Supplementary material 1: Model details and exploration 

S1.1 Model details 

The agent-based models were set up to simulate a randomised controlled trial involving two identical hospital wards. Patients who were admitted to the hospital were randomly assigned to either wards. These two wards shared similar ward and patient characteristics i.e. lengths of stay, bed capacity, transmission rate of resistant bacteria, proportion of patients who required antibiotics treatment and proportion of patients who were resistance carriers at admission. The wards were assumed to be fully occupied at all times.

Patients were prescribed antibiotics for clinical infections at admission and during hospitalisation. The prescribed antibiotics could be active against both susceptible and resistant bacteria or active against only susceptible bacteria. The wards differed only in the antibiotic duration. For example, in the scenario where antibiotics administered were active against both susceptible and resistant bacteria, patients admitted to the long duration ward who required antibiotics received this type of antibiotic for a long duration while the patients in the short duration warded received the same type of antibiotic for a shorter duration.

The patients' colonisation status were updated daily, depending on if antibiotics were prescribed, if the antibiotics prescribed were active against resistant bacteria or selectively promoting the growth of resistant bacteria, transmission of antibiotic resistant bacteria and bacterial growth (main text Fig 1). The time step was kept sufficiently small at one day intervals such that the sum of probabilities for competing events were less than one. This allowed for only one event to take place during each time step.

A new resistance carrier may be added to the ward in three ways: i) transmission events, i.e., newly acquiring resistant bacteria from existing resistance carriers in the ward, ii) within-host selection of pre-existing resistant bacteria due to receiving antibiotics which are only active against susceptible bacteria, iii) resistance carriers are admitted to the ward. The probability of being transmitted resistant bacteria depended on the proportion of patients in the ward who were existing resistance carriers: 
ζi,t ∼ Bernoulli
where ζi,t is a binary indicator which takes the value of 1 if a transmission event was to occur and 0 otherwise, for an individual i at time step t;  is the probability for a transmission event to occur; ρr.bed,t is the proportion of patients in the ward who were resistant carriers at time step t.

The three models are described in detail below.

· Exclusive colonisation model
Patients may assume any of the three carriage status: high proportion of susceptible  bacteria (S), low proportion of susceptible bacteria (s), or multidrug resistant  bacteria (R). Co-carriage of susceptible and resistant  bacteria was not allowed in this model.

When on administered antibiotics which were active against both susceptible and resistant bacteria, an individual with S or R state might change to s in the next time step due to effective antibiotic killing. Without antibiotics, an individual in s state might change to S due to regrowth of the susceptible  bacteria, and an individual in R state might decolonise spontaneously to S. An individual in either s or R states became a resistant carrier if there was a transmission event. Individuals in state S, by having a high proportion of susceptible  bacteria, were protected from acquiring drug resistant  bacteria though the ‘bacterial interference factor’, b: [3]


· Co-colonisation model
Co-carriage of susceptible and resistant  bacteria was incorporated in this model. Patients might be in any of the five carriage status: high proportion of susceptible bacteria (S), low proportion of susceptible bacteria (s), dominant population of susceptible bacteria with some resistant bacteria (Sr), low proportion of both susceptible and resistant bacteria (sr) and dominant population of resistant bacteria with some susceptible bacteria (sR).

When on effective antibiotics, an individual with S, Sr or sR state might change to s or sr due to antibiotic killing. However when the administered antibiotics were only active against susceptible bacteria, selective pressure might promote the growth of resistant bacteria and enable an individual to change from sr to sR. Without antibiotics, susceptible and resistant bacteria might grow and change s or sr to S or Sr states respectively, or sr to sR. 

Spontaneous decolonisation might also occur in the absence of antibiotics, resulting in individuals to change from sr or Sr states to s or S respectively. Transmission events for individuals in S or s states might change their status to Sr or sr respectively. Only patients who carried a high proportion of resistant bacteria (sR) could transmit resistance to others and were considered resistance carriers. Similar to the exclusive colonisation model, individuals in S state were protected from acquiring drug resistant bacteria through the bacterial interference factor. 

