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A Framework for Modeling
Emerging Diseases to
Inform Management

Robin E. Russell, Rachel A. Katz,* Katherine L.D. Richgels,! Daniel P. Walsh,* Evan H.C. Grant!

The rapid emergence and reemergence of zoonotic diseas-
es requires the ability to rapidly evaluate and implement op-
timal management decisions. Actions to control or mitigate
the effects of emerging pathogens are commonly delayed
because of uncertainty in the estimates and the predicted
outcomes of the control tactics. The development of mod-
els that describe the best-known information regarding the
disease system at the early stages of disease emergence
is an essential step for optimal decision-making. Models
can predict the potential effects of the pathogen, provide
guidance for assessing the likelihood of success of differ-
ent proposed management actions, quantify the uncertainty
surrounding the choice of the optimal decision, and highlight
critical areas for immediate research. We demonstrate how
to develop models that can be used as a part of a decision-
making framework to determine the likelihood of success
of different management actions given current knowledge.

Despite continued calls to improve the response to
emerging infectious zoonotic diseases (1,2), universal
guidelines for determining the best course of action when
a new disease emerges are unavailable. Increasing ease of
global travel (3), continued encroachment of human popu-
lations into wildlife-occupied areas, climate change (4), and
increasing rates of microbial evolution and antimicrobial
drug resistance (5) have increased the likelihood that wild-
life pathogens will be introduced into novel areas or na-
ive populations and spill over into human populations (1).
This accelerating rate of disease emergence leaves decision
makers with a short time frame to determine and implement
an appropriate course of action. A framework that quickly,
rigorously, and effectively synthesizes relevant information
about a wildlife pathogen in the early stages of emergence
is essential for informing management at critical stages and
ultimately reducing the potential effects of the disease on
humans, livestock, and other wildlife populations.

Author affiliations: U.S. Geological Survey, Madison, Wisconsin,
USA (R.E. Russell, K.L.D. Richgels, D.P. Walsh); University of
Massachusetts, Amherst, Massachusetts, USA (R.A. Katz); U.S.
Geological Survey, Turner Falls, Massachusetts, USA (R.A. Katz,
E.H.C. Grant); University of Wisconsin, Madison (K.L.D. Richgels)

DOI: http://dx.doi.org/10.3201/eid2301.161452

Decision theoretic approaches provide formal guide-
lines for transparent, repeatable, and defensible decision-
making that addresses specific management objectives,
uncertainty of consequences, and potential trade-offs (6).
Using approaches such as structured decision-making to
frame decisions, modelers are provided a mechanism for
including multiple and potentially competing objectives
and evaluating the importance of uncertainties to a decision
(7). An essential component for applying decision theory to
emerging diseases is the development of predictive models
that can be used to evaluate trade-offs between different
management actions and disease consequences (8). The
role of predictive models in informing management deci-
sions is to estimate the consequences of alternative control
strategies and help determine which strategies are optimal.
Models can be used to assist decision makers with assess-
ing the probability of a successful management outcome
versus the risk of an unacceptable outcome (including non-
ecologic consequences), avoid unintentional consequences
that might be exacerbated by delaying management inter-
ventions (9), and accommodate different goals and values
of the decision maker and stakeholders (5,8). However,
researchers are often reluctant to develop a model for fore-
casting the potential effects of emerging pathogens and the
potential consequences of management actions because
of uncertainty regarding the structure of the system (i.e.,
which parameters should be included in the model) and
model parameter estimates (10).

Uncertainty often limits the ability to choose effective
management strategies; therefore, it is vital to discriminate
between uncertainties that are irreducible (i.e., environ-
mental or demographic stochasticity, which might not be
resolved with more information but must be considered
regardless in making forecasts) and uncertainties that are
reducible through research, monitoring, and surveillance.
Reducible uncertainties might include the choice of model
(i.e., structural uncertainty) that best describes system dy-
namics, the effects of system drivers (i.e., parametric un-
certainty), and variation in system states across the land-
scape (i.e., spatial variability). Structural uncertainty can be
resolved by testing different models and observing which

These authors contributed equally to this article.
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model(s) best predict the system in future years. Parametric
uncertainty and spatial variability can likewise be reduced
with monitoring data or by conducting research.

