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We implement an agent-based model for Clostridium difficile transmission in hospitals that accounts for several processes and individual factors including environmental and antibiotic heterogeneity in order to evaluate the efficacy of various control measures aimed at reducing environmental contamination and mitigating the effects of antibiotic use on transmission. In particular, we account for local contamination levels that contribute to the probability of colonization and we account for both the number and type of antibiotic treatments given to patients. Simulations illustrate the relative efficacy of several strategies for the reduction of nosocomial colonizations and nosocomial diseases.
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Appendices
Appendix 1: ODD Protocol: Overview
1.1 Purpose
We present an ABM that simulates the transmission of C. difficile in healthcare settings in order to evaluate the efficacy of various control measures (e.g., antimicrobial and environmental stewardship) in reducing the nosocomial incidence of colonization and infection.
1.2 Input Data
The model layout and agent behaviors as well as rate parameters and initial conditions come from published studies as well as previously collected epidemiological data from Barnes-Jewish Hospital in St. Louis, Missouri. These data are for a retrospective cohort of 11,046 admissions in medicine wards at a large tertiary care hospital, which included laboratory-confirmed cases of CDI, admission, discharge, and confirmed laboratory dates, and antimicrobial exposures. Summary data from this set were provided by Lanzas and further description of these can be found in Lanzas et al. (2011).
Control measures for reducing nosocomial colonization and infection are model inputs. The level of contamination is one factor contributing to the probability of a susceptible patient becoming colonized. We regard effective cleaning to be cleaning that reduces the contamination level of a ward room (‘Cleaning’ of “Appendix 2”). The probability that a vacant room will be effectively cleaned (terminal cleaning) is a global variable. Changing the value of this probability is a control input for the model representing different cleaning programs.
Another control strategy of the model is to reduce the overall number of antibiotic treatments by a certain proportion. This is implemented in the following way. Let q be the proportion reduction to be implemented. Of all the patients that were assigned to receive a treatment each half-day according to the half-daily probability of receiving an antibiotic (see Table 5), only \(1-q\) of them will now actually receive a treatment.
Alternatively, one may change the relative proportions of the types of antibiotic treatments that are prescribed. Each time an antibiotic treatment is prescribed, there is a probability that it will be low, high, or very-high risk with respect to CDI. The baseline values for these probabilities were taken from the data and are 0.4, 0.26 and 0.34, respectively (see Table 5). These proportions can be changed in accordance with a specified stewardship program.
1.3 Entities, State Variables, and Scales
The model has two kinds of entities: hospital patients and rooms. Individual rooms are classified by two state variables. A room has a certain level of contamination—low, medium, or high—and a room either is or is not occupied by a patient under quarantine. Symptomatic patients are placed in quarantine or isolation for the purpose of implementing contact precautions that decrease the environmental bioburden associated with diarrhea (Gerding et al. 2008). While healthcare workers are not agents of this model, their effect as vectors for disease transmission is implicit in the fact that ward-level contamination levels contribute to patient colonization. That is, the probability that a susceptible patient in a particular ward room will become colonized depends in part on the contamination level of the entire ward. We regard the contamination level of a hospital ward a reasonable measure of the scope of a healthcare worker’s interaction with patients.
Patients are classified by several state variables. These are summarized in Table 4. With respect to C. difficile infection (CDI), a patient can be resistant to colonization, susceptible to colonization, colonized, or diseased. Each patient is assigned a (hospital) length of stay (LOS) and the patient’s time since being admitted is tracked. The time since a patient’s current disease status is tracked. If a patient goes on an antibiotic, the time since beginning the antibiotic treatment is tracked as well as the level of CDI risk associated with the antibiotic with which they are being treated. This model considers three such levels of risk—low, high, and very high risk. The number of antibiotics a patient has received during hospitalization is also tracked. Colonized patients either will or will not mount an immune response against C. difficile. Those who will not are said to be immunocompromised. Diseased patients either will or will not be identified as diseased upon screening and those that are treated for the disease either will or will not be treated successfully.