· Within-host growth model
The within-host growth model explicitly calculated the amounts of susceptible and resistant  bacteria with the logistic growth function, which describes the typical bacterial population growth in lag, exponential growth and stationary phases. The exponential bacterial growth rate was proportional to the existing population size and decreased as the population size approaches the maximum carrying capacity, imposed by limited resources in the environment. We assumed that both susceptible and resistant bacteria occupied a similar ecological niche and hence shared the same maximum carrying capacity. The daily amounts bacteria were a sum of bacterial growth, transmitted bacteria in the receiving host and antibiotic killing.

In each iteration, a newly-admitted individual, i, has a total carrying capacity for  bacteria of /ml, where ki ∼ N(µk,1). The amount of resistant bacteria, Nir carried by the individual, i, at the time of admission, t = 0, is  = ρeρr,i, where ρe is the proportion of the total carrying capacity of bacteria present, and ρr,i is the proportion of the existing amount of bacteria present that is resistant and ρr,i ∼ Beta(0.2, 2). The amount of susceptible bacteria, Nis carried by the individual, i, at the time of admission, t = 0, is =  − .

The change in the amount of susceptible bacteria after admission, i, per time step, is a sum of the following processes,
i) Growth is modelled with the logistic growth function

where is the growth constant for susceptible bacteria.

ii) Antibiotic killing (density-dependent) 
 
where δi,t takes a value of 1 if the individual i was on antibiotics at time step t−1 and 0 otherwise, and  is the antibiotic killing constant.

Hence, the rate of change in susceptible bacteria within an individual, i, per time step, t, is,
 .

After admission, the change in the amount of resistant bacteria for an individual, i, per time step, t, is a sum of the following processes,

iii) Growth is modelled with the logistic growth function

cr = fcs
where cr is related to cs by f, a fitness factor for resistant bacteria.

iv) Antibiotic killing (density-dependent)

where αr is the antibiotic killing constant and takes a value of 1 if the individual, i, was on antibiotics at time step, t −1, and 0 otherwise.

v) Transmission

where ζi,t is a binary indicator which takes the value of 1 if a transmission event was to occur and 0 otherwise for an individual, i, at time step, t, and is the amount of resistant bacteria transmitted to the receiving individual, i.

Hence, the rate of change in resistant bacteria within an individual, i, per time step, t, is,
.

When, we set  and  i.e. ensuring that the total carrying capacity could not be exceeded.

An individual carrying an amount of resistant bacteria higher than the threshold, Nt, is considered as resistance carrier. Nt is a proportion of the existing amount of bacteria and is given by Nt = Γρeek.
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Table A.  Parameters used in the models and their respective ranges obtained from literature review
	Symbol
	Description
	Distribution
	Models
	Range
	Unit
	Reference^

	Ward level

	n
	Number of beds in the ward 
	Uniform
	1, 2, 3
	5-50
	Beds
	

	l
	Maximum length of stay for each patient in the ward
	Exponential
	1, 2, 3
	3-20
	Days
	

	Individual level 

	Carriage status for each patient on the first day of admission to the ward 

	pR~
	Probability of carrying resistant bacteria (R)
	Uniform
	1, 2, 3
	0.01-0.8
	
	

	pr~
	Probability of carrying low proportion of resistant bacteria (Sr or sr) 
	Uniform
	2
	0-1
	
	

	pSr~
	Probability of carrying high proportion of susceptible and low proportion of resistant bacteria (Sr) 
	Uniform
	2
	0-1
	
	

	pS~
	Probability of carrying susceptible bacteria (S) 
	Uniform
	1, 2
	0-1
	
	

	
	Proportion of the total carrying capacity occupied by bacteria 
	Normal
	3
	0.1-0.9
	
	[4,5]

	K
	Mean total carrying capacity for bacteria (log scale)
	Normal
	3
	
	Bacteria/ml
	[6]