In this article, we outline 3 components essential to
building a predictive modeling framework that researchers
and managers should consider early in the emergence of a
wildlife pathogen: 1) which modeling frame is most appro-
priate, 2) which parameters or factors are critical to mak-
ing preliminary predictions, and 3) how to collate exist-
ing data to parameterize the initial models. We describe 4
commonly used models for disease systems, identify 5 key
characteristics of disease systems that represent minimally
sufficient information needed to parameterize models, and
identify 3 ways to parameterize models when reliable data
are lacking. Using this 4-5-3 framework, researchers can
work with managers to rapidly develop useful predictions
with uncertainty and prioritize information gathering to im-
prove the management of emerging diseases (Figure).

Choosing the Modeling Framework

Many disease modeling frameworks are available to select
from (11,12) (online Technical Appendix Table 1, https://
wwwnc.cdc.gov/ElD/article/23/1/16-1452-Techappl.pdf).
By considering the objectives of the modeling, the as-
sumptions of the different model frameworks, and the type
of data that is either available or being collected, the list
of modeling options can be narrowed down. Four gener-
ally useful classes of models are commonly used either on
their own or in tandem with other model types to predict
the spread and dynamics of wildlife pathogens: occupancy
or patch dynamic models (13,14); compartmental (e.g.,
susceptible-infected-resistant) models (15); ecologic dif-
fusion models (16); and agent-based (or individual-based)
models (17).

Occupancy modeling focuses on patch dynamics, col-
onization, and extinction rates and is appropriate for hosts
that live in discrete habitats, such as in wetlands, in forest
or prairie remnants, or on mountain tops, where subpopu-
lations are discrete and connected by occasional dispersal
(18). The disease status (detected or not detected, percent-
age of hosts with disease) and the detection or nondetection
of the host species in the patch is considered in these mod-
els, and the observed data can be corrected for nondetection
bias. These models are appropriate for understanding land-
scape-level occurrence (number of patches occupied by
disease) and extinction dynamics of an emerging disease
(19). These models work best for disease systems in which
the effects of the disease are severe and likely to result in
patch extinction rather than sublethal effects that result
in small declines in abundance. Alternatively, occupancy
models have been used to model the dynamics of chytrid
fungus for studies in which individual hosts within a patch
are assessed for disease, and prevalence is estimated as the

proportion of infected hosts (inferred via PCR detection of
a pathogen) in a patch (20).

Compartmental models can capture the subtleties of
sublethal effects on populations; these models require
longitudinal information on individual hosts, although a
sample of the population during 1 time period across mul-
tiple age groups can substitute for temporal information
under certain assumptions (21). Traditional susceptible-
infected-resistant models assume the population is homo-
geneous with little spatial structure. This type of model
works well for host populations in which individual dis-
ease states can be observed through time (e.g., the host-
disease system of brucellosis in bison, in which species
are well-connected in space and can be captured and re-
captured over time) (22).

Diffusion models can be used to model the spread
of diseases and can be useful for predicting new areas of
disease emergence. Information needed for these models
includes host movement characteristics, contact rates be-
tween host species, and transmission pathways of the dis-
ease. Observations of new disease locations over time can
also be used to estimate the rate of spread of the disease.
Diffusion models have been used successfully to estimate
the rates of spread of rabies in foxes (23) and foot-and-
mouth disease in feral pigs (24).

Agent-based models (also known as individual-based
models) can be used to assess the overall population dy-
namics of the host and the spread of the disease (25). These
models can be particularly useful when it is necessary to
model the disease system in a spatially-explicit fashion or
when host behavior is complex (e.g., when hosts learn).
Agent-based models have been used to assess the spatial
patterns of parasite transmission in red colobus (Procolo-
bus rufomitratus) monkeys, in which each host has a spa-
tial memory of the value of patches, and each host weighs
the benefits of being in a group for safety versus the costs
of food competition (25). Only agent-based models are
capable of capturing this complex behavior. By modeling
what is known about individual host behavior and pathogen
characteristics, systems-level patterns can be revealed by
performing simulations. Agent-based models lend them-
selves to scenario development in which different patterns
of host behavior can be modeled and the effects on the
model outcome examined. These models, however, can be
extremely data intensive, which impedes the modeling of
systems with limited information (25,26).

