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ABSTRACT More than 5 years after a United Nations peacekeeping battalion intro-
duced cholera to Haiti, over 150,000 peacekeepers continue to be deployed annually
from countries where cholera is endemic. The United Nations has thus far declined
to provide antimicrobial chemoprophylaxis to peacekeepers, a policy based largely
on concerns that the risks of drug resistance generation and spread would outweigh
the potential benefits of preventing future cholera importations. In this study, we
sought to better understand the relative benefits and risks of cholera chemoprophy-
laxis for peacekeepers in terms of antibiotic resistance. Using a stochastic model to
quantify the potential impact of chemoprophylaxis on importation and transmission
of drug-resistant and drug-sensitive Vibrio cholerae, we found that chemoprophylaxis
would decrease the probability of cholera importation but would increase the ex-
pected number of drug-resistant infections if an importation event were to occur.
Despite this potential increase, we found that at least 10 drug-sensitive infections
would likely be averted per excess drug-resistant infection under a wide range of as-
sumptions about the underlying prevalence of drug resistance and risk of acquired
resistance. Given these findings, policymakers should reconsider whether the poten-
tial resistance risks of providing antimicrobial chemoprophylaxis to peacekeepers are
sufficient to outweigh the anticipated benefits.

KEYWORDS cholera, prophylaxis, antibiotic resistance, competition, mathematical
model, transmission dynamics

he inadvertent introduction of cholera to Haiti by a deployment of Nepalese

peacekeepers in October 2010 sparked one of the most severe cholera epidemics
in modern history. Reports of more than 9,000 deaths and 700,000 cases likely repre-
sent a considerable underestimate of true disease burden (1). Recognition of the role
of United Nations (UN) peacekeepers in precipitating the outbreak has prompted the
consideration of biomedical interventions to prevent Vibrio cholerae importation during
future deployments of peacekeepers from countries where cholera is endemic (2). The
need for such interventions is considerable, as approximately 150,000 peacekeepers are
deployed from such countries each year (3).

Although oral cholera vaccines (OCVs) were added to predeployment immunization
schedules for all peacekeepers in November 2015 (4, 5), the inefficacy of such vaccines
against asymptomatic cholera shedding (6, 7) suggests that immunization is a subop-
timal strategy for preventing importations such as occurred in Haiti. A recent modeling
study concluded that antimicrobial chemoprophylaxis of peacekeepers departing
countries where cholera is endemic would be more effective than vaccination in
preventing Haiti's outbreak, reducing the probability of an epidemic by 91% if imple-
mented alone and 98% if coupled with immunization (3). Chemoprophylaxis was also
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previously recommended by a UN-commissioned independent panel of experts inves-
tigating Haiti’s cholera outbreak (2).

Despite the recommendations from the independent panel of experts and the
results of the prior modeling study (3), concerns about selection for drug-resistant (DR)
V. cholerae strains have forestalled the UN’s implementation of this recommendation
(8-10). The decision to withhold chemoprophylaxis reflects two suppositions: first, that
providing chemoprophylaxis to peacekeepers would increase the expected burden of
DR cholera, and second, that this risk outweighs the potential benefit of preventing
drug-sensitive (DS) infections. Previous modeling work has demonstrated a complexity
of potential relationships between prophylaxis and the burden of drug resistance in
general (11). In this scenario, chemoprophylaxis could select for drug resistance among
arriving peacekeepers. However, by preventing the importation and epidemic take-off
of DS pathogens, it could also reduce subsequent opportunities for resistance acqui-
sition and spread during a cholera epidemic.

The potential impacts of chemoprophylaxis for UN peacekeepers on importation
and outbreaks of DS and DR cholera cannot easily be addressed through empirical
studies. Because there are no existing data on the potential population impact of
similarly targeted, short-term prophylaxis to prevent cholera transmission, mathemat-
ical modeling is an appealing approach that allows us to provide projections based on
our understandings of V. cholerae transmission and the mechanisms of chemoprophy-
laxis. Therefore, we developed a mathematical model to examine the risks and benefits
of chemoprophylaxis for UN peacekeepers in the context of drug resistance. Our model
builds on previous work (3) by considering both DS and DR V. cholerae strains; DR
strains may preexist in the peacekeepers’ country of origin, or resistance may be
acquired through chemoprophylaxis or antibiotic treatment. Although motivated by
the events in Haiti, here we present a general model intended to have broad future
applicability and display the sensitivity of our results across a wide range of parameter
values.

