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Quantifying Transmission of Clostridium
difficile within and outside Healthcare
Settings

Technical Appendix

Supplemental Methods

Model Parameterization

Our model (Technical Appendix Figure 1) is parameterized according to the specified
rates (Technical Appendix Table 1). Parameter values and Cls are provided in the main text
(Table 1). Clostridium difficile transmission is separately modeled as the force of colonization
within the hospital, within the long-term care facility (LTCF), and within the community
(Equation 1). The hospital force-of-colonization was An, where g indicates the overall hospital
hygiene control parameter, CDIn indicates the number of hospitalized patients with symptomatic
C. difficile infection (CDI) (CDI1 + CDI2 + CDI3), and Ch indicates the number of
asymptomatically colonized patients in the hospital (NC + AC + OC + RC; N, patients not
receiving antimicrobial drugs; C, asymptomatically colonized patients; A, patients receiving
antimicrobial drugs; O, patients with a recent history of receiving antimicrobial drugs; RC,
symptomatically infected patients or colonized patients and subject to recurrence). The LTCF
force-of-colonization was AL with CDI. and C. representing the number of symptomatic CDI
and asymptomatic colonized patients, respectively, in the LTCF. The community force-of-
colonization was Ac with CDIc and Cc representing the number of symptomatic CDI and

asymptomatic colonized patients, respectively, in the community.
Equation 1

g = gf(1 — m)BsCDIy + S2Ch} + m(1 — €)fsCDIy

AL = BL(BsCDIL + B4Cp)

Ac = Be(BsCDI¢ + FaCc) + 1
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Model Implementation

We used the Gibson-Bruck (1) adaptation of the Gillespie algorithm to run simulations
coded in C++ over 2-year time horizons. To ensure a well-mixed model, we discarded the first
year of results and stored results from the second year. We averaged these results for every
analysis and parameter set over 10 independent runs of the model. We found 2-year time
horizons with a 1-year burn-in and ten-run averages sufficient to average out the stochastic
variance of the Gillespie algorithm, generating summary statistics without undue computational

burden.

Model Outcome Tracking

In our stochastic model, we distinguished between C. difficile that was acquired in the
hospital, in the community, or in the LTCF, as well as whether that acquisition was caused by
transmission from a person with a CDI, from an asymptomatic carrier, or from nonhuman
acquisition. By storing this information, we identified for every new CDI case where that case
originated. We then computed the proportion of hospital-onset CDI that was caused by
transmission from other patients with CDI (Technical Appendix Table 2).

Model Initial Conditions

We initialized our model with an endemic C. difficile colonization prevalence in the
hospital, LTCF, and community (Technical Appendix Table 2). We specified a total population
of 100,000 persons distributed according to age, concurrent condition, and location (Technical
Appendix Table 3).

Model Calibration

To estimate unknown parameters, we fit our model to a range of epidemiologic and
demographic data. We divided model parameters and epidemiologic outcomes into 3 categories:
1) those for which extensive data are available, which we used to fit the model; 2) those for
which extensive data are available, which we used to validate the fitted model; and 3) those for

which little data are available, which we estimated from the fitted model.

We specified data-driven prior values and 95% Cls for each parameter for which data are
available (Table 1 in main text), as well as for epidemiologic outcomes, such as CDI incidence
and asymptomatic colonization (Technical Appendix Table 2). We fit our model by using a
Markov Chain Monte Carlo (MCMC) simulation. The MCMC simulation proceeded by
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generating a candidate estimate for each unknown parameter (Table 2 in main text),
simultaneously sampled from prior distributions of the known parameters (Table 1 in main text),
and then ran the model under the candidate parameter set. The candidate parameter set, which
included samples from known and unknown parameters, was accepted or rejected according to
the Metropolis algorithm (12). We based the Metropolis objective function upon the log-
likelihood of the epidemiologic outcomes, which was defined as the sum of the logs of the target
distributions for the epidemiologic outcomes (Technical Appendix Table 2), and evaluated at the
candidate parameter set. Using a computing cluster, we generated 100 independent MCMC
chains of 10,000 runs each. We discarded the first 2,000 runs of each chain, visually confirmed
convergence of the likelihood and of each model parameter, and thinned each chain at equally

spaced intervals to obtain a final ensemble of 1,000 runs.

