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S3 Appendix. Analysis of the natural history representations and
transmission dynamics

Natural history refers to the progression of the disease across health states in an individual over time. It can
be represented schematically by a set of mutually-exclusive health states (compartments) linked by arrows
indicating the possible transitions (progression/regression) between the health states. In a mathematical model,
these transitions are parameterized and dynamics is modeled either by deterministic or stochastic techniques. In a
model framework, the natural history representation refers to the conceptual sets of health states and health state
transitions that are used mathematically to represent infectious disease dynamics in a population. The common
compartmental models of infectious diseases are generally based upon the frameworks developed by Ross [1],
Kermack and McKendrick [2] from which we find the basic SIR model (Susceptible-Infectious-Recovered).
Some more complex models [3, 4] can involve other health states and their structure is usually based upon
specific assumptions.

Model template for the analysis of the natural history representations

To compare all natural histories reported in the mathematical models reviewed for the transmission dynamics of
C. difficile in healthcare settings, we have analyzed, within each study, the natural history representation and
the transmission dynamics using a compartmental epidemic model template. Our template divides the natural
history into six possible health states (S-E-A-I-R-D: Susceptible-Exposed-Asymptomatic-Infectious-Resistant-
Deceased) as represented in Fig S3.1. Thus, our model template consists of an extension of the basic SIR model
for which, three additional compartments are included (E-A-D). This analysis is intended to synthesize the
natural history representations reported in the reviewed models.

Specifically, this analysis aims to:

1) clearly identify every health state and every transition defined in the natural history representations;
2) stratify every health state, according to the modeled population characteristics;

3) isolate and identify the transmission pathways included in the models;

4) identify patient flow included in the models.

Health states identified in models are first assigned to a possible health state (S-E-A-I-R-D) defined by our
template. Then, we analyze the following components, if included: 1) transitions between the health states;
2) stratification of the health states; 3) transmission pathways; and 4) patient flow (admissions and discharges
from the healthcare setting). Transmission can be done indirectly from the environment or from the healthcare
workers (HCWs) and visitors. When they are modeled, the HCWs or the visitors are assigned to one of two
states: contaminated or non-contaminated. It is assumed that HCWSs and visitors cannot be infected (the ingestion
of spores or the colonization are not possible), but they participate indirectly in the transmission by increasing
patient exposure to the pathogen. This kind of interaction between the HCWs/visitors and the natural history
representation is referred as a “’vector-host” component of transmission (Ross-MacDonald [1, 5]).
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Model template of health states Definitions of the template health states
E A e S (Susceptible) : refers to the individuals that have no resistance/immunity to the
H infection. They can become infected (i.e., they can ingest the spores of C. difficile or
. be colonized by the pathogen) from contacts with infectious individuals (asymptomatic
Exposed Asym:_p torfla bically and symptomatic).
colonized
H e E (Exposed) : refers to the individuals infected after their ingestion of C. diffi-
g o I cile spores. The individuals are not infectious yet. This health state represents a latent
oo period where the spores germinate to form vegetative cells.
Iafectious ) . ‘ o
Susceptible symptomatic . A-(Asy-mptomatlca.llx c‘olomzed) :AroflorAs to the ba.ctcrm‘l colonization process of
the intestinal tracts of individuals. The individuals are infectious, but do not present
(CDI) any symptom.
R D o I (Infectious symptomatic (CDI)) : refers to the symptomatic manifestations of
the disease (usually diarrhea) in individuals.
Hesistant Deceasedl e R (Resistant) : refers to the individuals having a natural resistance or an ac-
quired immunity to the infection.
(S'E'A'I'R'D) e D (Deceased) : refers to the individuals who died from C. difficile infection.

Fig S3.1: The epidemic model template of health states (S-E-A-I-R-D) used to analyze the natural history
representations and the transmission dynamics of the models. We included a brief description of each health
state in the context of C. difficile infection. All the health states reported in the models can be associated with
one of these definitions. Indeed, we assumed that each of the health states (S-E-A-I-R-D) defined can be
further stratified to allow the inclusion of the population heterogeneities. Also, in our definitions, we used the
general term “infection” to refer to the acquisition and to the colonization of C. difficile in an individual, and
”Clostridium difficile infection (CDI)” to refer to the symptomatic stage of the disease.