	Growth of bacteria 

	gs
	Probability of susceptible bacteria repopulating (s  S and sr  Sr)
	Uniform
	1, 2
	0.02-0.12
	
	[7–9]

	cs
	Exponential growth constant for susceptible bacteria 
	Uniform 
	3
	0.1-2
	
	[10]

	f
	Growth fitness factor for resistant bacteria (multiplied to cs to derive exponential growth constant for resistant bacteria)
	Uniform 
	2, 3
	0.5-2
	
	[11]

	Transmission of resistant bacteria 

	Γ
	The threshold proportion of resistant bacteria carried for the carrier to transmit resistant bacteria to others
	Uniform
	3
	0.01-0.2
	
	

	τ
	Proportion of resistant bacteria carried that is transmitted during a transmission event
	Uniform
	3
	0.01-0.5
	
	

	
	Probability of transmitting resistant bacteria from resistance carrier to non-resistance carriers 
	Uniform
	1, 2, 3
	0.001-0.3
	
	[12,13]

	b~
	Bacterial interference factor, a protection factor against being transmitted resistant bacteria in those carrying a high proportion of susceptible bacteria compared to those carrying a low proportion of susceptible bacteria on a relative scale 
	Uniform
	1, 2
	0-1
	
	

	Decolonisation of resistant bacteria

	
	Probability of resistance decolonisation (R  S) 
	Uniform
	1
	0.002-0.02
	
	[14]

	
	Probability of resistance decolonisation (sR  sr, Sr  S and sr  s) 
	Uniform
	2
	0.002-0.02
	
	

	Antibiotic killing 

	~
	Probability of bacterial killing by an antibiotic active against susceptible bacteria (S and s) 
	Uniform
	1, 2
	0.1-0.5
	
	[15–17]

	
	Mean proportion reduction in susceptible bacteria due to effective antibiotic killing 
	Uniform
	3
	0.1-1
	
	

	~
	Probability of bacterial killing by an antibiotic active against resistant bacteria (R and r) 
	Uniform
	1, 2
	0.1-0.5
	
	

	
	Mean proportion reduction in resistant bacteria due to effective antibiotic killing 
	Uniform
	3
	0.1-1
	
	

	Number of antibiotic prescriptions 
	

	~
	Probability of being prescribed any antibiotics on admission day one 
	Uniform
	1, 2, 3
	0.1-1
	
	

	~
	Probability of the antibiotic prescribed on admission day one is active against resistant bacteria 
	Uniform 
	1, 2, 3
	0.1-1
	
	

	~
	Probability of being prescribed any antibiotics during admission 
	Unform
	1, 2, 3
	0.001 – 0.15
	
	

	~
	Probability of the antibiotic prescribed during admission is active against resistant bacteria
	Uniform 
	1, 2, 3
	0.1-1
	
	


^ References are provided for parameters values which could be found in the literature. For those parameter values not found in the literature, we explored the largest reasonable range of parameter values.
~ Parameter ranges in terms of proportions or daily probabilities which are not supported by references were chosen using the largest sensible ranges. 




S1.3 Model exploration 

We used parameter ranges found in the literature (Table A in S1 Text) and performed global sensitivity analysis using Latin Hypercube sampling and Partial Rank Correlation Coefficient (LHS-PRCC). LHS, a Monte Carlo sampling method, is favoured for its computing efficiency.[18] PRCC is a highly efficient and reliable measure that accounts for non-linear but monotonic relationships between the parameters and model output.[19] We calculated the confidence intervals for the PRCCs using bootstrapping (1000 times). 