RESULTS

We used a stochastic modeling framework to simulate cholera importation and
transmission. We adopted a parsimonious approach focused on elucidating the causes
and consequences of drug resistance across a wide range of assumptions. Briefly, we
simulated the arrival of 500 UN peacekeepers to a cholera-susceptible host population
of 1 million under both chemoprophylaxis and no-chemoprophylaxis scenarios to
explore the predicted impact of predeparture chemoprophylaxis among peacekeepers
on DS and DR cholera infections within the host population. Due to the implementation
of oral cholera vaccination (OCV) among peacekeepers, our baseline assumption was
that peacekeepers also received OCV, with alternative results assuming no OCV use
presented in the supplemental material. We report results based on 10,000 randomly
generated parameter sets intended to represent variability or uncertainty in key
measures of cholera natural history and epidemiology. The model structure and
parameters are described in greater detail in Materials and Methods.

For each parameter set, we recorded data from repeated stochastic runs. Each run
resulted in either no cholera cases among the arriving peacekeepers, cholera cases
occurring among the arriving peacekeepers but never transmitted to the host popu-
lation, a small number of transmitted cases to the host population but no large
epidemic, or a large epidemic in the host population. Simulations in which large DS
epidemics occurred also frequently resulted in smaller outbreaks of DR cholera through
acquisition of resistance.

Figure 1 shows the range of potential outcomes based on 5,000 model runs at the
midpoint of each parameter range. Of these runs, no epidemics appear to have been
seeded by both DS and DR infections arriving simultaneously, consistent with the low
importation probability. The most obvious impact of prophylaxis is to reduce the
number of DS cases; this sample of 5,000 stochastic runs resulted in 37 DS importations
under the no-prophylaxis scenario but only one (which did not take off) under the
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FIG 1 Epidemic curves for 5,000 model runs at parameter midpoints. Importation occurred in 59 model runs for the no-prophylaxis
scenario and 26 runs for the prophylaxis scenario; only these runs are displayed. (A) Thirty-seven DS importations occurred under the
no-prophylaxis scenario. (B) Log scale of DS infections under the no-prophylaxis scenario, revealing additional importations that failed to
take off. (C) Only one DS importation, and no DS epidemics, occurred under the prophylaxis scenario for these 5,000 runs. (D) DR infections
under the no-prophylaxis scenario. (E) Log scale of DR infections under the no-prophylaxis scenario, revealing small outbreaks of DR
infections resulting from acquired resistance following treatment. (F) DR infections under the prophylaxis scenario appear fairly similar to

those under the no-prophylaxis scenario.

prophylaxis scenario. The impact of prophylaxis on DR epidemics is less obvious and
therefore is explored in greater detail below for the full range of parameter sets, with
runs for each parameter set repeated until 2,000 importation events had occurred.

Chemoprophylaxis of UN peacekeepers has the potential to increase or de-
crease drug-resistant infections in the host population. Figure 2A displays the
predicted impacts of providing chemoprophylaxis to UN peacekeepers on the expected
number of DR infections in the host country across the explored parameter range. To
produce this figure, we averaged across all model runs for a single parameter set,
including zeros for all cases in which importation did not occur. These results cluster
around 0, with prophylaxis either increasing or decreasing the expected number of DR
infections depending on the particular epidemic scenario. However, across all 10,000
sampled parameter sets, the use of chemoprophylaxis among peacekeepers never
increased the expected number of DR cholera infections in the host country by more
than 0.2% of the population size over the course of the epidemic.

To understand why chemoprophylaxis could either increase or decrease the ex-
pected number of drug-resistant infections in the host country, we separated this
measure into two components: first, the probability of cholera importation, and second,
the expected number of DR infections conditional on importation.