In our analysis framework we use two diagrams: one to describe the natural history representation (left diagram),
and another to present the transmission/exposure pathways alongside with the flow of individuals arriving or
departing in each health state (right diagram). We present in Fig S3.2 an example of this kind of analysis applied
to the basic SIR model with demography (births and deaths).

Health states and transitions I Transmission and population ﬂowl Model definition
E A E A

| Kermack and McKendrick (1927) [2]|
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Fig S3.2: An example of our epidemic model template applied to the basic SIR model with demography.
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The two diagrams contain the following information:

Left diagram: health states and health state transitions. The diagram presents a conceptual picture of the
natural history of the disease, according to our epidemic model template (Fig S3.1). Each of the six health states
(S-E-A-I-R-D) of the model template (the dashed blue rectangles) can be filled by one or many health states (the
blue filled boxes) that are defined in a model examined. The black arrows represent transitions (state change)
between the health states and are parameterized accordingly. For aggregated population models, the population
characteristics included in the natural history representation, can be expressed by additional stratifications within
each health state of the template (independent compartments). These additional stratifications are specific to
each study and depend on the model assumptions. For individual-based models, these stratifications do not
necessarily need to be included in the natural history representation, as the model can track individuals.

Right diagram: transmission pathways and patient flow. The diagram presents the links (gray dashed
arrows) that conceptually represent the transmission (direct or indirect pathways) of the pathogen to (or from) a
human/non-human reservoir of infection. These links can also represent a contamination process. In every case,
one transmission path needs to be linked to the susceptible individuals in order for infection events to occur.
Furthermore, we have represented the flow of individuals in each health state (the system is usually open) using
green arrows (admissions/discharges in the context of hospital-associated C. difficile infections). The mortality,
when it’s not included as a separated health state, is presented by a red arrow exiting the health states.

Results and data synthesis

Seven studies [6, 7, 8, 9, 10, 11, 12] provided specific information on their natural history representation. The
agent-based model presented in Lanzas et al. (2014) [13] was based on the natural history representation
developed previously by the same authors (Lanzas et al. (2011) [7]). Also, we identified that the conceptual
model developed in Starr et al. (1997) [14] for nosocomial infections of C. difficile was the basis for the models
developed in the following studies in Starr ef al. (2001-2009) [15, 6]. Thus, six independent natural history
representations have been retrieved.

The data regarding the natural history representation and the transmission pathways were extracted from the
studies by using the information provided directly in the articles (text, tables, conceptual diagrams or logic
diagrams (agent-based models)) or in the supplementary files or by contacting the authors of the studies. When
possible, we have also reported the notation used in each study to describe the health states. Otherwise, we have
defined the notation. All the data retrieved were summarized and are presented in Fig S3.3 and Fig S3.4. Then,
the graphical analysis of these representations has allowed us to synthesize the natural history representations of
the models examined into four tables. These tables included the following information:

1. summary of health state transitions (Table S3.1);
2. health state stratifications according to patient characteristics (Table S3.2);
3. contamination/transmission pathways (Table S3.3);

4. patient flow (admissions and discharges of patients from the healthcare setting which are among the health
states of the model template S-E-A-I-R-D) (Table S3.4).

