that may be attributable to only three validation time series available for comparison. 

When stratified by pathogen (Table S6), the R2 statistics for E. coli and K. pneumoniae were 0.99 and 0.92 respectively, with MAEs of 0.27 and 1.26 percentage points respectively, indicative of a high degree of association between model predictions and observed data for these pathogens. Conversely, P. aeruginosa was associated with a comparatively low R2 of 0.29 and MAE of 1.81 percentage points, as was the correlation between the observed resistance from the BSAC data source vs. predicted (R2 of 0.62 and a MAE of 1.90 percentage points).

In linear regression analysis (Table S7), perfect correlation between model predictions and observed data would be defined by an intercept of zero and a gradient of one. Overall regression indicated good agreement between observed and predicted AMR, with a gradient of 0.907, which was not statistically different from one (p = 0.230), and an intercept of 0.012 (p = 0.022), which although statistically significant, was nominally small. When stratified by subgroup (antimicrobial or pathogen), estimated intercepts were also close to zero, ranging between -0.001 for colistin and 0.040 for tigecycline (the latter estimate being based on just two data points), and gradients were not significantly different from one. This indicates that model output does not tend to systematically under- or over- estimate observed data.
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	[bookmark: _Hlk514937151]Stratification 
	Number of validation time series
	Mean number of tested samples 
	MAE (%)
	R2

	Data source
	
	
	
	

	   ATLAS
	0
	NA
	NA
	NA

	   BSAC
	9
	778
	1.9
	0.62

	   ECDCa
	16
	5,073
	1.38
	0.75

	   ESPAUR
	6
	33,743
	0.48
	0.99

	   Fingertips
	0
	NA
	NA
	NA

	   Public Health Wales
	2
	16,043
	1.72
	NA

	   SAPG
	1
	742
	0.12
	NA

	Antimicrobial 
	
	
	
	

	   Piperacillin/tazobactam
	14
	9,286
	1.87
	0.67

	   Carbapenemsb
	15
	12,659
	0.71
	0.84

	   Colistin
	3
	775
	1.05
	0.55

	[bookmark: _Hlk514931724]   Tigecycline
	2
	620
	2.83
	NA

	Pathogen
	
	
	
	

	   Escherichia Coli
	6
	35,372
	0.27
	0.99

	  Klebsiella pneumoniaec
	12
	6,121
	1.26
	0.92

	  Pseudomonas spp.d
	16
	2,361
	1.81
	0.29

	Overall
	34
	9,513
	1.34
	0.82

	ATLAS: Antimicrobial Testing Leadership and Surveillance; BSAC: British Society for Antimicrobial Chemotherapy; ECDC: European Centre for Disease Prevention and Control; ESPAUR: English surveillance programme for antimicrobial utilisation and resistance; MAE: mean absolute error; NA: not applicable; SAPG: Scottish Antimicrobial Prescribing Group
a: Countries included from ECDC data: Norway, Denmark, Sweden, Netherlands, and Finland
b: Included carbapenems and meropenems where reported  
c: Included Klebsiella pneumoniae and Klebsiella spp. where reported 
d: Included Pseudomonas aeruginosa and Pseudomonas spp. where reported
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	Parameter
	Estimate
	SE
	t statistic
	p-value

	Overall 
(n = 34)
	Intercept
	0.012
	0.005
	2.409
	0.022

	
	Gradient 
	0.907
	0.076
	1.224
	0.230

	Pathogen

	   E. Coli 
   (n = 6)
	Intercept
	0.002
	0.002
	1.164
	0.309

	
	Gradient
	1.004
	0.039
	0.103
	0.922

	   Pseudomonas spp. 
   (n = 16)
	Intercept
	0.032
	0.018
	1.786
	0.096

	
	Gradient
	0.667
	0.277
	1.202
	0.248

	   Klebsiella spp. 
   (n = 12)
	Intercept
	0.011
	0.006
	1.806
	0.101

	
	Gradient
	0.864
	0.081
	1.679
	0.121

	Antimicrobial

	   Carbapenemsa
   (n = 15)
	Intercept
	0.004
	0.006
	0.632
	0.538

	
	Gradient
	0.995
	0.122
	0.041
	0.968

	   Piperacillin/tazobactam 
   (n = 14)
	Intercept
	0.031
	0.013
	2.313
	0.039

	
	Gradient
	0.731
	0.147
	1.830
	0.090

	   Colistin 
   (n = 3)
	Intercept
	-0.001
	0.023
	-0.024
	0.984

	
	Gradient
	1.461
	1.312
	0.351
	0.759

	   Tigecyclineb
   (n = 2)
	Intercept
	0.040
	NA
	NA
	NA

	
	Gradient
	0.374
	NA
	NA
	NA

	Estimate: regression coefficient; SE: standard error
*: Significant at 95%
a: Includes resistance reported for carbapenems and meropenem
b: SE, t statistic and p. value not present for tigecycline due to insufficient data
p-values conditional on a null hypothesis of no difference from zero for intercept terms, and one for predictions



[image: ]
Fig. S1. Observed versus predicted resistance estimates for E. coli, K. pneumoniae or P. aeruginosa resistance to piperacillin/tazobactam, colistin, tigecycline, or meropenem/carbapenems stratified by A) antimicrobial, B) pathogen and C) data source.
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