First, we estimated the effects of chemoprophylaxis on the probability of cholera
importation, i.e., the chances of at least one infection occurring in the general popu-
lation of the host country. Across model runs, estimated importation probabilities
ranged from approximately 0.05% to 6% without chemoprophylaxis and 0.003% to 3%
with chemoprophylaxis. As shown in Fig. 2B, chemoprophylaxis among peacekeepers
consistently decreased the probability of a V. cholerae importation event across all of
the scenarios that we explored. These results are based on the assumption that as many
as 50% of V. cholerae strains in the peacekeeper country of origin are resistant to the
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FIG 2 Simulation mean effects of peacekeeper prophylaxis versus no prophylaxis. Blue indicates results favoring prophylaxis, and red
indicates results favoring no prophylaxis. Results are based on 10,000 random parameter sets assuming 500 peacekeepers in a host
population of 1 million susceptible individuals. For each parameter set, results were obtained by subtracting the mean value from
repeated stochastic runs assuming no prophylaxis from the mean value given prophylaxis. Subplot interpretations are as follows. (A)
Prophylaxis may increase or decrease the overall expected number of DR cholera infections; these values cluster around 0 and never
reach =2,000 (=0.2% of the population). (B) Prophylaxis always decreases the probability of cholera importation. (C) Prophylaxis
always increases the expected number of DR cholera infections conditional on cholera importation. (D) Prophylaxis is likely to prevent
=10 DS cholera infections per excess DR cholera infection.

applied drug, indicating that chemoprophylaxis could be a robust means of preventing
cholera importation even when the drug is not universally effective.

Next, we considered the effects of chemoprophylaxis among peacekeepers on the
predicted average number of DR cholera infections in the community, conditional upon
V. cholerae importation. Chemoprophylaxis among peacekeepers consistently increased
the expected number of DR cholera infections when importation did occur throughout
the explored parameter ranges (Fig. 2C). Furthermore, these values were frequently
large, with the excess expected number of DR infections conditional on importation
exceeding 10% of the total population for 92% of parameter sets. This finding reflects
the intuitive concern about cholera prophylaxis: because prophylaxis exclusively tar-
gets DS phenotypes, any importation events that do occur are more likely to be
triggered by a DR strain. However, this is a rare event and is made even rarer by the use
of chemoprophylaxis.

Because cholera chemoprophylaxis for UN peacekeepers decreases the probability
of cholera importation to the host country but increases the expected number of DR
infections conditional on importation, its impact on the overall expected number of DR
infections in the host country is more modest and may occur in either direction.

The number of averted DS cholera infections is expected to overwhelm any
increase in DR infections as a result of chemoprophylaxis. It is clearly desirable to
provide chemoprophylaxis to UN peacekeepers under scenarios for which this ap-
proach decreases the expected number of DR infections. For the remaining scenarios,
we estimated the expected number of DS infections that could be averted through
chemoprophylaxis for each additional DR infection (Fig. 2D). Providing chemoprophy-
laxis to UN peacekeepers resulted in at least 10 DS infections averted per excess DR
infection for 99% of parameter sets. A total of 206 of 10,000 parameter sets produced
a number of DS infections averted per excess DR infection in excess of 1,000, while only
5 resulted in values below 1. These results suggest that even if chemoprophylaxis
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FIG 3 Partial rank correlation coefficients between variable parameters and the impact of prophylaxis.
Point estimates and 95% confidence intervals are shown. The six variable parameters are as shown in
Table 1 (j, cholera incidence in peacekeeper country of origin; r,, proportion of DR cholera in the country
of origin; R,, basic reproductive number in the absence of treatment; o, proportion of cholera infections
that are symptomatic; 7, proportion of symptomatic individuals who receive treatment; q,

prop’
proportion of individuals receiving treatment or prophylaxis who acquire resistance).

increases the risk of DR cholera infections, its preventive impact on the number of DS
cases is likely to be much greater.

Factors influencing the risk-benefit profile. Taken individually, the parameter
ranges explored primarily had only small effects on the number of excess DR infections
resulting from prophylaxis as well as the ratio of DS infections prevented per excess DR
infection (Fig. 3). The excess number of DR infections resulting from prophylaxis was
slightly decreased when we assumed a higher probability of receiving treatment and
higher probability of acquired resistance, both of which could increase the opportuni-
ties for DR cholera to emerge out of a DS epidemic in the absence of prophylaxis, and
slightly increased for higher values for the basic reproductive number in the absence
of treatment (R,). The number of DS infections prevented per excess DR infection was
most negatively associated with DR prevalence in the country of origin, reflecting the
intuition that chemoprophylaxis would be less effective in settings with a high prev-
alence of drug resistance and most positively associated with the probabilities of
treatment and of acquired resistance.