By this kind of analysis and by the use of these two diagrams presented in Fig S3.3 and Fig S3.4, it is possible
to compare the general structures of the natural history representations across the studies.
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Health states and transitions Transmission and patient flow I Model definition
E A E A
| Starr et al. (2009) [6]|
SC weeel SC <_:|') Patient health states:
| SU: susceptible uncolonized
S A SC: susceptible colonized
et TP: toxin-positive diarrhea (CDI)
- R: immune (without antibiotic)
SU P TP <: SU 4 TP <:I R;: immune (with antibiotic)
< S R
A AR D R D
<
R —) R
Rl Rl
E A E A
ct| i i C+ <:|:'> ’ Lanzas et al. (2011) [7] ’
Patient states:
C- : C- < S: susceptible to colonization
S A S C~: asymptomatically colonized
 PIPPPPS H (without protection)
<: ::} C*: asymptomatically colonized
S D E S [ - D b (.with protection)
< B R D: diseased (CDI)
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R =
E Al E A
= N e T G | Yakob et al. (2013-2014) [8-9]|
AV AV : ) Patient health states:
Ev > Cv S U: unexposed
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| <— E: d
- : expose
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 : health state transition C — U only i : transmission pathways PD — U and D — U,
possible in Yakob et al. (2014) optional in Yakob et al. (2013) only

-g Health state A
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Fig S3.3: Natural history representations and transmission dynamics of mathematical models for C.
difficile infections in healthcare settings. The models represented on this page (Starr et al. (2009) [6], Lanzas
et al. (2011) [7], and Yakob et al. (2013-2014) [8, 9]) are those that didn’t include the healthcare workers and
visitors as vector-host components of indirect transmission.
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Health states and transitions Transmission and patient flow | Model definition
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Fig S3.4: Natural history representations and transmission dynamics of mathematical models for C.
difficile infections in healthcare settings. The models represented on this page (Rubin ef al. (2013) [10],
Lofgren et al. (2014) [11], and Codella et al. (2015) [12]) are those that included the healthcare workers and
visitors as vector-host components of indirect transmission.
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Tables S3.1: Possible health state transitions for each model. The existence of a health state transition is
represented by blue cells with a check mark (v'). The transitions are designated from a row (current health
state) to a column (next health state). The self-transitions to the same current health state (e.g., S — S) are
not represented, but are also possible.

a) Starr et al. (2009) [6] b) Lanzas et al. (2011) [7]

Next health state Next health state
r {su sc TP R Ry rls ¢ ¢t D R

2 sU| - v - - - 2 S |- v < -
& = TP v - - - - E = CT| - - - - -
EErR|v - - - = EEpo|v - - - -
= R | v - - - - s R |v - - - -

¢) Yakob et al. (2013-2014) [8, 9]
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Table S3.2: Stratifications of each health state of the template (S-E-A-I-R-D) according to each model.

Model: S E A I R D | Model type
Starr et al. [6] SU — SC TP R,R; — S-A-I-R
Lanzas et al. [7] S — C,C*t D R — S-A-I-R
Yakob et al. [8, 9] U,U, EE, C, C, D — — S-E-A-1
Rubin et al. [10] U - A I - - S-A-I
Lofgrenetal. [11] | Up, Up — Cp, Ca, Cr D — — S-A-1
Codella et al. [12] S E C, CR D, R CL, NS X | S-E-A-I-R-D

Starr et al.: SU: susceptible uncolonized; SC: susceptible colonized; TP: toxin-positive diarrhea; R, R1:immune (without/with
exposure to antibiotics). Lanzas et al.: S: susceptible (exposure to antibiotics); C™: asymptomatically colonized (without immune
protection); C*: asymptomatically colonized (with immune protection); D: diseased (CDI); R.: resistant. Yakob et al.: U: unexposed;
E: exposed; C: colonized; D: diseased (CDI); (subscript _v: vulnerable (exposure to antibiotics)). Rubin ef al.: U: uninfected; A:
asymptomatic; I: symptomatic (CDI). Lofgren et al.: U: uncolonized; C: colonized; D; diseased (CDI); (subscripts _P/_A: exposure
to low/high risk antibiotics respectively); (subscript _T: prophylactic treatment). Codella et al.: S: susceptible; E: exposed; C:
colonized; CR: clinically resolved colonized; D: diseased CDI; R.: relapse diseased; CL: cleared; N'S: not susceptible; X: deceased.

Table S3.3: Transmission/contamination pathways for the models included.