Table 4 Description of room and patient variables of the agent-based modelFull size table


                           We here describe the model’s global variables. A summary of these global variables and their values is given in Table 5. The occupancy level for the hospital is a global variable set to 0.85. The probability of a patient being resistant upon admission is 0.58, while the probability of being diseased upon admission is 0.01. The probability of being susceptible upon admission is chosen randomly from a uniform distribution ranging from 0.21 to 0.40. This value will fix the corresponding probability of being colonized upon admission which will range between 0.01 and 0.20. The probability that a colonized patient will be immunocompromised is a global variable. The baseline value for this variable is 0.10. There is a half-daily probability that a susceptible patient or a colonized patient that is not immunocompromised will regain resistance. The minimum such probability is a global variable, and its value is 0.2. For a full description see ‘Update Disease Status’ of “Appendix 2”. There is a half-daily probability that a patient will begin an antibiotic treatment. The baseline value for this variable is 0.27. This value was chosen so that simulation outputs pertaining to overall number of antibiotic treatments per patient reflect the hospital dataset. Each time an antibiotic treatment is prescribed, there is a probability that it will be low, high, or very-high risk with respect to CDI. The baseline values for these probabilities were taken from the data and are 0.4, 0.26 and 0.34, respectively. The odds ratio values for high and very-high-risk antibiotics are global variables and are given by OR\(_\mathrm{h}=4\) and OR\(_\mathrm{vh}=8\), respectively. For a full description see ‘Assign Probability of Becoming Colonized’ of “ Appendix 2”. The half-daily probability of a susceptible patient becoming colonized given that they are being treated with a low-risk antibiotic in a highly contaminated environment, denoted by \(p_\mathrm{l}^\mathrm{h}\), is a global variable and its value is 0.15. Again, for a full description see ‘Assign Probability of Becoming Colonized’ of “ Appendix 2”. Each time a room is cleaned, there is a probability that it will be cleaned effectively. For a description of what this means see ‘Cleaning’ of “ Appendix 2”. A baseline value of 0.5 was assigned to this variable under the simple assumption that different cleaning measures could be more or less effective at reducing the level of contamination. In our model it is assumed that patients with CDI are also symptomatic. Once a patient becomes diseased and, thus, symptomatic, they are screened for CDI. The sensitivity (0.91) of this test is a global variable as well as the turnover time (2 half-days) for this test (Planche et al. 2008). When a patient is treated for CDI, there is a probability (0.8) that the treatment will be successful.
Table 5 Description of global variables of the agent-based modelFull size table


                           The spatial scale of the model is one hospital consisting of six medical wards, each containing thirty-five rooms. This is reflective of the hospital from which the previously described dataset came. In this model we assume that at most one patient can occupy a room. The time step is one half-day and the temporal extent of the simulation is 1 year.
1.4 Process Overview and Scheduling
The following process takes place each time step (half-day). Time-tracking characteristics for patients are updated. New patients are admitted, the contamination of the environment is updated, the patients progress with respect to their infection status, patients are discharged, and vacant rooms are cleaned.
1.5 Initialization
The model hospital is initially populated with patients who have various hospital and pre-hospital histories with respect to each of the patient variables listed in Table 4. The occupancy level is a global variable set to 0.85 and is kept constant. The environment is then initialized (see ‘Update Contamination Status’ of “Appendix 2” for details). As the patients from this initial population are discharged, new patients are admitted. The hospital-history of these new patients more accurately reflects the processes of the model. In order for the initial hospital population not to have influence on model outputs, the simulation runs 200 time steps before recording outputs.
Appendix 2: ODD Protocol: Submodels
This section describes in detail the subroutines that make up the main process.
1.1 Update Time Characteristics
Patients’ time since admission and, with one exception, time since current disease status are updated. For resistant patients, the time since current disease status is not tracked. This is because the value of this state variable is only relevant for the progression of patients who are susceptible, colonized or diseased. Unlike them, a patient who is resistant will remain resistant until and unless they receive an antibiotic at which time they become susceptible to colonization.