Prior to calculating PRCC, we examined the correlations of each parameter with the model output for non-monotonicities via visualisation of scatter plots, Spearman’s rank correlation measure and Hoeffding’s D measure.[20,21] The optimal sample size for each sensitivity analyses was chosen when additional parameter combinations did not alter the output of the sensitivity analysis significantly. This is calculated using the concordance measure, Symmetrised Blest Measure of Association (SBMA) to confirm the optimal number of parameter combinations).[22]

S1.3.1 Optimising number of iterations

Because the models are stochastic, i.e. each decision step is based on a probability and every iteration will not produce the same decision outcome even when repeated with the same probability inputs, the inherent randomness reduces the efficiency of sensitivity analysis. To minimise this, we discarded a proportion of the initial runs to ensure equilibrium of the model is reached prior to calculating the model outputs (Fig A in S1 Text). 
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Fig A. Checking equilibrium state of the models. To find the number of days taken for the models to reach equilibrium, we plotted the output, absolute difference in the number of resistance carriers per day, against the number of days of observation. The intervention here was varying the duration of antibiotic treatment between the two wards. Each grey line represents the output from one iteration. The same set of parameter values was used for each iteration. Equilibrium states were generally reached after 150 days for all models (red dashed line). Hence in the simulations, the models are ran over 300 days with the first 150 days discarded.

In addition, we averaged the model outputs from a number of iterations for the same set of parameter combination inputs, which has been shown to improve reproducibility at smaller sample sizes and strengthen correlation between parameter values and model output during sensitivity analyses.[19] To find the optimal number of iterations per simulation, we compared distributions of simulation outputs under identical parameter values using the Vargha-Delaney A-Test, which is a nonparametric measure of the difference between the distributions of model outputs suggesting if the outputs are consistent (Fig B in S1 Text).[23,24]

[image: ]
Fig B. Determining optimal number of iterations for each model. Consistency analysis was performed with the Vargha-Delaney A-Test to find the optimal number of iterations for each simulation. The horizontal dashed lines represent arbitrary A-Test score thresholds for small, medium and large differences at 0.56, 0.66 and 0.73 respectively. The graphs on the left panels are the results from the scenario where the resistance mechanism is third generation cephalosporin resistance; the graphs on the right panels are those from the scenario where the resistance mechanism is carbapenem resistance. We used 100 iterations per set of parameters values for all simulations.

S1.3.2 Correlation measures to ensure monotonicity

Non-monotonicities in the correlations between the parameters and the model output were examined visually through scatter plots and calculating the Hoeffding's D measure and Spearman's rank correlation measure. There were no non-monotonicities found within the explored parameter space.

· Scatter plots 

The following scatter plots display the model outputs as a function of each parameter. The parameter values are sampled from the hypercubes formed within each parameter space. 500 unique sets of parameters were explored in each parameter space. A limitation here is that not all combinations of parameters could be explored. 












A. Exclusive colonisation model 
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B. Co-colonisation model
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C. Within-host growth model 
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Fig C. Scatter plots of the parameters with the output from the three models. Each dot represents the model output, either in terms of proportion of resistance carriers (blue) or proportion of patients who were admitted as non-resistance carriers but gained resistance colonisation (orange). The lines are regression lines obtained from locally estimated scatterplot smoothing (local regression fitting) with span 0.75. Details of each parameter can be found in Table B in S1 Text. Similar graphs were produced using 10 other sets of 500 unique sets of parameters.

· Hoeffding's D measure and Spearman's rank correlation measures

Spearman's rank correlation indicated the strength and direction of a relationship between two variables and falls between 1 and -1. Spearman's correlation can be applied to a non-monotonic relationship to determine if there is a monotonic component to the association. 

Hoeffding's D measure tests the independence of the data sets by calculating the distance between the product of the marginal distributions under the null hypothesis and the empirical bivariate distribution. Unlike the Pearson or Spearman measures, it detects non-linear relationships. Hoeffding’s D lies on the interval [-0.5, 1] if there are no tied ranks, with larger values indicating a stronger relationship between the variables.

Table B. Hoeffding's D measure and Spearman's rank correlation measure. The numbers in the brackets refer to the p-values calculated with 0.05 type 1 error.
	