Model Validation

Our model predicted that 0.16% (95% CI1 0.10%-0.23%) of hospital admissions had
symptomatic CDI, which was consistent with current estimates for the United States (13,14). We
calculated the source of acquisition for hospital-onset CDI cases, and separated these cases into 3
groups. Our calibrated model predicted that 29% (95% CI 19%-41%) of cases were acquired
from another symptomatic CDI patient in the hospital, 49% (95% CI1 32%-62%) were acquired
from an asymptomatically colonized patient in the hospital, and 22% (95% CI 12%-35%) were
among patients who entered the hospital with endogenous C. difficile colonization and in whom
diarrheal CDI subsequently developed during their hospital stay. These results are consistent
with findings from molecular typing and contact tracing, which estimate 30%-35% of hospital-
onset from symptomatic patients and at least 45% of hospital-onset CDI from asymptomatic

contacts or from nonhospital-transmission sources (11,15).

Model Demographics

We parameterized population distribution, non-CDI deaths, and patient movement from
published C. difficile literature, the Healthcare Cost and Utilization Project Nationwide Inpatient
Sample, the Centers for Medicare and Medicaid 5% random sample Chronic Conditions
Warehouse database (Medicare), the Truven Health Analytics MarketScan (MarketScan), the
Healthcare Cost and Utilization Project State Inpatient Databases, US hospital discharge and

long-term-care survey reports, and US Census data. We specified a total population size of
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100,000 persons. We used the Elixhauser definition for concurrent conditions (16,17) and

excluded hypertension because of its high prevalence among elderly persons (18).

Population Distribution

To quantify the percentage of the population that is hospitalized and in each of the age
stratifications (Technical Appendix Table 3), we estimated from the National Hospital Discharge
Survey that 37.4%, 19.5%, and 43.0% of hospital patient-days are occupied by those <50, 5065,
and >65 years of age, respectively (19). We anchored this age breakdown to our estimate that, at
any given time, 1.06% of the US population >65 years of age is hospitalized (Medicare). We
combined these estimates with our estimates that, in the hospital, 55% of patients 50-65 years of

age and 79% of patients >65 years of age have concurrent conditions (Medicare, MarketScan).

To quantify the percentage of the US population that is in an LTCF, we estimated that
1.38 million persons in the United States reside in LTCFs at any point in time, of whom 85.1%
are >65 years of age (20). We assumed that the remaining 14.9% are 50-65 years of age. We

estimated that 90.14% of LTCF residents have concurrent conditions (Medicare).

To estimate the population breakdown of the United States that lives in the community
(e.g., not hospitalized or in an LTCF), we calculated the population remaining according to our
hospital and LTCF calculations and stratified this community population according to US Census
age profiles and our estimate that 54.97% of persons >65 years of age and 23.74% of persons
50-65 years of age the general community have concurrent conditions (Medicare, Marketscan,
67).
Patient Movement

To estimate rates of movement between the hospital, LTCF, and community (Technical
Appendix Table 4), we calculated the hospital discharge rate, LTCF discharge rate, and LTCF
discharge destination from published sources (19,21). We estimated the fraction of hospital
discharges that are sent to an LTCF vs. those sent to home (Medicare, Healthcare Cost and
Utilization Project State Inpatient Databases). We assumed that 40.5% of LTCF residents were
admitted from a hospital, and we used this value to calculate the rate of admission from the
community (22). Finally, we calculated the hospitalization and LTCF admission rates from the
community that would produce an equilibrium population distribution. Because of limited data,

we parameterized LTCF discharge rates independently of age or concurrent conditions.
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Non-CDI Death Rate

