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 2 

Abstract  25 

Background: Although	 healthcare-associated	 transmission	 of	 C.	 difficile	 is	 a	 recognized	 public	26 
health	 concern,	 healthcare-onset	 infections	 (CDI)	 remain	 comparable	 in	 number	 to	 community-27 
onset	cases. This paradox likely reflects the underappreciated interplay between these settings. We 28 
aimed to quantify in-hospital transmission and the hospital’s contribution to community colonization 29 
by estimating the intrinsic reproduction number (Ri) and introducing the colonization amplification 30 
index (Ai), defined as the ratio of colonized patients at discharge to those at admission. Given	the	31 
potential	contribution	of	external	cases,	we	also	evaluated	interventions	targeting	asymptomatic	32 
carriers	at	admission	to	reduce	disease	burden.	33 

Methods and Findings: We developed a compartmental model informed by data from UCSF 34 
Medical Center to capture C. difficile transmission dynamics among symptomatic and asymptomatic 35 
patients. Across simulations, the median Ri was 0.58 (Q1–Q3: 0.50–0.65), consistently indicating 36 
limited sustained in-hospital transmission (Ri<1). In contrast, Ai was 1.9 (Q1–Q3: 1.7–2.1), 37 
suggesting substantial amplification of colonization during hospital stay. Sensitivity analyses showed 38 
that estimates were mainly influenced by discharge rates, antibiotic exposure, transmission rate, and 39 
case classification thresholds. Redefining hospital-onset CDI using thresholds from ≥1 to ≥5 days 40 
post-admission increased Ai and Ri by 13% and 17%, and reduced them by 5% and 9%, respectively. 41 
Interventions targeting asymptomatic carriers through contact precautions and/or prophylactic 42 
treatment reduced both Ai and CDI incidence, with combined interventions yielding the greatest 43 
reductions, followed by contact precautions alone.  44 

Conclusions: Our findings indicate that in-hospital transmission of C. difficile is limited (Ri<1) and 45 
likely sustained by continuous importation of cases from the community. Nevertheless, 46 
hospitalization amplifies colonization (Ai>1), further contributing to community transmission. These 47 
results underscore the importance of interventions addressing asymptomatic carriers, a currently 48 
overlooked source of spread. Our study highlights the need to broaden metrics beyond Ri to capture 49 
hospitals’ contribution to the C. difficile burden. Future infection control strategies should address 50 
colonization dynamics at admission and potentially at discharge to mitigate transmission and reduce 51 
the overall burden of C. difficile. 52 
	53 
Keywords: C. difficile; Healthcare-associated infection; decolonization; contact precautions; infection 54 
control. 55 
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 3 

INTRODUCTION: 57 

Mathematical models of C. difficile transmission have traditionally focused on the within-hospital 58 

dynamics of healthcare-associated infection and the impact of control interventions [1,2]. Relatively 59 

less attention has been paid to the interplay between community- and hospital-based transmission 60 

dynamics, despite growing evidence that asymptomatic carriers and community-imported cases play 61 

a critical role in sustaining transmission [1,3–6]. Colonized patients discharged from healthcare 62 

settings can potentially introduce the pathogen into the community, while individuals colonized or 63 

infected outside the hospital can reintroduce C. difficile into healthcare facilities, creating a feedback 64 

loop that may contribute to infection persistence [7]. This study explores this relationship by 65 

developing a compartmental model informed by clinical data from a university-affiliated medical 66 

center. 67 

Traditional transmission models often rely on the reproduction number, defined as the average 68 

number of secondary cases generated per index case, to quantify in-hospital transmission. However, 69 

this metric typically assumes a closed population and does not account for community importation of 70 

cases or transmission that occurs after discharge, thus limiting its ability to reflect the role of 71 

healthcare institutions in sustaining broader community transmission [8–11]. To address this, we 72 

introduce the amplification index (Ai) as the ratio of colonized patients at discharge to those at 73 

admission. This index serves as a complementary metric to the reproduction number, capturing both 74 

in-hospital transmission and the hospital’s contribution to community spread. 75 

A second challenge of quantifying transmission relates to how symptomatic infections are classified 76 

as community-onset (CO-CDI) and healthcare-associated C. difficile infection (HCA-CDI). 77 

Traditionally, this classification relies on heuristic, time-based definitions that assign the infection's 78 

origin based on the timing of symptom onset relative to admission [12]. The higher the proportion 79 
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classified as CO-CDI, the lower the estimate of health-care-associated transmission. Here, we assess 80 

how sensitive transmission estimates are to these thresholds. 81 

Our observation that the community-healthcare interface heavily influences the burden of HCA-CDI 82 

motivates an evaluation of control strategies focused on controlling transmission due to the 83 

importation of asymptomatic carriers of C. difficile. We specifically assess the impact of screening 84 

asymptomatic carriers on admission so that targeted contact precautions and/or prophylactic 85 

decolonization can be deployed. Our focus on interventions that control asymptomatic transmission 86 

addresses an important research gap, given that current infection prevention strategies focus almost 87 

exclusively on symptomatic cases, despite substantial evidence that asymptomatic individuals can act 88 

as reservoirs for onward transmission in healthcare facilities and the community-at-large [12–16]. 89 