Model: Starr Lanzas Yakob Rubin Lofgren Codella

Transmission pathways: etal. [6] etal [7] etal [8,9] etal [10] etal [11] etal [12]
susceptible (D) v v )2 - - v
Symptomatic to  environment (I) - - - v (partial)® v
HCW/visitor (I) - - - - v v
susceptible (D) v v v - - v
Asymptomatic to  environment (I) - — - v (partial)® v
HCW/visitor (I) - - - - v v
. susceptible (I) v - - v (partial)® v
Environmentto o icivor (1) - - - v (partial)® v
HCWhvisitor to  SUSceptible (D a B 4 i i
environment (I) - - - - - v
Direct transmission pathways v v v - - v
Indirect transmission pathways v - - v v v

v'I—: pathways allowed/not allowed; (I): indirect transmission pathway; (D): direct transmission pathway; HCW: healthcare worker.
* Transmission pathways denoted by (v') are optional in the first version of the model only (Yakob et al. (2013) [8]).

® Transmission pathways denoted by (partial) are not explicitly modeled (included in the contact rate parameters between HCWs and

patients). These pathways refer to environmental contamination and to transmission from the environment.

Table S3.4: Patient flow (admissions and discharges) for the models included.

a) Patient admission b) Patient discharge
Model: S E A I R D Model: S E A I R D
Starr et al. [6] - - v v v - Starr et al. [6] v - v - v -
Lanzas et al. [7] v - v v v - Lanzas et al. [7] v - v v v -
Yakobetal [8,9] | v v Vv v — -— Yakobetal [8,9] | v Vv v Vv — -—
Rubin et al. [10] v - v v - - Rubin et al. [10] v - v v - -
Lofgrenetal. [11] | v - v v — -— Lofgrenetal. [11] | v - v v — -—
Codellaetal. [12] | v - V V V — Codellaetal. [12] | v v v —  —
v'/—: the process is possible/not possible v'/—: the process is possible/not possible
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Natural history representations of C. difficile infection related to reviewed models

We have identified two conceptual natural history representations used by the models by reviewing references of
selected studies. These representations were purely conceptual, that is to say that they included no parameter,
but only definitions of health states, health state transitions and transmission pathways. We report in Fig S3.5
(upper figure) the conceptual model developed by Starr et al. (1997) [14] used to represent the epidemiology of
nosocomial C. difficile infections. This conceptual model has laid the basis for the following studies in Starr
et al. (2001-2009) [15, 6]. Also, in Fig S3.5 (lower figure), we report the natural history representation of
community-associated C. difficile infection (CA-CDI) developed by Otten et al. (2010) [16]. A modified version
of this framework was used in the study of Codella et al. (2015) [12].

Health states and transitions | Transmission and patient flow I Model definition
E A
G | Starr et al. (1997) [14]|
AV Patient health states:
RC SU: susceptible uncolonized
S A Y SC: susceptible colonized
Py RC: resistant colonized
SU TP The .transmlSSIOn pathway.s and TP: toxin-positive diarrhea (CDI)
patient flow are not specified RU: resistant uncolonized
LF‘ D
RU
E A E A
N CR I Ccr Otten et al. (2010) [16]|
” E | E Patient health states:
f J C 1 C S: susceptible
S I S E: exposed
| D \ A 4 D C: colonized
S s Human |- CR: clinically resolved colonized
reservoirs |« - D: diseased (CDI)
R ¢ I R R: relapse diseased
- A o CL: cleared
| i . R D X: deceased
N cr e X ....... o x

i {Environment-to-person]{- .
Non-human

Fuun -I Animal-to-person '4 ...... .
: reservoirs

“=+=+[Food consumption|€--+-+
-g Health state Patient —> Health state transition
o) (S-E-A-I-R-D atien sith
%D template) health state ««=s -> Exposure/transmission
- pathway

Fig S3.5: Natural history representations of C. difficile infection related to reviewed models. The upper
figure shows the conceptual model for the natural history of nosocomial C. difficile infections in Starr et al.
(1997) [14]. The lower figure shows the conceptual model for the natural history of community-associated C.
difficile infections in Otten et al. (2010) [16].
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