Susceptible patients and colonized patients who are not immunocompromised have their time since beginning antibiotic treatment updated. Colonized patients who are immunocompromised have their time until diseased updated. Three classes of diseased patients are considered here. Those who have been screened successfully but have not yet reached the turnaround time have their time since screening updated. The turnaround time for a screening is the time between administering the test and receiving the results. Those who have been screened unsuccessfully but have not yet reached the turnaround time also have their time since screening updated. In this way, they will not be screened again until at least the turnaround time has passed. Finally, those who have been screened successfully and have begun treatment have their time since beginning treatment updated.
1.2 Admission
Each time step, a number of patients are admitted. This is referred to as an admission class. The same number of patients is admitted as were just discharged. This is done to assure consistency, so that the number of patients to be admitted does not exceed the number of vacant rooms. Moreover, the number of patients being discharged varies significantly each time step since it is ultimately based on the patient’s varying lengths of stay and times since admission.
For each admission class, the probability of a patient being resistant upon admission is 0.58, while the probability of being diseased upon admission is 0.01 (Lanzas et al. 2011). However, for each admission class, at each time step, the probability of being susceptible upon admission is chosen randomly from a uniform distribution ranging from 0.21 to 0.40. This value will fix the corresponding probability of being colonized upon admission which will range between 0.01 and 0.20.
Each patient is randomly admitted to a vacant room and their time since admission is initialized. They are then assigned a disease status according to the above probabilities as well as a length of stay based on the hospital dataset. The procedure for this assignment is described in detail in ‘Length of Stay’ of “Appendix 2”.
Susceptible patients are given an antibiotic history since patients become susceptible to colonization via the disruption of the gut microbiota caused by antibiotic treatment. First, a particular type of antibiotic is assigned according to the treatment length, time until flora recovery, and the risk level vis à vis CDI associated with this antibiotic. This procedure is described in ‘Antibiotic Assignment’ of “Appendix 2”. Second, a time since beginning antibiotic treatment is assigned. This is a random integer drawn from a uniform distribution ranging from 0 to an upper limit defined as the sum of the treatment length (14 half-days) and time until microbiota recovery (28 half-days for low and high-risk antibiotic, 70 half-days for very high-risk antibiotic). That is, we regard a patient as susceptible to colonization from the moment they begin an antibiotic treatment and they can remain susceptible as long as their gut microbiota is not normal. Finally, the patient is assigned a time since becoming susceptible. In this case, it is precisely the time since they began antibiotic treatment.
Colonized patients either will or will not mount an immune response and so are characterized as one or the other according the global variable for the probability that a colonized patient is immunocompromised. Patients who are not immunocompromised are given an antibiotic history. First, an antibiotic is assigned in the same way as described above for susceptible patients. Second, a time since beginning antibiotic treatment is assigned; again, in the same way as for susceptible patients. Lastly, they are assigned a time since becoming colonized. A patient may have become colonized at any time since they began antibiotic treatment and, thus, this variable is assigned a uniform random integer between 0 and the time since they began treatment.
If the colonized patient is immunocompromised, they will become diseased at a certain point in time that must be assigned. First, an antibiotic history is assigned. In this case, what matters most is the risk level associated with their antibiotic assignment. Next, the length of the incubation period is determined. The incubation period depends on the risk level associated with their antibiotic assignment. For each level of antibiotic risk, there is a pair of global values for the minimum and maximum length of the incubation period. Baseline values for these pairs are (20,60), (14,40), and (8,20) for low, high, and very high-risk antibiotics, respectively. A random integer from a uniform distribution of integers in the appropriate range is assigned as the length of the incubation period. The patient’s time until becoming diseased is assigned as a random integer greater than or equal to 0 but less than the incubation period. The time since current disease status in this case is equal to the length of the incubation period minus the time until becoming diseased.