After selecting the framework among the different
classes of models, model development usually progresses
in a similar fashion. A common first step in model develop-
ment is identifying the key characteristics of disease sys-
tems that are necessary to estimate the potential effects on
the host population and identifying key points where man-
agement options will be most effective.
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Identifying Key Parameters

In general, 5 characteristics of a disease system are need-
ed for predictive modeling: pathogenicity, environmental
niche, taxonomic breadth of the hosts, transmission path-
ways between host and pathogen, and social behavior and
movement patterns of the host species (Figure; Table; on-
line Technical Appendix Table 2). Knowledge of each of
these characteristics can be used in each of the 4 model
frameworks, but the specific parameters used depends on
the model chosen.

Pathogens can affect host species in a variety of ways,
and management decisions should take into account the
estimated long-term impacts on the population. Knowl-
edge of the pathogenicity of the disease agent is essential
for estimating long-term and population-scale effects. For
example, diseases such as plague (27) might result in rapid
die off of hosts, which might reduce the risk for pathogen
spread beyond the local infected population. Some patho-
gens cause long-term sublethal effects, such as reduced fe-
cundity or growth, and greater vulnerability to predators
and other stressors (28), or they result in infected hosts that
are long-lived and capable of infecting numerous other po-
tential hosts (e.g., chronic wasting disease) (29).

The environmental niche of the disease agent or vector
is also needed for developing models to predict the poten-
tial geographic extent of the disease (30). This information
can help inform whether a disease might affect a species
throughout its geographic range or whether environmental
refuges might be expected (31). In addition, the taxonomic
breadth of the hosts can indicate the potential for the patho-
gen to spread across multiple taxa, including humans. Mul-
tihost pathogens able to infect hosts across multiple taxo-
nomic groups are more likely to cause emerging infectious
diseases in humans or livestock (32).

Transmission pathways determine the rate at which the
pathogen spreads and ultimately the spatial distribution of
the disease (33). Knowledge of the transmission pathways
is key to assessing the potential for the pathogen to have
long-term and widespread effects, as well as evaluating the
effectiveness of potential management actions. Mosquito-
borne diseases, for example, have spread patterns very dif-
ferent from those for parasitic infections (e.g., toxoplasmo-
sis, brain worm), which rely on specific hosts to complete
their lifecycles; these differences lead to different predic-
tions of spread (34,35).

Finally, the social behavior (which might be explicitly
characterized by a contact network) of the host population
can affect transmission rates by influencing the frequency
and number of contacts (36-38). Panmictic populations
(i.e., species that have interconnected populations mixing
uniformly across their distribution) will be more likely
to facilitate the rapid spread of disease compared with
hosts that reside in small groups with low interpopulation

Framework for Modeling Emerging Diseases

connectivity. Similarly, hosts that commonly move long
distances (such as bats or migratory birds) are more likely
to facilitate rapid pathogen spread at large spatial scales.
For example, the spread of white-nose syndrome among
bats (https://www.whitenosesyndrome.org/resources/map)
occurred over a relatively short period of time. Host spe-
cies with large continuous spatial distributions (such as
deer) also have an increased potential for spreading disease
among populations on a continental scale, even when they
might not individually travel long distances; however, their
rate of geographic spread is generally slower (http://www.
nwhc.usgs.gov/disease_information/chronic_wasting_dis-
ease/). Network theory has provided recent advances in the
estimation and depiction of contact networks for disease
transmission (36).

Parameterization of the Model

When little information is available regarding the true pa-
rameter estimates and variance, several options can be used
for parameterization, including empirical observation (39),
borrowing information from similar diseases (40), and
expert elicitation (41). Typically, model parameterization
will likely include a combination of sources and scientific
experts depending on the emerging disease of interest and
model frame selected.