From the National Hospital Discharge Survey, we estimated a death rate of 0.0016
deaths/day among inpatients <50 years of age, 0.0034 deaths/day among inpatients 50—65 years
of age, and 0.0073 deaths/day among inpatients >65 years of age. From the US Census and the
National Hospital Discharge Survey, we estimated that among the 210 million persons <50 years
of age, there are 252,000 annual deaths, of which 97,000 occur within a hospital (19,23)
(Technical Appendix Table 5). For the 65 million persons 50-65 years of age, there are 506,000
annual deaths, of which 109,000 occur within a hospital. For the 40 million persons >65 years of
age, there are 1.8 million annual deaths, of which 525,000 occur within a hospital. We assumed
that for persons <50 and 50-65 years of age, all nonhospital deaths occur in the community,
which yields a daily mortality rate of 2.0 x 10 and 1.7 x 10~°, respectively. For persons >65
years of age, we estimated that 39% of all deaths occur in home or hospice care (24), which
yields a daily mortality rate in the community of 5.1 x 10-°. We estimated a daily LTCF

mortality rate among persons >65 years of age of 0.0020.

Parameter Assumptions and Derivation

Rate (n) at Which Symptomatic CDI Develops in Asymptomatically Colonized Patients

We partitioned p into components by age, concurrent condition, antimicrobial drug
history, and hospitalization status. First, we specified that asymptomatically colonized persons
<50 years of age without concurrent conditions and with no recent antimicrobial drug use
showed development of CDI at a base rate of pc, puH, or p, which reflected current residence and
underlying health in the community, in the hospital, or in the LTCF, respectively. When we
controlled for all other factors, we found that colonized patients 50-65 years of age were
parameterized to be uso times as likely to show development of CDI as those <50 years of age.
Colonized patients >65 years of age were parameterized to be Hss times as likely to show
development of CDI as those <50 years of age (25). Second, we parameterized colonized persons
with current or recent antimicrobial drug use history (AC or OC) to be pa times as likely to show
development of CDI as those without such exposure (26-30). Finally, persons with concurrent
conditions were parameterized to be um times as likely to show development of CDI as those

without concurrent conditions. Thus, for a colonized patient 50-65 years of age with concurrent
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conditions, currently in the hospital and taking antimicrobial drugs, the daily risk for CDI

developing would be pHpsopmpa.

Hospital-Onset CDI Calculation

We calculated the number of patients with hospital-onset CDI as the sum of the number
of patients with C. difficile acquired in the hospital with symptom onset in the hospital, plus the
number of patients with C. difficile acquired outside the hospital with symptom onset in the
hospital >48 hours after admission. To estimate the probability that a patient colonized at
hospital admission shows development of symptoms while in the hospital, and does so >48 hours
after hospital admission, we solved the subset of model equations given below, with boundary
conditions NC(0) = 1, AC(0) = OC(0) = CDI(0) = 0. Thus, CDI(t) gives the probability that a
patient entering the hospital, with C. difficile colonization acquired outside the hospital and
without recent antimicrobial drug use (NC), will show development of CDI while in the hospital
(Technical Appendix Figure 2).

dN:;t:I =—(d+u+myg+ 8+ dg)NC(t)

dﬂ:;t:' = ¢NC() — (0 + ppg + My + 6 + dgAC(E)
AOCLE) — PACE) — (uia + g + 6 + d)OCE)
dCdD;{t} = upa ACK) + upa OC(E) + uNC(2)

The closed form solution of CDI(t), the probability that an NC (colonized at admission,
but not taking antimicrobial drugs) patient will show development of CDI in the hospital by day
t, is given by

CDI{t) =

—f"5'+-':"-+"ﬁ"—1+.“A"D+.“#A".f-' +|:i[':l— E_rln+-u-uﬁlluﬁ¢:lﬂ+# + lfi[.?' - 'lﬂ'—l +-“A.' —I:"[.FII:;J +P—'A.'.“ +I:P'”.