Finally, for patients who are diseased upon admission, it is decided if the initial screening will be successful in identifying them as diseased according to the global variable for the sensitivity of the test and it is also decided if treatment will be successful according the global variable for this probability. The baseline values for the sensitivity and probability of successful treatment are 0.91 (Planche et al. 2008) and 0.8 (McFarland 2008), respectively. Patients who will be identified as diseased due to successful screening are assigned a time since the successful screen. In this way, they will be identified when that time reaches the turnaround time for the test. The baseline value for the turnaround is 2 half-days (Planche et al. 2008). At that point the patient will be quarantined and treatment will begin as described in ‘Quarantine and Treat’ of “Appendix 2”. Diseased patients who are unsuccessfully screened will not be tested again until after the turnaround time for the test and so are assigned a time since the unsuccessful screening.
1.3 Update Contamination Status
After a class of patients is admitted, the environment is updated. Each room has a contamination status of clean, contaminated, or very contaminated represented by the values 0, 1, and 2, respectively. During an update, the contamination status of a room occupied by a colonized patient is set to 1, while the contamination status of a room occupied by a diseased patient is set to 2. This value is affected by the cleaning procedure ‘Cleaning’ of “Appendix 2”).
The ward-level contamination is the sum of the contamination status values of all the rooms in the same ward. Since each ward has 35 rooms, each with a maximum contamination value of 2, this will be an integer between 0 and 70. This sum excludes the contamination values of those rooms that contain a quarantined patient. Thus, our model assumes that quarantine is 100 % effective. This does not effect, however, the uncertain level of cleaning the room will receive upon the discharge of the quarantined patient. This value will be used in determining the probability that a susceptible patient will become colonized ‘Assign Probability of Becoming Colonized’ of “Appendix 2”. While healthcare workers are not agents of this model, their effect as vectors for disease transmission is implicit in the fact that ward-level contamination levels contribute to patient colonization. That is, the probability that a susceptible patient in a particular ward room will become colonized depends in part on the contamination level of the entire ward. We regard a hospital ward a reasonable measure of the scope of a healthcare worker’s interaction with patients. Therefore, the contamination level of the ward, rather than that of the individual patient room, contributes to the probability of becoming colonized.
1.4 Update Disease Status
Each half-day there is a probability that a patient will begin an antibiotic treatment—even if they are currently being treated with antibiotics. This model parameter was chosen so that simulation outputs pertaining to overall number of antibiotic treatments per patient reflect the hospital dataset. One of the model control strategies is to reduce the overall number of treatments by a certain proportion. This is implemented in the following way. Of all the patients that were assigned to receive a treatment each half-day according to the probability just described, only a proportion of them will now actually receive a treatment.
The transitions described in this section are illustrated by the diagram in Fig. 3. If a resistant patient goes on an antibiotic, they become susceptible and an antibiotic is assigned. The time since beginning antibiotic and time since current disease status are set to 0. A new length of stay is selected for this patient according the new disease status. If it is longer than the patient’s current length of stay, then the patient’s length of stay is changed to this value.
Fig. 3[image: figure 3]
Disease state transitions for CDI
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                           Each half-day, there is a probability that a susceptible patient will regain resistance. This probability is a logistic function of the time since they began their most recent antibiotic treatment. In particular, let t be the time since the patient began antibiotic treatment and let T be the sum of the treatment length and the associated time until a normal microbiota is restored. Then, the probability, p, of regaining resistance is given by
$$\begin{aligned} p = \frac{1 - p_{\min }}{1 + { e}^{-\left( \frac{12}{T}(t-\frac{T}{2})\right) }} + p_{\min }, \end{aligned}$$

where \(p_{\min }=0.2\) is the minimum probability of regaining resistance and the parameter value 12 determines the steepness of the logistic curve.
If they do not regain resistance, there is a probability they will receive an additional antibiotic as described above. Then, there is a probability they will become colonized (‘Assign Probability of Becoming Colonized’ of “ Appendix 2”). If they do become colonized, they are designated as either immunocompromised or not according to the global variable for the probability of being immunocompromised. If the now colonized patient is immunocompromised, then an incubation period is assigned as before. This value determines when they will become diseased. Furthermore, the number of nosocomial colonizations is tracked.