Empirical observations of initial patterns and dynam-
ics of pathogen spread can be used to estimate parameters,
which can be updated as the pathogen is monitored through
the initial introduction (42). Alternatively, observations
from other areas where the pathogen previously emerged
can be used to make initial predictions about introduction,
spread, and establishment (40). Direct evidence of a disease
agent’s potential for infection, transmission, and illness se-
verity or death can be determined by laboratory trials and
can identify which species might be most vulnerable to
immediate population declines (43). Uncertainty primar-
ily involves whether initial observations are characteris-
tic of later infections on the basis of variations in disease

Figure. Predictive 4-5-3 modeling framework for emergency
disease management.
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Table. Key information needs for management of emerging diseases of wildlife

Pathogen characteristics Description

Pathogenicity
Environmental niche
Taxonomic breadth of host

What is the severity, lethality, and rapidity (rate of mortality) of effects on hosts?
What environmental conditions (temperature, humidity) restrict persistence?
Is there evidence that the agent type can affect hosts across multiple taxa? Which taxa?

Host characteristics
Contact networks

Spatial structure: What is the spatial structure of host populations: panmictic, metapopulations, or

isolated? Does this vary across the landscape?

Movement patterns: What is the average and maximum distance an infected host might travel?
Social behavior: What is the social behavior of individual members in the host populations? What
is the rate of contact between species?

Transmission pathways
there?

How is the pathogen transmitted between hosts? How many different transmission pathways are

processes and environmental conditions and whether eco-
logic niches are consistent among areas where the disease
has and has not emerged.

A hallmark of emerging pathogens is that little em-
pirical data exists, especially in the initial stages of emer-
gence (44). The time required to obtain empirical data on
a disease agent might be costly in terms of windows for
effective action and should be explicitly evaluated in ini-
tial research efforts. However, borrowing information from
more thoroughly described pathogens that cause similar
diseases and expert elicitation might include additional
uncertainty that can only be resolved through observation
of the disease of interest. Despite these uncertainties, de-
laying management actions while information is collected
might reduce effectiveness of the management strategy,
limit available actions, and result in unacceptable popula-
tion declines. Instead of waiting for results from empiri-
cal studies, information from other related diseases can be
used for parameterization of a novel disease model. This
borrowing-of-information method used to estimate param-
eters can include both the uncertainty in the estimates from
the original disease (i.e., variance), and the uncertainty in
the relatedness between the novel and the original pathogen
(which can be deduced by phylogenetic distances, origin,
or environmental niche differences, if these are known or
can be estimated).

In combination with empirical observation and bor-
rowed information, modelers can use expert elicitation
methods to formally query experts for parameter estimates
(online Technical Appendix) (45). A variety of methods
exist to reduce biases associated with acquiring subjective
information from experts, but all of these methods involve
identifying explicitly the parameters for which expert opin-
ion is needed; preparing experts to normalize beliefs and
experience (e.g., providing experts with common literature
and explaining to them the uncertain parameters); summa-
rizing and discussing the rationale; and quantifying individ-
ual and group uncertainty. A strength of expert elicitation
during early stages of disease emergence is that it permits
rapid evaluation of management alternatives (e.g., control,
eradication) under system and parameter uncertainty.

Uncertainty

After initial parameterization of a given model, an analy-
sis of the sensitivity and uncertainty associated with the
model should be conducted. In general, sensitivity analy-
ses examine the contribution of each predictor variable to
the uncertainty in the response variable, while uncertainty
analyses describe the examination of the range of outcomes
possible given the uncertainty in the input variables (46).
Multiple methods are available for assessing the extent
of the uncertainty associated with various parameters, in-
cluding variance-based methods, global uncertainty and
sensitivity analyses, and Bayesian belief networks, which
can help identify the uncertainties that are most likely to
affect the management decision (47). These uncertainties
can then become the focus of future research and moni-
toring efforts (48,49). Decision models that can evaluate
trade-offs among multiple objectives (such as multicriteria
decision analysis and portfolio decision analysis) (49) un-
der uncertainty and evaluate different optimal policies over
time (stochastic dynamic programming and Markov deci-
sion process models) can be integrated with probabilistic
disease predictive models to provide insights about optimal
disease management strategies under deep uncertainty.