Several parameters were moderately or strongly associated with the number of DS
infections prevented by prophylaxis. Most notably, the incidence of cholera in the
peacekeepers’ country of origin and the basic reproductive number displayed a positive
association with the number of DS infections prevented by prophylaxis, and the
proportion of DR cholera cases in the peacekeepers’ country of origin displayed a
negative association.

Sensitivity analyses. In addition to exploring the impact of these variable param-
eters, we ran sensitivity analyses to assess the potential impact of a smaller population
size, less or more frequent transmission from asymptomatic infections, higher or lower
efficacy of prophylaxis (in terms of prevention of infection), and either no vaccination
or more effective vaccination than assumed at baseline. The detailed results of these
analyses are shown in the supplemental material. Briefly, changing our assumptions in
ways that allowed for more transmission (i.e.,, assuming no vaccination or greater
transmission from asymptomatic infections) resulted in higher importation probabilities
and prophylaxis having a greater range of impacts, both positive and negative, on the
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excess number of DR cases. For example, whereas the excess number of DR infections
resulting from prophylaxis clustered primarily between —1,000 and 1,000 for our
baseline scenario, the results similarly clustered between —15 and 15 when we
assumed more effective vaccination and —3,000 and 3,000 when we assumed no
vaccination. However, these ranges are all small relative to the population size of 1
million, and all sensitivity analyses resulted in similar distributions for the number of DS
infections prevented per excess DR case. The degrees of impact of our variable
parameters on the number of DS infections prevented per excess DR case resulting
from prophylaxis were similar across all of the scenarios, with the most influential
parameter consistently being the proportion of DR cholera cases in the peacekeepers’
country of origin.

DISCUSSION

We have presented a mathematical model intended to estimate the effects of
administering chemoprophylaxis to UN peacekeepers on the acquisition and spread of
drug-resistant cholera. While administering chemoprophylaxis to UN peacekeepers
could under some circumstances increase the expected number of DR cholera infec-
tions, our findings suggest that the expected increase in DR infections is likely to remain
fairly small relative to the size of the population and expected number of DS infections
averted. For each excess DR infection caused by chemoprophylaxis, we predict that this
approach is likely to prevent at least 10 DS infections.

The benefits of chemoprophylaxis would likely be strengthened by the use of a drug
for which background resistance was rare in the peacekeepers’ country of origin.
Although surveillance systems to monitor DR cholera are poor, resistance to first-line
therapies such as tetracycline derivatives, ciprofloxacin, and chloramphenicol is prev-
alent in some geographical regions (12-14). Lower rates of resistance to azithromycin,
potentially contributing to the drug’s superior efficacy against cholera diarrhea in
clinical trials, have been reported (15, 16). Local resistance profiles should inform the
choice of antimicrobial drugs used for chemoprophylaxis.

For this analysis, we have focused on the potential benefits and risks of chemopro-
phylaxis in terms of the number of DS and DR cholera infections. The impacts of
chemoprophylaxis could extend beyond these to other metrics, such as cost-
effectiveness and risk of infection with other diseases. Chemoprophylaxis was previ-
ously found to be the lowest-cost option available to prevent cholera importation by
UN peacekeepers, though this analysis did not consider its potential impacts on drug
resistance (3). The resource requirements for DR cases could potentially be higher, for
example, if antibiotic treatments were more expensive or the duration of hospital stays
increased. However, because we predict the impacts of prophylaxis on the number of
DR infections to be small relative to the impact on DS infections, and because most
individuals with cholera infections do not receive antibiotics, we do not believe that
costs should be a major barrier to implementation. Another limitation of this analysis
is our inability to directly estimate the potential impact of providing cholera chemo-
prophylaxis to UN peacekeepers on antibiotic resistance for diseases besides cholera.
These effects are more difficult to predict. As a secondary analysis, we attempted to
address the issue of resistance selection for other bacteria indirectly, by comparing the
number of antibiotics used for chemoprophylaxis to the number that would be used for
treatment of symptomatic cases in the event of an epidemic (see the supplemental
material). Although in some cases these results suggest that chemoprophylaxis
could reduce the total expected number of antibiotic doses by preventing the
occurrence of DS epidemics, this outcome is highly sensitive to the size of the
susceptible population and the likelihood of importation. Comparing the number of
peacekeepers deployed each year (around 150,000) to the global burden of anti-
biotic consumption (estimated at over 73 billion standard units in 2010 [17])
suggests that providing chemoprophylaxis to peacekeepers is unlikely to be a major
global driver of antibiotic resistance.