Similar to susceptible patients, colonized patients who will mount an immune response can regain resistance. If they do not regain resistance, there is a chance they will receive an additional antibiotic; this is also the case for those patients who will not mount an immune response. For these patients, if their incubation period is over, they become diseased. If that happens, they will be screened at the next time step (because they are now symptomatic) and it is determined whether the screening will be successful in identifying them as diseased according to the global variable for sensitivity. It is also decided if the subsequent treatment will be successful according the global variable for this probability. The number of nosocomial diseases is tracked.
A diseased patient is quarantined and treatment is begun (‘Quarantine and Treat’ of “ Appendix 2”) if they have been identified; that is, if they were successfully screened and they have reached the turnaround time. A diseased patient who has not been identified as diseased is re-screened if the turnover time since the unsuccessful screening has been reached. Diseased patients that have completed a successful treatment become susceptible.
1.5 Discharge Patients
Patients are discharged if their length-of-stay variable is the same value as their time-since-admission variable. The current disease status, disease status at admission and the number of antibiotics received during their stay are tallied for each discharged patient.
1.6 Cleaning
After a patient is discharged, the vacant room is cleaned. If the room has contamination status 2 or 1, then there is a probability that cleaning will result in a new contamination status of 1 or 0, respectively. The probability of effective cleaning is a global variable. A baseline value of 0.5 was assigned to this variable under the simple assumption that different cleaning measures could be more or less effective at reducing the level of contamination. Rooms are subject to terminal cleaning once the patient is discharge, but additional efforts on daily or terminal cleaning may be recommended if there is an outbreak or hyperendemicity (incidence above observed on similar facilities). This additional level of cleaning can be incorporated in the model by modifying the contamination status according patient status if cleaning targets rooms with diseased patients or the probability of effective cleaning if additional cleaning is applied to the whole ward.
1.7 Antibiotic Assignment
When a patient goes on an antibiotic, there is a probability that it will be low, high, or very high-risk with respect to CDI. Antibiotics disrupt the normal gut microbiota. The degree of disruption and the subsequent risk of C. difficile colonization depends on the spectrum of the antibiotic. Antibiotics were categorized in these three categories (low, high, and very high-risk) based on epidemiological studies reporting the association of type of antibiotic and C. difficile. There is a treatment length and time to normal flora associated with each class. The risk level is one factor in determining the probability of being colonized.
1.8 Assign Probability of Becoming Colonized
The half-daily probability of a susceptible patient becoming colonized depends on both the local, ward-level environment and the risk level associated with the antibiotic they are receiving.
The environment is classified as low, medium, or high contamination. These classifications are determined by the typical range and variance of ward-level contamination values for the simulations of this model.
The probabilities associated with different antibiotic risk levels (see ‘Antibiotic Assignment’ of “ Appendix 2”) are determined using odds ratios. The odds ratio (OR) of interest in this case is a measure of the association between an exposure to antibiotic treatment and the outcome of becoming colonized by C. difficile. Studies have quantified the odds ratios for infection risk assigned to specific antibiotics (Bignardi 1998; Feazel et al. 2014; Slimings and Riley 2014). In our model, the OR represents the odds that a patient will become colonized if they have been given a high or very high-risk antibiotic, compared to the odds of becoming colonized when given a low-risk antibiotic. These are global variables in the model.