METHODS 90 

While the term infected can be used in the literature to denote the presence of bacteria in the body 91 

regardless of clinical symptoms, in this work, we use the term specifically to refer to individuals who 92 

exhibit symptomatic infection and test positive for C. difficile by PCR. While this definition may 93 

include some patients with diarrhea unrelated to C. difficile, it prioritizes more robust evaluation of 94 

transmission. 95 

 96 

Model description. 97 

We model C. difficile hospital transmission using a deterministic compartmental framework that 98 

includes eight compartments: 1) Non-susceptible (R) patients whose gut microbiota has not been 99 

disrupted by antibiotics. 2) Susceptible (S) individuals with disrupted microbiota due to antibiotic 100 

exposure, who are at risk of C. difficile colonization. 3) Short-term asymptomatic carriers (E) or 101 

patients colonized with toxigenic C. difficile, who may progress to symptomatic infection during their 102 

hospital stay. 4) Long-term asymptomatic carriers (C) or patients with persistent colonization who 103 
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will remain asymptomatic during their hospital stay. 5) Infected (I) individuals or patients with 104 

symptomatic C. difficile infection, confirmed by PCR. 6) Diagnosed infected (A) individuals who are 105 

on contact precautions and antibiotic treatment. Additionally, to explore the potential benefits of 106 

contact precautions on asymptomatic carriers, we include two compartments: (7) Diagnosed and 107 

isolated asymptomatic carriers type E (K1) and (8) type C (K2). As part of the intervention, these 108 

carriers may be treated and either move to the susceptible compartment or remain colonized if 109 

treatment is unsuccessful or not administered. Movement rates between compartments are illustrated 110 

in Fig 1. 111 

Fig 1. Compartmental model workflow of disease dynamics. Compartments and arrows in black 112 

depict the infection dynamics under standard conditions or the baseline transmission model. In 113 

contrast, blue-dotted compartments (K1-2) and arrows represent hypothetical compartments based on 114 

control interventions for asymptomatic carriers, including contact precautions and decolonization.  115 

 116 

Rates, assumptions, and parameters 117 

1.1 Movement from non-susceptible (R) to susceptible (S) compartment. 118 

Antibiotic use affects the transition from the non-susceptible to the susceptible population. These 119 

agents disrupt the gut microbiome and increase vulnerability to C. difficile. Our model uses the α 120 

parameter to capture exposure to high-risk antibiotic classes during hospitalization, including 121 

quinolones, cephalosporins, sulfonamides, penicillins, macrolides, aminoglycosides, and 122 

lincosamides. Therefore, the transition from the R → S compartment is denoted as αR.  123 

 124 

1.2 Force of infection of colonized and infected individuals. 125 

Susceptible patients can acquire infection from both symptomatic and asymptomatic carriers. The 126 

transmission rate of infected individuals is denoted as δ. We assume that this rate is reduced by contact 127 
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precautions, which are typically imperfect due to variable compliance and intrinsic limitations. We 128 

denote the overall effectiveness of contact precautions for infected individuals as ɣ1. Therefore, the 129 

transmissibility rate of infected individuals under contact precautions (compartment A) is calculated 130 

as the product of the transmission rate of the infected population (𝛿) and one minus contact precaution 131 

effectiveness (ɣ1). We use the terms β1 and β2, where:  132 

β1 = 𝛿 or transmission rate of non-isolated infected patients, 133 

β2 = 𝛿(1-ɣ1)	or transmission rate of isolated infected patients. 134 

 135 

Based on previous evidence, we assume that asymptomatic patients can transmit the infection at a 136 

lower rate than patients manifesting active symptoms [14]. In our model, this reduction in 137 

transmissibility is indicated by the parameter x, which represents the relative transmissibility of the 138 

asymptomatic carrier population. Similar to the infected population, the transmissibility of the 139 

asymptomatic carrier population can be modified by contact precautions. Therefore, the transmission 140 

rate for non-isolated asymptomatic carriers is defined as δx, while the asymptomatic carrier 141 

population on contact precaution has a transmission rate denoted as δx(1-ɣ2), which depends on the 142 

effectiveness of contact precaution on asymptomatic carriers, represented as ɣ2. We define: 143 