Our analysis is additionally limited by the lack of data surrounding several model
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parameters. While we incorporated data from empirical studies whenever possible, our
results are dependent on the parameter values and distributions that we have as-
sumed, and any inaccuracies in these assumptions may be propagated throughout our
model. To mitigate this impact, we have assigned wide ranges to the most uncertain
parameters and have also conducted sensitivity analyses around the size of the
susceptible population, the relative infectiousness of asymptomatic cases, the efficacy
of prophylaxis, and the impacts of vaccination (see the supplemental material), all of
which appear to have minimal impact on our principal findings. We also made
simplifying assumptions surrounding births, deaths, and immunity to allow for discrete
SIR (susceptible-infectious-recovered)-type epidemics. If we were to relax those as-
sumptions, allowing cholera to become endemic, our results could change. However,
we predict that the impact of changing these assumptions on the number of DS
infections prevented per excess DR case would be small, given the minor impact that
we observed when changing the size of the susceptible population in the sensitivity
analysis.

Mathematical modeling, though a useful first step in risk analyses such as these,
ideally should not substitute for the collection of real-world data on the impact of
targeting prophylaxis to populations at risk of transmission. We suggest that if che-
moprophylaxis among UN peacekeepers is implemented, it should be accompanied by
surveillance and monitoring of drug-resistant infections as well as potential importa-
tions of cholera and other bacteria. Widespread use of chemoprophylaxis in other
scenarios, e.g., among patient contacts, is a separate issue and should not be inter-
preted as being justified by our analysis. Indiscriminate use of chemoprophylaxis has
been associated with local emergence of resistance in V. cholerae and may thus do
more harm than good (18-22).

Mathematical modeling of DS and DR strains has previously been used to inform use
of chemoprophylaxis or preventive treatment for other diseases, including tuberculosis,
HIV infection, and malaria (23-25). These studies have typically used deterministic
models and focused on endemic diseases. Stochastic models such as the one presented
here allow modelers to account for randomness in transmission when case counts are
low, and they have previously been used to inform policy in areas such as hospital-
associated infections, disease emergence and importation, and disease elimination
(26-28). This study is unique in its use of a stochastic model to analyze the impact of
prophylaxis on importation and epidemic spread of both DS and DR pathogens in an
area where they are not endemic. As such, the modeling framework and results
presented here may also apply to similar scenarios of nonendemic diseases when
targeted prophylaxis is proposed for a small group of at-risk individuals, for example, in
the case of an emerging infectious disease.

Our results suggest that the average number of DS cholera infections prevented
through targeted use of predeployment chemoprophylaxis among UN peacekeepers
could greatly exceed any potential increase in the number of DR cholera infections.
Therefore, we urge UN policymakers to reassess the risks and benefits surrounding the
judicious use of targeted antimicrobial chemoprophylaxis to reduce the risks of future
outbreaks of cholera associated with peacekeeper deployments.

MATERIALS AND METHODS

Below, we provide a detailed overview of the model structure and parameters used in our
analysis. Parameter definitions and values are provided in Table 1 and described in greater detail
within this text.