(o +uug -1 +ug)i— @0 +u+ ¢))

— 'i.“':E

We define the outflow parameter o = my + 8 + dn to simplify the notation. CDI()
provides the probability that an NC patient will show development of CDI during the hospital
stay, and 1 — CDI(e0) provides the probability that an NC patient will spontaneously clear

colonization, die, or be discharged before development of CDI. Because CDI(2) gives the
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probability that an NC patient will show development of CDI during the first 2 days of
hospitalization, it follows that CDI(cc) — CDI(2) gives the probability of development of CDI >2
days after admission. We compute the probability P> that a patient, colonized at hospital
admission and with CDI onset in the hospital, will show development of symptoms >2 days after
hospital admission. We then use P> to compute the total rate of hospital-onset.

CDI{ss) — CDI(2) . C€DI(2)
COI{=) - COI{ex)

B, = P(CDI onset = two days after admission | CDI onset during hospital stay) =

I:E—:njn+_u+ @) — [0+ fLiL)

(1—ug)(o+pp)ip+g)+e Lalo +u+ @)

(1 —uy) +@)(0 + a(u + @)
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Technical Appendix Table 1. Parameter names and symbols used for the model of Clostridium difficile infection*

Parameter description Symbol

Epidemiology
All-cause CDI mortality o
Rate at which patients complete antimicrobial drug course P
Rate at which recovered patients show recurrence q
Rate at which patients not receiving antimicrobial drugs and at increased CDI risk revert to normal risk 0
Rate of recovery from CDI Y
Probability that a patient recovering from primary CDI will have at least 1 recurrence r

Probability that a patient recovering from a first recurrence will have a second recurrence r
Probability that a patient recovering from multiple recurrences will have additional recurrence rs
Relative risk for development of CDI while receiving antimicrobial drugs Ha
Relative risk for CDI among persons 50-65 years of age vs. those <50 years of age Uso
Relative risk for CDI among persons >65 years of age vs. those <50 years of age Ues
Spontaneous clearance of asymptomatic C. difficile colonization )
Hospital protocols
All-cause fraction of community-onset CDI that are hospitalized T
All-cause fraction of LTCF-onset CDI that are hospitalized T
Increased attributable length of stay for hospitalized patients with CDI dco
Effectiveness of enhanced infection control measures in reducing transmission €
Probability that a patient with CDI is identified and given enhanced infection control measures 7
Antimicrobial drug rates
Prescription rate among persons in the community dc
Prescription rate among patients in the hospital dn
Prescription rate among patients in the LTCF o
Transmission
Hospital force of colonization A
Community force of colonization e
LTCF force of colonization AL
Base CDI transmission rate within the hospital Bs
Base asymptomatic transmission rate within the hospital Ba
LTCF transmission rate relative to hospital BL
Community transmission rate relative to hospital Bc
Rate of community acquisition from nonhuman reservoirs x
Overall hospital hygiene g

*Parameter values and Cls are provided in the main text. CDI, C. difficile infection; LTCF, long-term care facility.

Technical Appendix Table 2. Epidemiologic data used to compose the likelihood function for the MCMC simulation of Clostridium
difficile infection*

Clinical and epidemiologic data Estimate (95% ClI) Likelihood distribution Reference
Asymptomatic hospital colonization prevalence 11% (5.6%—18%) Gamma (11.7, 106) (2-4)
Asymptomatic colonization in LTCF 14.8% (7.6%—24%) Normal (0.148, 0.0418) (5)
Asymptomatic colonization among healthy adults in community 6.6% (2.8%—-12%) Beta (7, 99) (6)
Community-onset CDIt (@)

Overall 37.7 (18.6-56.8)t Normal (37.7, 9.72)

Age 50-64 years 50.4 (46-55) Normal (50.4, 2.24)

Age >65 years 114.4 (104-124) Normal (114, 5.2)
Hospital-onset rate CDIt 7.6 (5.7-9.8)8 Gamma (52.9, 6.98) (8,9)
Hospital recurrence 1.6 (0.24-2.9)8 Normal (1.55, 0.67) (8)
LTCF-onset incidencet 2.3 (0-5.3)8 Normal (2.25, 1.56) (9,10)
LTCF recurrence 0.85 (0-2.4)8 Normal (0.85, 0.815) (9,10)
Proportion of hospital-onset cases attributable to other CDI patients 30% (19%—43%) Beta (17, 39) (11)

*MCMC, Markov Chain Monte Carlo; LTCF, long-term care facility; CDI, C. difficile infection.
tExcludes recurrent cases.