β3 = δx or transmission rate of non-isolated asymptomatic carriers. 144 

β4 = δx (1-ɣ2) or transmission rate of isolated asymptomatic carriers. 145 

 146 

1.3 Movement from susceptible (S) to colonized (E or C) compartments  147 

Susceptible patients can transition into one of two distinct types of asymptomatic carriers: those in 148 

the incubation period who may develop symptomatic disease (E compartment) during hospitalization 149 

and those who remain asymptomatic throughout their hospital stay (C compartment). Although the 150 

factors influencing this progression rate are not fully understood, they may be related to 151 

immunological response, microbiome diversity, or C. difficile virulence characteristics [5]. 152 
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Accordingly, the relative movement into each compartment is modeled by the parameter ε, 153 

representing the proportion of newly colonized patients who may develop symptomatic disease and 154 

enter compartment E. 155 

 156 

1.4 Movement from the pre-symptomatic (E) to the infected compartment 157 

(I) and the treated/isolated compartment (A).  158 

 159 
We used the parameter ν to represent the rate of symptom development, calculated as the inverse of 160 

the days from bacterium acquisition to onset of symptoms. Thus, the transition rate from the E → I 161 

compartment is represented as νE. Once patients develop symptomatic disease, they are diagnosed at 162 

a rate of f1 and move from the I → A compartment.  163 

 164 

Patients complete treatment at a rate of h1, the inverse duration of antibiotics recommended for 165 

infection therapy. Following treatment, a proportion σ₁ of patients fully clear the bacteria and 166 

transition to the S compartment, reflecting treatment effectiveness. In contrast, the remaining 167 

proportion, 1 – σ₁, does not clear the infection and remains colonized, moving to the C compartment. 168 

Therefore, σ1h1	denotes the transition rate from the A→S, and (1-σ1)h1 represents	the	movement	169 

from the A → C compartment. Although some individuals who do not fully clear the bacteria may 170 

experience relapse of infection, such episodes typically occur after discharge and were not included 171 

in this model. 172 

 173 

1.5 Admission rate and community sources of non-susceptible, susceptible, 174 

asymptomatic, and infected patients.  175 

The overall admission rate is represented by λ, derived from clinical data as the average daily number 176 

of admissions at the institution during the study period. The proportion of patients admitted from the 177 
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community with symptomatic infection or asymptomatic colonization is denoted as π and n, 178 

respectively. A fraction m of asymptomatic carriers is assumed to be at risk for symptomatic infection 179 

during hospitalization and enter the E compartment. The remaining asymptomatic carriers, 1-m 180 

(denoted as k), stay asymptomatic and enter the C compartment. The proportion of patients, z, who 181 

received antibiotics before admission but did not carry C. difficile enter the S compartment. The 182 

proportion (1 – (n + π + z)), denoted as ω, enters the R compartment. 183 

 184 

1.6 Simulated treatment and isolation of asymptomatic carriers 185 

We modeled active screening and isolation of asymptomatic carriers at admission through 186 

compartments K₁ and K₂. The parameter f₂ defines the proportion of carriers identified upon 187 

admission. As a result, f₂λnm and f₂λnk represent the rates at which patients initially assigned to E 188 

and C are instead moved to K₁ and K₂, respectively. The remaining carriers, those not identified, enter 189 

E and C at rates (1 – f₂)λnm and (1 – f₂)λnk. 190 

Patients in K₁ and K₂ are placed under contact precautions until discharge. If treatment is initiated, a 191 

fraction σ₂ will successfully clear the bacteria at a rate h₂, corresponding to the treatment duration. 192 

We model these patients as transitioning to the susceptible compartment (S) at rate σ₂h₂. However, 193 

the actual proportion of them that transition to S is different from σ₂ since multiple outflow processes 194 

are being modeled. Individuals in K₁ remain at risk of developing symptomatic disease. They move 195 

to compartment A at a rate νK₁, where ν is the incubation rate.  196 

1.7 Discharge rates 197 

We estimate the discharge rates from compartments based on hospitalization length data. Non-198 

susceptible, susceptible, and asymptomatic carriers are discharged at rates Ψ1, Ψ2, and Ψ3, 199 

respectively, each corresponding to the inverse of the average length of hospital stay.  For the infected 200 

population, the discharge rate is denoted as Ψ4, representing the inverse of the average hospital stay 201 
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for patients diagnosed with CDI. We describe the movements among compartments by the following 202 

differential equations: 203 

 204 

!"
!#
= 𝜆𝜔 −𝛹$𝑅 − 𝛼	𝑅																																																																																																																																																			[1]																																														 205 

!%
!#
= 𝛼	𝑅	 − (𝛽&𝐸 + 𝛽&𝐶 + 𝛽$𝐼	 +	𝛽'𝐴 + 𝛽(𝐾$ + 𝛽(𝐾')𝑆 − 𝛹'𝑆 + 𝜎'ℎ'𝐾$ +	𝜎'ℎ'𝐾' + 𝜎$ℎ$𝐴 + 𝜆𝑧				[2]																																						206 

!)	
!#
= 𝜀	(𝛽&𝐸 + 𝛽&𝐶 + 𝛽$𝐼	 +	𝛽'𝐴 + 𝛽(𝐾$ + 𝛽(𝐾')𝑆 + (1 − 𝑓')𝜆𝑛𝑚 − 𝜈𝐸	 − 𝛹&𝐸																																						[3]																																													 207 