Modeling infections among arriving peacekeepers. For a given parameter set, we first estimated
the probability of cholera importation to the host country by the 500 peacekeepers. Similar to the
authors of reference 3, we assumed that the probability of an individual peacekeeper being infected
at the time of departure was proportional to cholera prevalence in the departure country, estimated
as the average duration of infection (1/86 + 1/A) multiplied by the combined incidence of symp-
tomatic and asymptomatic infections (j/o). Because existing protocols include screening for diarrheal
symptoms (5), we assumed that only asymptomatically infected peacekeepers (probability 1 —
Oyaxm) Would be missed in predeparture screening. We allowed the infecting strains to be either DS
or DR (with probability r, representing prevalence of drug resistance in the country of origin) and
did not differentiate between exposed and infectious individuals. In the absence of chemoprophy-
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TABLE 1 Parameter definitions and values

Antimicrobial Agents and Chemotherapy

Value or
Parameter Definition distribution? References or additional information
j Incidence of (symptomatic) cholera in Unif(0.1,8) per 1,000 3, 30; see supplemental material for details
peacekeepers’ country of origin people per year
g Proportion of DR cholera in country of origin Unif(0,0.5) 12-14
Ro Basic reproductive number in the absence of Unif(1.25,5) 31, 32
treatment or vaccination
o Proportion of cholera infections that are Beta(242,706) Symptom probability in Haiti survey 0.255
symptomatic (0.228, 0.284) (33); similar point estimate
(0.242) in meta-analysis of reference 3
Torop (rate = 1) Proportion symptomatic who receive treatment Unif(0.05,0.5) 18, 34-37; see supplemental material for

Gprop (rate = a) Proportion receiving treatment or prophylaxis who 10AUNif(—5,—2)

acquire resistance

Nimp Number of peacekeepers 500

N Population size 1,000,000

1/y Average duration of infection (untreated) 5 days

1/Yabx Average duration of infection (treated) 2.26 days

Vabx Risk ratio of DS infection given antibiotic 0.34
chemoprophylaxis

B./B Relative infectiousness of asymptomatic infections 10%

1/8 Incubation period 1.55 days

Oyaxm Multiplier: relative probability of symptoms among 0.35
vaccinated individuals (vs unvaccinated)

Buaxm Multiplier: relative infectiousness of vaccinated 0.37

asymptomatic individuals (vs unvaccinated
asymptomatic)

details

19, 20, 38-40; see supplemental material
for details

Assumed; similar to number in Haiti (3)

Assumed; 10,000 also tested (see
supplemental material)

3 (we made the simplifying assumption
that this was the same for asymptomatic
and symptomatic infections), 41

3,41

3, 42; see supplemental material for
sensitivity analyses

3, 43, 44; see supplemental material for
additional details and results based on
1% and 50%

3,45

Protective efficacy in older children and
adults is 0.66 (0.57, 0.73) (46)

Assuming a log-linear relationship between
infectiousness and vibrio density (6); see
supplemental material for details and
sensitivity analyses

aUnif, numbers are drawn according to a uniform distribution with the provided max and min; 10AUnif, the exponent of 10 is drawn according to a uniform

distribution with the provided max and min.

laxis, the probability of a peacekeeper being asymptomatically infected by a DS or DR strain,
respectively, was thus calculated as

{1 (11
ps=( 1R)j . 5y

(1= 0umO 1+1
Pr=Tr pn 5y

We assumed that chemoprophylaxis reduced both risk and duration of DS infections and could lead
to resistance acquisition (probability a,,) but had no effect on DR infections. In the presence of
chemoprophylaxis, the probability of a peacekeeper being asymptomatically infected by a DS or DR
strain, respectively, was thus calculated as

1 = Oyum 1 !
pgbx — (1 — uprop)(l - TR)Vabx](%)(g * 7)

Yabx

~ Ovam0 | [ 1 + 1
] 3 vy

P j 1
P}‘sz = (VR + uprop(l - rR)Vabx)](

The numbers of peacekeepers that were uninfected, infected with DS V. cholerae, and infected with
DR V. cholerae at departure were drawn according to a multinomial distribution based on these infection
probabilities. To account for possible transmission events among peacekeepers while in transit and prior
to drug clearance, we assumed that the second generation of cholera infections occurred solely among
peacekeepers still experiencing the effects of chemoprophylaxis. The number of secondary infections per
index case was drawn from a Poisson distribution with rate parameter equal to the basic reproductive
number for asymptomatic vaccinated cases: 3,8,..N/y for the no-chemoprophylaxis scenarios and
VapxBaBuaxmN/Yabx for the chemoprophylaxis scenarios. The number of these secondary cases that were
symptomatic was then drawn according to a binomial distribution with symptom probability o,,,.,0, and
the number of DS cases that acquired resistance from residual antibiotic concentration in the chemo-
prophylaxis scenarios was drawn according to a binomial distribution with probability of acquired
resistance d,,.
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FIG 4 Structure of the stochastic transmission model within the host population. See Table 1 for
parameter details and values. Model states are as follows: S, susceptible; /,,, infectious, DR, asymptomatic;
1, infectious, DR, symptomatic; T, on treatment, DS; /, infectious, DS, symptomatic; /,,, infectious, DS,
asymptomatic. Not shown are asymptomatic DS and DR peacekeepers /,, and /,,,, who are considered
only for their role in seeding a potential epidemic.