Let p be the half-daily probability of a susceptible patient becoming colonized given that they are being treated with a low-risk antibiotic. In general, we can use p together with a known odds ratio value associated with a particular antibiotic to find the half-daily probability of the patient becoming colonized given they are being treated with that particular antibiotic. Let OR\(_A\) be the odds ratio associated with antibiotic A and let \(p_A\) be the half-daily probability of the patient becoming colonized given they are being treated with antibiotic A. Then the relationship
$$\begin{aligned} \hbox {OR}_A=\frac{p_A}{1-p_A}\Big / \frac{p}{1-p}, \end{aligned}$$

implies
$$\begin{aligned} p_A=\frac{\hbox {OR}_A\cdot p}{1-p+\hbox {OR}_A\cdot p}. \end{aligned}$$

Odds ratio values for the categories “high risk” and “very-high risk” are based on the odds ratio values for the individual antibiotics in these categories (Bignardi 1998; Feazel et al. 2014; Slimings and Riley 2014) as well as information from the hospital dataset regarding the relative proportion of the number of treatments for each specific antibiotic to the overall number of antibiotic treatments. For each category, a weighted average was calculated using the odds ratio values for each specific antibiotic in the category and the corresponding number of these treatments from the hospital dataset. In this way, we estimated the odds ratio values for high and very-high-risk antibiotics to be \(\hbox {OR}_\mathrm{h}=4\) and \(\hbox {OR}_\mathrm{vh}=8\), respectively.
Since there is also an environmental component to colonization, we will have half-daily probabilities for each of the nine combinations from the three environmental contamination levels and the three antibiotic risk categories; see Table 6. Let \(p_\mathrm{l}^\mathrm{h}\) be the half-daily probability of a susceptible patient becoming colonized given that they are being treated with a low-risk antibiotic in a highly contaminated environment. Here the subscript, \(\ell \), refers to the risk level associated with the antibiotic and stands for “low”. The superscript, h, refers to the level of ward contamination and stands for “high”. Table 6 indicates the values for each of the 9 combinations and how they are calculated.
First a value is assigned to \(p_\mathrm{l}^\mathrm{h}\). The value 0.15 for \(p_\mathrm{l}^\mathrm{h}\) was chosen by calibration to match the proportion of nosocomial infections from the data. From this value and the values for \(\hbox {OR}_\mathrm{h}\) and \(\hbox {OR}_\mathrm{vh}\), we calculate the other two probabilities for a highly contaminated environment, \(p_\mathrm{h}^\mathrm{h}\) and \(p_\mathrm{vh}^\mathrm{h}\). Next, we calculate the probability, \(p_\mathrm{l}^{\ell }\), of a susceptible patient becoming colonized given that they are being treated with a low-risk antibiotic in a low contamination environment. We do this by scaling down by a certain factor, q: \(p_\mathrm{l}^{\ell }=q\cdot p_\mathrm{l}^\mathrm{h}\). This factor is a measure of the relative contribution of the environment to the colonization of a susceptible patient. For the simulations we assigned the value 0.5 to the factor q. The other two probabilities for a low contamination environment are then calculated similar to above. Finally, we take \(p_\mathrm{l}^\mathrm{m}\) to be the average of \(p_\mathrm{l}^{\ell }\) and \(p_\mathrm{l}^\mathrm{h}\) and from this calculate the other two probabilities for a medium contamination environment.
Table 6 Global variables for the half-daily probabilities of becoming colonizedFull size table


                           1.9 Quarantine and Treat
In this model, quarantined means that the contamination level of their room does not contribute to the overall ward-level contamination. This models the effect of isolation and contact precautions that decrease the environmental bioburden associated with diarrhea (Gerding et al. 2008). When a patient is quarantined due to CDI, they begin treatment for CDI. This means they will be assigned an antibiotic ‘Antibiotic Assignment’ of Appendix 2” and the time since beginning treatment is initialized.
1.10 Length of Stay
Patients are assigned a length of stay upon admission according to their disease status. This half-daily value is assigned by resampling summary data from the hospital dataset. In particular, given a patient’s disease status, their length of stay is assigned by resampling from the dataset (from Barnes-Jewish Hospital) generated by the length of stay data for patients with that disease status. The range of the values for the length of stay in half-days for resistant, susceptible, and diseased patients are [0, 32], [0, 68] and [0, 160], respectively. The range for colonized patients is the same as that for susceptible patients.
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