!+
!#
= (1 − 𝜀)	(𝛽&𝐸 + 𝛽&𝐶 + 𝛽$𝐼	 +	𝛽'𝐴 + 𝛽(𝐾$ + 𝛽(𝐾')𝑆 + (1 − 𝑓')𝜆𝑛𝑘 − 𝛹&𝐶 + (1 − 𝜎$)ℎ$𝐴											[4]																																												208 

!,!	
!#

=	𝑓'𝜆𝑛𝑚 − 𝜎'ℎ'𝐾$ 	− 𝛹&𝐾$ 		− 𝑣𝐾$																																																																																																																	[5]																																													209 

!,"	
!#

= 𝑓'𝜆𝑛𝑘 − 𝜎'ℎ'𝐾' 	− 𝛹&𝐾'																																																																																																																																		[6]																																																210 

!-
!#
= 𝜈𝐸 + 	𝜆𝜋 − 𝛹(𝐼	 − 𝑓$𝐼																																																																																																																																											[7]																																													211 

!.	
!#
= 𝑓$𝐼	 −	(1 − 𝜎$)ℎ$𝐴	 − 𝜎$ℎ$𝐴	 − 𝛹(𝐴	 + 𝑣𝐾$																																																																																																[8] 212 

																																																										 213 

Model parameters and calibration. 214 

Model parameters were obtained from clinical data from the University of California, San Francisco 215 

Medical Center, a large tertiary-care, academic hospital, from November 1, 2019, to May 31, 2021. 216 

Parameters unavailable in institutional data were derived from previously published studies 217 

[8,12,14,17–22] (Table 1).  218 

 219 

We implemented our compartmental model using the deSolve package in R (version 4.3.2). To 220 

incorporate uncertainty in parameter values, we conducted 1,000 simulations in which model 221 

parameters, except for the transmission rate, were independently sampled from uniform distributions 222 

within ±20% of their baseline estimates. The transmission rate or δ was optimized in each simulation 223 

through numerical calibration by minimizing the absolute difference between the model-predicted 224 
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 10 

cumulative incidence of CDI, quantified as the total number of individuals passing through 225 

compartment A, and the observed number of infections over the study period. 226 

 227 
Table 1. Description of input parameters and values used in estimations. 228 
Symbol Parameter description (units) Basal values Range  Source 

δ  Transmission rate of non-isolated symptomatic patients  (Days-1) 0.00040 Fixed with data Fixed with data 

α  Rate of antibiotic use (Days-1) 0.320 (0.24-0.38) Clinical data 

Ψ1-3	
 Discharge rate of non-susceptible patients, susceptible patients, and asymptomatic carriers 

(Days-1) 
0.166 (0.13-0.2) Clinical data 

Ψ4	  Discharge rate of symptomatic patients (Days-1) 0.083 (0.06-0.1) Clinical data 

h1	
 Bacterial clearance rate due to treatment for infected patients or treatment duration 

(Days-1) 
0.100 (0.08-0.12) [12] 

λ  Admission rate (Patients/days)  76 - Clinical data 

n  Fraction of patients admitted who are asymptomatic carriers (Dless) 0.08 (0.06-0.09) [17,18]  

𝑚   Fraction of admitted asymptomatic carriers to the E compartment (Dless) 0.12 (0.09-0.14) [18] 

k  Fraction of asymptomatic carriers admitted to the C compartment (Dless) 1-m - - 

π  Fraction of patients admitted who have symptomatic infections (Dless) 0.005 (0.004-0.006)a Clinical data 

z 
 Fraction of patients admitted who are not carriers, but are susceptible to colonization  

(Dless) 
0.22	 (0.17-0.26) [8] 

 x  Relative transmissibility for asymptomatic carriers (Dless) 0.700 (0.56-0.84) [14] 

ε  Fraction of new asymptomatic carriers who may develop symptomatic disease (Dless) 0.130 (0.10-0.15) [18] 

ν  Progression rate to symptomatic disease (Days-1) 0.250 (0.20-0.30) [12] 

σ1  Fraction of cured infected individuals after treatment or treatment effectiveness (Dless) 0.700 (0.56-0.84) [19] 

f1  Diagnosis rate of symptomatic patients (Days-1) 0.666 (0.53-0.80) [22] 

ɣ1  Reduction of transmission due to contact precautions in infected individuals (Dless)  0.500 (0.40-0.60) [20,21] 

h2	
Bacterial clearance rate due to treatment for asymptomatic patients or treatment duration 

(Days-1) 
NAc (0.08-0.12)b 

[12] 

Simulated 

intervention 

σ2 
 Fraction of cured asymptomatic carriers after treatment or treatment effectiveness 

(Dless) 
NAc (0.5 - 1.0) Simulated 

intervention 

ɣ2 
 Reduction constant of transmission due to contact precautions in asymptomatic carriers 