	
	Exclusive colonisation model
	Co-colonisation model 
	Within-host growth model

	Parameter
	Outcome
	HD
	SPM
	HD
	SPM
	HD
	SPM

	n
	R carriers per day
	0 (0.14)
	0.08 (0.10)
	0 (0.70)
	0.02 (0.67)
	0 (0.29)
	0.03 (0.49)

	
	New R acquisitions per admission
	0 (0.57)
	0.02 (0.70)
	0 (0.62)
	0.02 (0.62)
	0 (0.59)
	0.01 (0.80)

	l
	R carriers per day
	0.01 (<0.01)
	0.14 (0.01)
	0 (0.73)
	0.01 (0.91)
	0 (0.50)
	-0.01 (0.77)

	
	New R acquisitions per admission
	0.01 (<0.01)
	-0.22 (<0.01)
	0 (0.09)
	-0.10 (0.04)
	0 (0.14)
	0.07 (0.15)

	p_R
	R carriers per day
	0.25 (<0.01)
	0.76 (<0.01)
	0.46 (<0.01)
	0.91 (<0.01)
	0.55 (<0.01)
	0.93 (<0.01)

	
	New R acquisitions per admission
	0 (0.29)
	0 (0.97)
	0 (0.05)
	0.10 (0.04)
	0 (0.23)
	0.01 (0.92)

	p_S
	R carriers per day
	0 (0.21)
	-0.06 (0.24)
	0 (0.21)
	-0.03 (0.54)
	-
	-

	
	New R acquisitions per admission
	0 (0.09)
	0.09 (0.05)
	0 (0.48)
	0.02 (0.73)
	-
	-

	b
	R carriers per day
	0.01 (<0.01)
	-0.18 (<0.01)
	0 (0.76)
	-0.01 (0.83)
	-
	-

	
	New R acquisitions per admission
	0.01 (<0.01)
	0.17 (<0.01)
	0 (0.44)
	0.02 (0.70)
	-
	-

	phi_s
	R carriers per day
	0.06 (<0.01)
	0.42 (<0.01)
	0 (0.55)
	0.03 (0.53)
	0 (0.55)
	0.01 (0.81)

	
	New R acquisitions per admission
	0.03 (<0.01)
	0.12 (0.01)
	0.01 (<0.01)
	0.17 (<0.01)
	0 (0.08)
	-0.05 (0.31)

	g_s
	R carriers per day
	0 (0.36)
	-0.05 (0.34)
	0 (0.05)
	0.11 (0.03)
	-
	-

	
	New R acquisitions per admission
	0 (0.46)
	0 (0.99)
	0.01 (<0.01)
	0.19 (<0.01)
	-
	-

	mu
	R carriers per day
	0 (0.03)
	-0.09 (0.07)
	0 (0.11)
	-0.07 (0.17)
	-
	-

	
	New R acquisitions per admission
	0 (0.27)
	0.07 (0.14)
	0 (0.65)
	0.02 (0.67)
	-
	-

	alpha_s
	R carriers per day
	0 (0.34)
	0.01 (0.80)
	0 (0.47)
	0.03 (0.50)
	0 (0.10)
	0.08 (0.09)

	
	New R acquisitions per admission
	0 (0.49)
	-0.04 (0.47)
	0 (0.12)
	-0.06 (0.20)
	0.06 (<0.01)
	0.36 (<0.01)

	alpha_r
	R carriers per day
	0 (0.03)
	-0.11 (0.03)
	0 (0.05)
	-0.11 (0.02)
	0.01 (<0.01)
	-0.18 (<0.01)

	
	New R acquisitions per admission
	0.01 (<0.01)
	-0.17 (<0.01)
	0 (0.15)
	-0.09 (0.07)
	0 (0.01)
	-0.13 (0.01)

	omega_day1
	R carriers per day
	0 (0.17)
	-0.09 (0.07)
	0 (0.08)
	-0.08 (0.09)
	0 (0.22)
	-0.04 (0.37)

	
	New R acquisitions per admission
	0.01 (<0.01)
	0.11 (0.02)
	0.03 (<0.01)
	0.23 (<0.01)
	0.01 (<0.01)
	0.22 (<0.01)

	omega_after
	R carriers per day
	0 (0.14)
	0.08 (0.11)
	0 (0.24)
	0.03 (0.56)
	0 (0.47)
	0.01 (0.91)