FUnits of cases/100,000 person-years.

§Units of cases/10,000 patient-days.
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Technical Appendix Table 3. Normalized demographic population breakdown in the United States for Clostridium difficile infection

Age, y Hospital Community Long-term care facility
<50 1.2 x 108 0.66 0

50-65 without concurrent conditions 2.7 x10% 0.16 6.5 x 10°
50-65 with concurrent conditions 3.4x10* 0.049 5.9x10*

>65 without concurrent conditions 2.8x10™* 0.056 3.7 x 10

>65 with concurrent conditions 1.1x 103 0.069 3.4x10°

Technical Appendix Table 4. Rate of patient movement between hospital, LTCF, and community, United States*

Parameter description Symbol Age, y, rate/day

Hospital discharge to community duc <50: 0.22; 50-65 without concurrent conditions: 0.18; 50-65 with concurrent
conditions: 0.18; >65 without concurrent conditions: 0.16; >65 with concurrent
conditions: 0.15
Hospital discharge to LTCF dne <50: 0; 50-65 without concurrent conditions: 0.00086; 50—65 with concurrent
conditions: 0.0028; >65 without concurrent conditions: 0.0056; >65 with
concurrent conditions: 0.0095
LTCF admission from community dev <50: 0; 50-65 without concurrent conditions: 2.2 x 107%; 50—-65 with concurrent
conditions: 2.8 x 107° ; >65 without concurrent conditions: 4.2 x 1075 >65 with
concurrent conditions: 0.00021
Hospital admission from community dcn <50: 0.00038; 50-65 without concurrent conditions: 0.00031; 50—65 with
concurrent conditions: 0.0013; >65 without concurrent conditions: 0.00078; >65
with concurrent conditions: 0.0024
Discharge from LTCF to community dic 0.0056
Discharge from LTCF to hospital din 0.00032

*LTCF, long-term care facility.

Technical Appendix Table 5. Age-specific mortality rates for non—Clostridium difficile infections for hospital, LTCF, and community,
United States*

Parameter description Symbol Age, y, rate/day

Non-CDI mortality rate in hospital my <50: 0.0016; 50-64: 0.0033; >65: 0.0073
Non-CDI mortality rate in LTCF m, <50: 0; 50-64: 0; >65: 0.0020

Non-CDI mortality rate in community mc <50: 2.0 x 107%, 50-64: 1.7 x 105 >65: 5.1 x 10°

*CDlI, C. difficile infection; LTCF, long-term care facility.
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Technical Appendix Figure 1. Clostridium difficile infection model flowchart, including parameters. N,
patients not receiving antimicrobial drugs; U, uncolonized patients; C, asymptomatically colonized
patients; RC, symptomatically infected patients or colonized patients and subject to recurrence; A,
patients receiving antimicrobial drugs; CDI, C. difficile infection; O, patients with a recent history of
receiving antimicrobial drugs. Arrows indicate changes in individual epidemiologic status. Subscripts
indicate primary, secondary, or tertiary CDI.
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Technical Appendix Figure 2. Submodel of a larger model of Clostridium difficile infection (CDI), which
was used separately to mathematically estimate the proportion of cases with colonization outside of the
hospital but with diarrheal CDI arising in the hospital that are classified as hospital onset (occurring >48
hours after hospital admission). N, patients not receiving antimicrobial drugs; C, asymptomatically
colonized patients; A, patients receiving antimicrobial drugs; O, patients with a recent history of receiving
antimicrobial drugs. Arrows indicate changes in individual epidemiologic status.
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