(Dless) 
NAc (0.5 - 1.0) Simulated 

intervention 

f2 

 The proportion of asymptomatic carrier admissions that are immediately diagnosed as 

carriers 
NAc (0 - 1) Simulated 

intervention 
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aValues were derived by determining the proportion of CDI cases in our dataset classified as 229 

community-associated CDI. This classification is based on whether or not the time between a CDI 230 

diagnosis and the corresponding hospital admission exceeds a time threshold. The baseline time 231 

threshold is three days, while the range is one to five days. bIn the absence of guidelines, we applied 232 

the same range of treatment durations used for CDI patients on colonized individuals. cParameters 233 

related to asymptomatic carrier interventions were not included in the baseline scenario, in which no 234 

control measures target this population. Parameter ranges were used in the intervention analysis to 235 

evaluate the impact of simulated treatment and/or decolonization strategies (see Methods). Dless: 236 

dimensionless  237 

 238 

Estimation of the Intrinsic Reproduction Number  239 

In our model, individuals with C. difficile can either be colonized upon hospital admission or 240 

acquire the organism during hospitalization. Both groups can contribute to onward transmission. 241 

However, to evaluate the potential for sustained in-hospital transmission independent of 242 

importation, we define the intrinsic reproduction number (Ri) as the average number of secondary 243 

cases caused by individuals who became colonized during their hospital stay. For each set of 244 

parameters, we calculate Ri using the next-generation matrix method  [23].  This approach 245 

decomposes the system of differential equations into two vector functions: 246 

𝓕(x): representing the rate of appearance of new infections in each infectious compartment  247 

𝒱(x): representing the transfer rate into and out of each infectious compartment due to all other 248 

transitions. 249 

Let c denote the vector of infectious compartments. For our model, we define: 250 

c = [E, C, K1, K2, I, A]T    251 

 252 
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We then compute the Jacobian matrices of 𝓕(c) and 𝒱(c) for the infectious compartments, with 253 

entries defined by the partial derivatives: 254 

Fij= !𝓕!	(%)
!𝒄"

 , Vij= !𝓥!	(%)
!𝒄"

,  255 

𝐅 =

⎣
⎢
⎢
⎢
⎢
⎡ 𝜀𝛽#𝑆′ 𝜀𝛽#𝑆′ 𝜀𝛽$𝑆′ 𝜀𝛽$𝑆′ 𝜀𝛽%𝑆′ 𝜀𝛽&𝑆′
(1 − 𝜀)𝛽#𝑆 (1 − 𝜀)𝛽#𝑆 (1 − 𝜀)𝛽$𝑆 (1 − 𝜀)𝛽$𝑆 (1 − 𝜀)𝛽%𝑆 (1 − 𝜀)𝛽&𝑆

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 ⎦

⎥
⎥
⎥
⎥
⎤

 256 

 257 

𝐕 =

⎣
⎢
⎢
⎢
⎢
⎡
𝜈 + 𝛹#	 0 0 0 0 0
0 𝛹# 0 0 0 −(1 − 𝜎%)ℎ%
0 0 𝛹# + 𝜎&ℎ& + 𝑣 0 0 0
0 0 0 𝛹# + 𝜎&ℎ& 0 0
−𝑣 0 0	 0 𝛹$ + 𝑓% 0
0 0 −𝑣 0 −𝑓% (1 − 𝜎%)ℎ% + 𝜎%ℎ% +𝛹$⎦

⎥
⎥
⎥
⎥
⎤

 258 

 259 

These derivatives were evaluated at the disease-free equilibrium, where all infectious compartments 260 

are set to zero and susceptibles are held at their equilibrium value (S = S’): 261 

S’ = 	)*	(+',-)	,	-).	
+(	(	+',-)

,	262 

Since this approach focuses on intrinsic self-sustaining transmission to the hospital, rates representing 263 

the importation of colonized or infected individuals were not included.  The Next Generation Matrix 264 

is then defined as: 265 

K = FV-1, 266 

Where the dominant eigenvalue or spectral radius of K corresponds to the intrinsic reproduction 267 

number. MATLAB (version R2023a) was used to derive the Ri equation. 268 

Estimation of Colonization Amplification Index 269 

The amplification index, defined as the ratio of hospital-discharged colonized patients to colonized 270 

patients at admission under equilibrium conditions, was calculated from the final time point of the 271 
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simulation. Although the model reached stability early, we conservatively used the last simulated 272 

day, when no appreciable changes in the colonization compartments were observed. The total 273 

number of colonized individuals in compartments E, C, K1, and K2 was multiplied by the discharge 274 

rate for colonized patients 𝛹/ 		to estimate the daily number of colonized discharges. This was then 275 

divided by the expected daily number of colonized admissions, calculated as λ times n:  276 

Ai = 			"!	($	+	% 	+	&!+	&")	
()