From the third generation onwards, we assumed random mixing with the general population of the
host country and ran the model forwards for 1,000 days as described below. Instances in which at least
one member of the general population of the host country was infected were counted as importation
events. For each parameter set, the model runs were repeated and results of each recorded until 2,000
such importation events had occurred.

Modeling transmission within the host population. To determine the course of an epidemic in the
general population following importation, we created a stochastic transmission model (Fig. 4). We
assumed at baseline a susceptible host population with a size of 1 million, treating anyone not
susceptible as removed from the population. Because cholera infection is rapidly transmitted and
infrequently fatal, we did not incorporate births, deaths, or latency into our model. Instead, we assumed
that all infected people immediately became infectious and eventually recovered with stable immunity
over the course of the epidemic. These assumptions resulted in a discrete SIR-type epidemic. We ran the
model for 1,000 days, substantially later than the last case of a random sample of epidemics, to capture
all cases occurring within the epidemic in a closed population.

Individuals within our model could experience symptomatic or asymptomatic infection with either
DS or DR phenotypes, depending on the resistance phenotype of the infecting individual. All transmis-
sion was assumed to occur in direct proportion to the number of prevalent symptomatic and asymp-
tomatic infections, i.e.,

Ns = Bls + Balsa T BTs + BuaxmPalsap
and

)‘R = BIR + BaIRa + BvaxmBaIrap

We assumed exponentially distributed recovery times, which allowed us to account for the right-
tailed duration for which individuals may transmit infection, for instance, due to persistence of V. cholerae
in the environment. We allowed some fraction of symptomatic individuals to receive antibiotic treat-
ment, which could accelerate their recovery or, alternatively, lead to acquired resistance either through
mutation or horizontal transfer from other bacterial species. We exclusively considered resistance
acquisition in the presence of antibiotic treatment for symptomatic cholera and did not account for
horizontal transfer of resistance elements between infected individuals. These simplifying assumptions
may have underestimated the risks of resistance emergence after DS cholera importation, and our
estimated benefits of prophylaxis may therefore be too low.

Parameter values. As shown in Table 1, we explored wide ranges for the six parameters that we
judged most uncertain or likely to vary between settings. These ranges were informed by empirical
studies. A more detailed description of how these values and ranges relate to the cited studies is
provided in the supplemental material. The proportions of individuals starting treatment or acquiring
resistance were converted to rates by comparing the proportion of individuals leaving these compart-
ments through each route, and the transmission parameters g and 3, were back-calculated from the
values of R, (in the absence of treatment or vaccination), based on the relationship

N (1-0)BN
oBN (1= 0)BN
Y Y

We calculated partial rank correlation coefficients between the six uncertain parameters and our
outcomes of interest to determine the impact of these parameters on our results. Sensitivity analyses
based on the impact of vaccination, relative infectiousness of asymptomatic cases, efficacy of prophy-
laxis, and population size are summarized in Results, with additional details provided in the supplemental
material.

Computation. For our baseline analysis, we ran both chemoprophylaxis and no-chemoprophylaxis
scenarios for 10,000 parameter sets each chosen by Latin hypercube sampling. We ran the model

R, =
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repeatedly for each parameter set and chemoprophylaxis scenario until 2,000 importation events (i.e.,
runs with at least one case in the host population) had accrued, recording the results for each run. All
computing was conducted in R, with epidemics simulated using an adaptive tau-leap algorithm (package
“adaptivetau”) that switches between exact and approximate methods based on the state of the system
(29). Our code is included in the supplemental material.

SUPPLEMENTAL MATERIAL

.00026-17.

SUPPLEMENTAL FILE 1, PDF file, 6.1 MB.
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