Conclusions

Identifying robust management strategies in the early stages
of disease emergence, when more control options are avail-
able, is limited by numerous uncertainties. Predictive mod-
els can be useful in evaluating control options, forecasting
spread, and calculating risk (the potential for an outcome
to occur and the uncertainty surrounding the outcome),
but parameterization of such models for emerging wildlife
diseases is challenging. By outlining 4 common models,
5 key parameters, and 3 methods for obtaining data, we
outline a process for developing useful predictive models
within a decision analysis framework (Figure). Ultimate-
ly, the development of models that capture key aspects of
pathogen transmission and the severity of its effects can be
used to evaluate the utility of different management deci-
sions, to determine where to focus limited resources, and
to identify and justify immediate research needs (50). As
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a burgeoning human population continues to encroach on
wildlife habitats, encounters between humans and wildlife
will likely become more common. Identifying diseases that
have the potential to profoundly impact human, livestock,
and ecosystem health, and responding in a rapid and logical
manner is a priority. Control and mitigation of emerging
diseases will benefit from the early development and ap-
plication of predictive modeling frameworks.

This manuscript was developed by the Bsal Decision Support
Team, which was formed at the Bsal Workshop held in Fort
Collins, Colorado, USA, June 2015 at the U.S. Geological
Survey John Wesley Powell Center for Data Analysis and
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Research and Monitoring Initiative (ARMI) of the U.S.
Geological Survey.
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Survey National Wildlife Health Center. Her research interests
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Invasive candidiasis is a major nosocomial fungal disease
in the United States associated with high rates of illness
and death. We analyzed inpatient hospitalization records
from the Healthcare Cost and Utilization Project to estimate
incidence of invasive candidiasis—associated hospitaliza-
tions in the United States. We extracted data for 33 states
for 2002-2012 by using codes from the International Clas-
sification of Diseases, 9th Revision, Clinical Modification,
for invasive candidiasis; we excluded neonatal cases. The
overall age-adjusted average annual rate was 5.3 hospital-
izations/100,000 population. Highest risk was for adults >65
years of age, particularly men. Median length of hospitaliza-
tion was 21 days; 22% of patients died during hospitaliza-
tion. Median unadjusted associated cost for inpatient care
was $46,684. Age-adjusted annual rates decreased during
2005-2012 for men (annual change -3.9%) and women
(annual change —4.5%) and across nearly all age groups.
We report a high mortality rate and decreasing incidence of
hospitalizations for this disease.

pportunistic fungi are a major cause of invasive noso-

comial infections, particularly among patients with
long-term stays in intensive care units; central venous
catheters; recent surgery; and immunosuppression, such as
those with hematopoietic stem cell transplantation and he-
matologic malignancies (1-4). Candida species are associ-
ated with invasive fungal infections among at-risk groups
and have been ranked seventh as a cause of nosocomial
bloodstream infection in the United States and elsewhere
(4-6). These fungi are common gastrointestinal flora that
cause a wide range of severe manifestations when dissemi-
nated into the bloodstream. Although candidemia has been
described as the most common manifestation of invasive
candidiasis, deep-seated infections of organs or other sites,
such as the liver, spleen, heart valves, or eye, might also oc-
cur after a bloodstream infection and persist after clearance
of fungi from the bloodstream (1,7).

Candidemia is associated with high rates of illness and
death and has an attributable mortality rate >30%—-40% in
the United States (8). However, unadjusted mortality rates
vary widely in the literature, ranging from 29% to 76%
(3,8-13). Increased hospital costs and prolonged length
of stay associated with invasive candidiasis contribute to
a major financial burden, which is believed to exceed 2 bil-
lion dollars in the United States per year (14).