,	277 

This metric captures the hospital’s contribution to colonization dynamics and complements the Ri, 278 

which reflects transmission intensity. Values of Ai greater than one indicate amplification of 279 

colonization during hospitalization. Meanwhile, the symptomatic cases are tracked by the overall 280 

incidence of CDI. 281 

 282 

Sensitivity Analyses 283 

Global Sensitivity Analysis 284 

Partial rank correlation coefficients (PRCC) were used to assess the sensitivity of model outputs to 285 

variation in input parameters. As a standard method in global sensitivity analysis, PRCC quantifies 286 

monotonic associations between parameters and outcomes, including Ri and Ai, while controlling for 287 

the effects of other variables [24].  This method ranks inputs and outputs, and uses multiple regression 288 

to estimate the independent contribution of each parameter to the outcome.  289 

 290 

Impact of Temporal Definitions on Healthcare-Associated Cases. 291 

The heuristic classification of CA-CDI directly affects the number of cases classified as HCA-CDI, 292 

influencing estimates of in-hospital transmission. The classification of CA-CDI is based on whether 293 

the time from hospital admission to symptom onset of CDI is shorter than a specific time threshold.  294 
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This threshold is typically set at 3 days for disease reporting standards, but that does not perfectly 295 

align with which cases originated in the community [16]. Our model examined how varying this 296 

threshold from 1 to 5 days impacted the estimation of Ri and Ai. We used the observed clinical data 297 

for each threshold to estimate the proportion of patients admitted with CA-CDI, π, and thus the 298 

corresponding number of cases attributed to in-hospital acquisition. The presumptive number of 299 

HCA-CDI was then used to estimate the transmission coefficient, δ, and the resulting Rᵢ and Aᵢ 300 

metrics. 301 

 302 

Infection Control Interventions Analysis 303 

We extended our baseline transmission model by incorporating additional compartments representing 304 

control strategies targeting asymptomatic carriers. Given the uncertainty surrounding poorly defined 305 

parameters for colonized individuals, including ɣ2, h2, and σ2, representing intervention effectiveness 306 

and treatment rate, we used random sampling from uniform distributions to explore plausible values. 307 

 308 

We evaluated how prophylactic treatment and contact precautions for asymptomatic carriers affect 309 

CDI incidence and the Ai values. Contact precautions aim to limit spread through direct contact [25], 310 

while decolonization seeks to eliminate the bacteria, potentially reducing the risk of disease 311 

progression and onward transmission. We simulated three scenarios: (1) prophylactic treatment alone, 312 

(2) contact precautions alone, and (3) prophylactic treatment combined with contact precautions. For 313 

scenario 1, the effectiveness of contact precautions in compartments K1-2 was set to zero (ɣ2=0), while 314 

the treatment completion rate (h2) and effectiveness (σ2) were set to the values provided in Table 2. 315 

For scenario 2, where contact precautions were simulated, isolation effectiveness (ɣ2) was set to 316 

established values, and the treatment completion rate was set to zero (h2=0). Lastly, for scenario 3, 317 

both interventions were implemented, with the treatment completion rate (h2), treatment effectiveness 318 

(σ2), and isolation effectiveness (ɣ2) set to their respective values.  319 
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RESULTS: 320 

During the study period from November 2019 to June 2021, our healthcare facility recorded a total 321 

of 43,320 admissions, with an average of 76 admissions per day. Based on laboratory tests conducted, 322 

4,767 episodes of diarrhea were identified; of these, 659 (13.8%) episodes were confirmed as positive 323 

for C. difficile toxins via PCR testing. Among the confirmed cases, 10 (1.5%) episodes were 324 

considered duplicated due to testing intervals of less than 7 days, and 10 (1.5%) episodes were 325 

outpatients, resulting in a final dataset of 639 CDI cases. 326 

 327 

According to our records, the overall incidence of CDI was 14.8 cases per 1,000 admissions. Based 328 

on the standard case definition specifying that all CO-CDI cases are diagnosed within three days of 329 

admission, the HCA-CDI incidence was 10.2 cases per 1,000 admissions, while the CO-CDI 330 

incidence was 4.6 cases per 1,000 admissions, with 441 and 198 cases reported, respectively. 331 

 332 

Across 1,000 sets of parameters and the standard three-day cutoff for HAI-CDI vs CO-CDI 333 

classification, the median colonization amplification index, Ai, was 1.9 (Q1–Q3: 1.7–2.1), indicating 334 

that the number of colonized patients at discharge was approximately 90% higher than at admission. 335 

The median intrinsic reproduction number, Ri, was 0.58 (Q1–Q3 = 0.50–0.65). Ri was less than one 336 

for all parameter sets, indicating no potential for self-sustaining transmission within the hospital (Fig. 337 

2).  338 

 339 

Fig 2. Distribution of the intrinsic reproduction number (Ri) and the amplification index (Ai) 340 

values. The (a) distribution and box plot of the intrinsic reproduction number, and (b) the 341 

colonization amplification index, for 1,000 randomly sampled parameter values. A cutoff of three 342 

days was used to distinguish CO-CDI from HCA-CDI. 343 

 344 
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Global Sensitivity Analysis.  345 