	
	New R acquisitions per admission
	0 (0.25)
	-0.07 (0.14)
	0 (0.36)
	-0.06 (0.24)
	0 (0.41)
	-0.02 (0.66)

	omega_day1.r
	R carriers per day
	0 (0.02)
	-0.13 (0.01)
	0.01 (<0.01)
	-0.17 (<0.01)
	0 (0.02)
	-0.10 (0.05)

	
	New R acquisitions per admission
	0.22 (<0.01)
	-0.75 (<0.01)
	0.25 (<0.01)
	-0.77 (<0.01)
	0.03 (<0.01)
	-0.34 (<0.01)

	omega_after.r
	R carriers per day
	0 (0.80)
	-0.01 (0.88)
	0 (0.63)
	0 (0.94)
	0 (0.45)
	-0.01 (0.86)

	
	New R acquisitions per admission
	0 (0.57)
	-0.01 (0.82)
	0 (0.09)
	-0.07 (0.13)
	0 (0.50)
	-0.03 (0.49)

	t_short
	R carriers per day
	0 (0.51)
	-0.01 (0.82)
	0 (0.52)
	-0.02 (0.66)
	0 (0.17)
	-0.01 (0.86)

	
	New R acquisitions per admission
	0 (0.47)
	-0.04 (0.44)
	0 (0.16)
	-0.03 (0.52)
	0 (0.12)
	-0.02 (0.68)

	t_long
	R carriers per day
	0 (0.65)
	-0.01 (0.78)
	0 (0.50)
	0.01 (0.91)
	0 (0.54)
	-0.01 (0.92)

	
	New R acquisitions per admission
	0 (0.05)
	0.08 (0.09)
	0 (0.05)
	0.08 (0.08)
	0 (0.14)
	0.10 (0.04)

	p_r
	R carriers per day
	-
	-
	0 (0.04)
	0.11 (0.03)
	-
	-

	
	New R acquisitions per admission
	-
	-
	0 (0.01)
	0.12 (0.01)
	-
	-

	p_Sr
	R carriers per day
	-
	-
	0 (0.04)
	-0.09 (0.06)
	-
	-

	
	New R acquisitions per admission
	-
	-
	0 (0.17)
	0.06 (0.24)
	-
	-

	f
	R carriers per day
	-
	-
	0 (0.04)
	0.10 (0.05)
	0 (0.49)
	0.03 (0.51)

	
	New R acquisitions per admission
	-
	-
	0 (0.05)
	0.10 (0.04)
	0.03 (<0.01)
	0.31 (<0.01)

	K
	R carriers per day
	-
	-
	-
	-
	0 (0.53)
	-0.01 (0.84)

	
	New R acquisitions per admission
	-
	-
	-
	-
	0 (0.13)
	-0.08 (0.12)

	rho_e
	R carriers per day
	-
	-
	-
	-
	0 (0.41)
	-0.06 (0.23)

	
	New R acquisitions per admission
	-
	-
	-
	-
	0 (0.39)
	-0.06 (0.26)

	Gamma
	R carriers per day
	-
	-
	-
	-
	0 (0.10)
	-0.08 (0.10)

	
	New R acquisitions per admission
	-
	-
	-
	-
	0 (0.18)
	-0.08 (0.10)

	tau
	R carriers per day
	-
	-
	-
	-
	0 (0.45)
	0.04 (0.47)

	
	New R acquisitions per admission
	-
	-
	-
	-
	0 (0.30)
	0.07 (0.16)

	c_s
	R carriers per day
	-
	-
	-
	-
	0 (0.53)
	0.03 (0.52)

	
	New R acquisitions per admission
	-
	-
	-
	-
	0.07 (<0.01)
	0.44 (<0.01)


HD: Hoeffding's D measure
SPM: Spearman's rank correlation
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