A population-based study of candidemia in the United
States with active laboratory surveillance data for 2 cities
(Atlanta, Georgia, and Baltimore, Maryland) reported in-
cidences in these areas and a major decrease during 2008—
2013 (13,15). However, current nationally representative
data with state-specific estimates for the United States are
lacking. To provide a more complete and current picture
of the epidemiology of invasive candidiasis, including
state-specific prevalence of hospitalizations, geographic

patterns, and cost, we analyzed nationally representative
hospital discharge data for this disease.

Methods

Data Source and Study Population

We extracted data from the State Inpatient Databases
maintained by the US Agency for Healthcare Research
and Quality (AHRQ) through the Healthcare Cost and Uti-
lization Project (16). This project was conducted through
an active collaboration between the National Institutes of
Health (Bethesda, MD, USA) and the AHRQ Healthcare
Cost and Utilization Project. As of 2014, the SID included
48 participating states and encompassed 97% of all US
community hospital discharges.

Inpatient hospital discharge records were extracted by
using codes from the International Classification of Dis-
eases, 9th revision, Clinical Modification (ICD-9-CM),
for invasive candidiasis, specifically those records with
disseminated candidiasis (code 112.5), candidal endocar-
ditis (code 112.81), and candidal meningitis (code 112.83)
listed anywhere in primary or secondary diagnostic fields.
All secondary diagnostic fields are those other than pri-
mary fields and have 1-29 additional diagnostic codes.
We excluded records with ICD-9-CM codes for localized
Candida species infections. In addition, to avoid misclas-
sification of noninvasive neonatal candidiasis as invasive
candidiasis, we excluded records with codes for neonatal
candidiasis (code 771.7), and records for infants <1 month
(28 days) of age.

Our analysis covered 33 states that had complete de-
mographic data and continuous participation during 2002—
2012; these states contain ~81% of the US population.
Variables collected for each discharge record included year
of admission, state of hospitalization, age at admission,
sex, length of hospitalization, ICD-9 code (primary dis-
charge diagnosis and up to 29 secondary codes), in-hospital
deaths, and hospitalization cost.

Data Analysis

We used US Census Bureau age-, sex-, and race-specific
state population data as denominators for all hospitaliza-
tion rate calculations. For national and state estimates, age-
adjusted hospitalization rates were calculated by using the
US Census 2010 population as the reference population.
Primary and secondary discharge codes among all records
with an invasive candidiasis—associated hospitalization
were analyzed to identify relevant concurrent conditions or
procedures. Of the abstracted hospitalization records, 93%
had 9 diagnostic codes. AHRQ Clinical Classification Soft-
ware was used to collapse ICD-9-CM codes into a smaller
number of clinically meaningful categories for analyzing
concurrent conditions (17).
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To estimate economic burden, we used total hospital
costs for 15 states with publically available cost-to-charge
data during 2002-2012, which represent 36% of the US
population. Total cost of hospital stay was converted from
hospitalization charge by using AHRQ cost-to-charge ratio
files specific for hospital groups (18). Total hospital costs
approximate the cost of providing the inpatient service, ex-
cluding physician services, and have been shown to bet-
ter represent economic effect than inpatient charges (19).
Medical Care Consumer Price Index data from the Bureau
of Labor Statistics were used to adjust nominal estimated
costs to reflect constant 2015 US dollars (20). All costs are
presented in US dollars.

We analyzed a subset of 23 states with continuous race
reporting during 2002-2012, which were representative of
61% of the US population, to describe hospitalizations by
race. For trend analysis, we estimated the average annual
percent change (APC) from Poisson regression models and
used prevalence as the dependent variable and time (year)
as the independent variable. Separate models were also fit
for each age stratum. A p value <0.05 was considered sta-
tistically significant. SEs were scaled by using the Pearson
2 statistic to account for overdispersion. All analysis was
conducted by using SAS version 9.3 (SAS Institute, Cary,
NC, USA).