According to the global sensitivity analysis, the transmission rate of symptomatic patients, the 346 

relative transmissibility of colonized individuals, and the antibiotic usage rate were the strongest 347 

positive predictors of both Ri and Ai estimates. Conversely, the discharge rates for non-susceptible 348 

patients, asymptomatic carriers, and susceptible patients demonstrated the strongest negative 349 

correlations. Full PRCC analysis results are presented in S1 and S2 Tables. 350 

 351 

Temporal Definitions on Healthcare-Associated Cases. 352 

Our sensitivity analysis explored how the time threshold for distinguishing between CO-CDI and 353 

HCA-CDI impacted Ri and Ai estimates (Fig 3). The median reproduction number increased from 354 

0.53 to 0.68 as the time threshold decreased from five days to one day. Even under the most inclusive 355 

definition (1-day threshold), which classified more cases as hospital-acquired, Ri remained below one 356 

in 99.9% of simulations, suggesting limited potential for sustained transmission. On the other hand, 357 

the Ai ranged from 1.80 to 2.15 as the time threshold decreased from five days to one day.  358 

 359 

Fig 3. Analysis of Temporal Definitions of Healthcare-Associated Cases. The a) distribution and 360 

b) box plot of the baseline number of secondary cases per day in our institution after Monte Carlo 361 

simulations with 1,000 random samples.  362 

 363 

Infection Control Interventions Analysis 364 

To assess the impact of contact precautions and prophylactic treatment for asymptomatic carriers, we 365 

simulated three intervention strategies: treatment of carriers, isolation of carriers, and both combined 366 

(Fig 4). Our results depended on the proportion of patients with asymptomatic carriage who were 367 
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diagnosed on admission (f2) and the effectiveness parameters for isolation (ɣ2) and decolonization 368 

(σ2). As the effectiveness of interventions improves, Ai and the overall CDI incidence decrease.  369 

 370 

Fig 4.  Impact of interventions focused on asymptomatic carriers of C. difficile. Changes in the 371 

colonization amplification index (top) and CDI incidence (bottom) when applying: 1) prophylactic 372 

treatment of carriers at the time of admission, 2) contact precautions for carriers at the time of 373 

admission, and 3) prophylactic treatment combined with contact precautions. The boxes in the plots 374 

show the 25th to 75th percentile range, with the horizontal line representing the median.  375 

 376 

When implemented individually, contact precautions were consistently more effective at reducing Ai 377 

and CDI incidence than decolonization. Notably, the combined application of both interventions 378 

produced the largest effect. For example, isolating and treating 20% of colonized individuals at 379 

admission reduced the amplification index by approximately 8.5% and CDI incidence by 4.3%. 380 

Combining both interventions yielded an approximately additive reduction in CDI incidence, with 381 

the combined effect roughly equal to the sum of their individual effects. However, the decrease in Ai 382 

was less pronounced, although still approximately additive. 383 

 384 

DISCUSSION: 385 

In this study, we developed a compartmental model that incorporated both symptomatic and 386 

asymptomatic individuals to quantify C. difficile transmission within the hospital setting. Using this 387 

framework, we estimated two complementary metrics, the Ri number and the Ai index, to capture 388 

both in-hospital transmission and the hospital’s contribution to community colonization. We further 389 

explored the robustness of these estimates through sensitivity analyses of model parameters, assessed 390 
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the influence of varying case attribution definitions, and evaluated targeted interventions on 391 

asymptomatic carriers. 392 

 393 

Our findings highlight the bidirectional relationship between hospital and community C. difficile 394 

burden. Based on our assumptions, the consistently low Ri (<1) across scenarios suggests that in-395 

hospital transmission alone does not sustain endemicity. Instead, ongoing importation of cases from 396 

the community is necessary to maintain endemicity within healthcare institutions. This highlights the 397 

importance of accounting for internal and external dynamics in infection control strategies [26,27].  398 

 399 

Meanwhile, hospitals contribute to the broader community burden by discharging colonized 400 

individuals, many of whom remain undetected by current screening practices. By introducing the Ai, 401 

our analysis indicates a consistent amplification of colonized cases within the healthcare setting, even 402 

in scenarios where Ri remains low. These findings align with and complement previous reports 403 

documenting increased colonization at discharge, higher risk of CDI among individuals recently 404 

exposed to healthcare settings, and studies emphasizing the role of community-hospital interactions 405 

[26,28,29]. This hospital-driven amplification may indirectly sustain healthcare-associated 406 

transmission if colonized individuals are later readmitted.  407 

 408 

Unlike previous studies, our model explicitly quantifies colonization amplification and incorporates 409 

interventions targeting asymptomatic carriers. This underscores the need to expand strategies beyond 410 

managing symptomatic cases to include interventions targeting asymptomatic carriers at the time of 411 

admission and, potentially, at discharge. From a policy perspective, our results suggest that relying 412 

solely on Ri to evaluate hospital performance may underestimate the broader epidemiological impact 413 

of healthcare institutions on C. difficile transmission. 414 

 415 
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Moreover, the sensitivity of Ri and Ai to heuristic classification of HCA-CDI cases based on the 416 

timing of CDI diagnosis underscores how standardized definitions can significantly influence 417 

estimates of Ri. More accurate classification of cases and assessment of healthcare-associated 418 

transmission requires consideration of the stochastic nature of disease progression. 419 

 420 

Given evidence that asymptomatic carriers may shed C. difficile at levels comparable to symptomatic 421 

patients, interventions targeting this group, such as contact precautions and antimicrobial prophylaxis, 422 

have been proposed as potential strategies to reduce onward transmission [13,14,16]. Our model 423 

showed that both contact precautions and prophylactic treatment targeting asymptomatic carriers 424 

reduced Ai and infection incidence. Contact precautions consistently outperformed prophylaxis, 425 

likely due to their immediate effect on interrupting transmission, whereas prophylactic treatment 426 

requires time to achieve bacterial clearance, delaying its impact on transmission dynamics. However, 427 

unlike prophylaxis, contact precautions do not affect the risk of progression from colonization to 428 

symptomatic disease. 429 

 430 

Although quasi-experimental studies have supported the effectiveness of contact 431 

precautions [30],  strategies to prevent the progression from asymptomatic carriage to active infection 432 

may be particularly valuable in settings where transmission from asymptomatic carriers is not the 433 

primary driver of spread. For example, Miles-Jay et al. showed that in intensive care units (ICUs), 434 

only 1% of patients who tested negative for C. difficile upon admission acquired the pathogen through 435 

cross-transmission, with most cases occurring in previously colonized patients. However, it is 436 

essential to note that conditions in ICUs may not reflect those in general hospital wards. ICU patients 437 

were typically housed in single rooms and benefited from daily cleaning with sporicidal disinfectants, 438 

which likely reduced opportunities for cross-transmission compared to other healthcare settings [31]. 439 
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There are practical concerns to implementing contact precautions for carriers, including higher costs, 440 

potential impacts on patient well-being, and ethical considerations around isolating individuals 441 

without symptoms [32]. Although the effectiveness of contact precautions depends on 442 

implementation and compliance, current infection control frameworks provide the infrastructure for 443 

implementation. Our model can be helpful for cost-effectiveness studies of these interventions by 444 

providing estimates of CDI cases and carriers averted. 445 

The relative effectiveness of prophylactic treatment is tempered by studies showing success rates as 446 

low as 30–40% in asymptomatic and symptomatic patients [19,33]. Meanwhile, complex 447 

microbiome interactions and heterogeneous bacterial clearance rates associated with antibiotic use 448 

were not incorporated into our framework and may modify the actual impact of these interventions. 449 

Moreover, prophylactic use of antibiotics may carry unintended consequences, including increased 450 

risk of secondary infections such as vancomycin-resistant enterococci, thus contributing to the 451 

broader challenge of antimicrobial resistance [33,34]. As new decolonization strategies emerge and 452 

our understanding of microbiome dynamics improves, our model can be used to ascertain whether 453 

targeted or universal decolonization becomes a preferred strategy. 454 

 455 

This study has several limitations. First, the biological mechanisms driving colonization and 456 

progression to symptomatic infection remain poorly understood, limiting our ability to model these 457 

transitions precisely. Second, a compartmental model approach may overlook heterogeneity within 458 

populations and individual variations in movement rates. Instead, this approach relies on assumptions 459 

of homogeneous mixing and uniform transition rates between compartments. Third, the data used to 460 

calibrate the model included a period during the pandemic, which could alter transmission dynamics.  461 

Lastly, the generalizability of our findings should be considered with caution, as specific estimates of 462 

Ri and Ai may vary across institutions depending on local patient demographics, sources of admission, 463 
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infection control practices, and patterns of antibiotic use. Our model structure captures fundamental 464 

and generalizable epidemiological processes underlying C. difficile transmission that are applicable 465 

to other healthcare settings and can be flexibly adapted with a limited set of parameters. While the 466 

aforementioned limitations inspire opportunities for future work, our model provides insight for 467 

assessing the transmission dynamics and control of C. difficile in healthcare settings. 468 
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Supporting information  472 

S1 Table. Partial rank correlation coefficients for input parameters in the intrinsic reproduction 473 

number estimations. 474 

Partial rank correlation coefficients (PRCC) were obtained after Monte Carlo sampling of parameter 475 

values. The PRCC provides adjusted correlation values between model parameters and the intrinsic 476 

reproduction number. A cutoff of three days was used to distinguish CO-CDI from HCA-CDI. 477 

 478 

S2 Table. Partial rank correlation coefficients for input parameters in the colonization amplification 479 

index estimations.  480 

Partial rank correlation coefficients (PRCC) for the colonization amplification index were obtained 481 

after Monte Carlo sampling of parameter values. A cutoff of three days was used to distinguish CO-482 

CDI from HCA-CDI.  483 
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