Results

During 2002-2012, we identified 138,433 invasive candi-
diasis—associated hospital discharges (average annual age-
adjusted hospitalization rate 5.3 hospitalizations/100,000
population). Overall, 97% (134,225/138,433) of invasive

Invasive Candidiasis, United States, 2002—-2012

candidiasis—associated hospitalizations were coded as dis-
seminated candidiasis, 3% (4,253) as candidal endocarditis,
and 1% (1,321) as candidal meningitis. Over the 11-year
period, 1% (1,366 discharges) of hospitalization records
were coded for disseminated candidiasis and candidal en-
docarditis or candidal meningitis; 16% (22,151 discharges)
had an invasive candidiasis code as the primary diagnosis.
State-specific, age-adjusted, average annual hospitaliza-
tions per 100,000 population ranged from a low of 2.0 in
Vermont to 7.1 in Maryland (Figure 1). Temporal trends
were similar across states, and no clear regional patterns
among states were observed.

During 2002-2012, the annual age-adjusted hospital-
ization rate ranged from 4.3 to 5.8 hospitalizations/100,000
persons. To better describe the annual rates, we fitted a
Poisson model for the period beginning in 2005 when rates
appeared to be stable or decreasing. During 20052012,
hospitalization rates decreased and showed an average
APC of 4.5% for women and 3.9% for men. With the ex-
ception of persons 18-34 years of age, invasive candidiasis
decreased in all other age groups during 2005-2012. The
most marked decrease occurred for patients >1 month to <1
year of age; this group had an average annual decrease of
16.9% during 2005-2012 (Figure 2).

Overall, 67,432 (49%) of hospital discharges were for
men, and 99,738 (72%) were for persons >50 years of age.
The highest average annual invasive candidiasis—associ-
ated hospitalization rate was for persons >65 years of age
(20/100,000 population), and within this group, men were
at highest risk (Figure 3). For persons >34 years of age,
rates appeared to double within successive age groups up to

Figure 1. Average annual
invasive candidiasis-associated
hospitalizations, United States,
2002-2012. Data were provided
by State Inpatient Databases
through the Healthcare Cost and
Utilization Project maintained by
the US Agency for Healthcare
Research and Quality. Diagnoses
were classified by using Agency
for Healthcare Research and
Quality clinical classification
software (17) and multiple codes
and ranges from the International
Classification of Diseases, 9th
Revision, Clinical Modification.
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Figure 2. Annual rate of invasive candidiasis—associated
hospitalizations by age, United States, 2002-2012. Neonates
(<1 mo of age) were excluded from <1 population. Data were
provided by State Inpatient Databases through the Healthcare
Cost and Utilization Project maintained by the US Agency for
Healthcare Research and Quality. Diagnoses were classified
by using Agency for Healthcare Research and Quality clinical
classification software (17) and multiple codes and ranges from
the International Classification of Diseases, 9th Revision,
Clinical Modification.

those 80 years of age. The rate for persons 50-64 years of
age was 2.2-fold greater than that for persons 35-49 years
of age, and overall rates for those 65-79 years of age were
2.2-fold greater than that for persons 50-64 years of age.

To clarify racial disparities for rates, we analyzed
hospitalization rates by racial/ethnic groups in age groups
where incidence was highest. For persons >50 years of age,
the rate for black men was 25/100,000 population, which
was 2.2 times higher than that for white men. For black
women, the rate was similar (23/100,000 population),
which was 2.1 times higher than that for white women.
Rates for Asian and Hispanic racial/ethnic groups were
similar to those for whites (Figure 4). We did not find any
differences in patterns of concurrent conditions by racial/
ethnic group.

The most frequent underlying conditions, as a primary
or secondary diagnosis, were gastrointestinal disorders or
conditions (46%), hypertension (39%), diabetes mellitus
(26%), and kidney disease (25%) (Table). Overall, 72%
(99,360) of invasive candidiasis discharges had an ICD-9-
CM code for septicemia. A total of 45% (62,092) were as-
sociated with complications of a device, implant, or graft,
and 28% (38,940) were associated with complications of
surgical procedures or medical care.

The overall median length of hospital stay was 21
days. However, the median length of stay decreased from
22 days in 2002 to 17 days in 2012, and APC decreased
1.9%. The overall in-hospital mortality rate for invasive
candidiasis was 22%, although a major decrease for the
in-hospital mortality rate was observed during this period
(average decrease of 3.7%/year). The in-hospital mortal-
ity rate was 2-fold higher for patients >50 years of age
than for those <50 years of age (25.8 vs. 13.4 deaths/100

hospitalizations for invasive candidiasis). The in-hospital
mortality rate was 22% for blacks and whites.

The median cost for inpatient care in 15 states was
$46,684 (range $48-$1,802,688). The median cost varied
little by sex (men $48,796, range $56-$1,579,163; women
$45,032, range $48-$1,802,688), but varied greatly by sur-
vival status (survived $41,096, range $48-$1,480,386; de-
ceased $72,182, range $48-$1,802,688). The highest medi-
an costs were estimated for nonneonatal infants ($58,850)
and persons 50-64 years of age ($51,447).

Discussion

We found that state-specific rates for invasive candi-
diasis varied little across the United States and that hospi-
talizations for this disease have continued to decrease. Our
overall age-adjusted hospitalization rate of 5.3/100,000
population was somewhat lower than those found previous-
ly through active population-based laboratory surveillance
of candidemia during an overlapping period (2008-2011),
which estimated an average annual crude incidence per
100,000 person-years of 13.3 in Atlanta and 26.2 in Bal-
timore (13). We found rates of 5.9 in Georgia and 7.1 in
Maryland. The lower rates in our study are expected giv-
en that active surveillance limited to an urban area would
probably detect more cases.

Our study might have underestimated true rates for in-
vasive candidiasis, given the limitations of administrative
data, including undercoding of candidemia because of low
sensitivity of blood cultures, poor provider documentation
of invasive candidiasis, or discharge before receipt of labo-
ratory results. The sensitivity of blood culture is estimated
to be 50% (21), and culture is more likely to miss deep-
seated candidiasis in the absence of candidemia. Although

Figure 3. Average annual rate of invasive candidiasis—associated
hospitalizations by age and sex, United States, 2002—2012.
Neonates (<1 mo of age) were excluded from <1 population.
Data were provided by State Inpatient Databases through the
Healthcare Cost and Utilization Project maintained by the US
Agency for Healthcare Research and Quality. Diagnoses were
classified by using Agency for Healthcare Research and Quality
clinical classification software (17) and multiple codes and ranges
from the International Classification of Diseases, 9th Revision,
Clinical Modification.
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Figure 4. Average annual rate of invasive candidiasis—
associated hospitalizations among older age groups (>50
years) by sex and race, United States, 2002-2012. Neonates
(<1 mo of age) were excluded from <1 population. Data were
provided by State Inpatient Databases through the Healthcare
Cost and Utilization Project maintained by the US Agency for
Healthcare Research and Quality. Diagnoses were classified
by using Agency for Healthcare Research and Quality clinical
classification software (17) and multiple codes and ranges
from the International Classification of Diseases, 9th Revision,
Clinical Modification.

specific to a pediatric population, a cross-sectional analysis
found that ICD-9-CM codes for candidemia had a sensitivi-
ty of 60% and a specificity >99% specific (22). Invasive in-
fections might persist in organs after infections are cleared
from the bloodstream, and ~8% of candidemia cases show
reoccurrence (13). Cultures might take 5-8 days for results
to be obtained, such that patients might be discharged or
die before receiving results. Thus, patients would not be
coded as having candidemia, which would lead to underes-
timation of illness and death (23).

Adults >65 years of age having the highest risk for in-
vasive candidiasis—associated hospitalization and the pro-
gressively increasing rate by age of hospitalizations among

Invasive Candidiasis, United States, 2002—-2012

adults, with a peak among persons >80 years of age, are
also consistent with a previous report of population-based
surveillance for candidemia (15). Similarly, the 2-fold
higher incidence among black persons has been reported
in population-based studies of candidemia in Atlanta and
Baltimore. The reasons for this racial disparity are not fully
understood. A recent study conducted in 4 US cities found
that adjusting for poverty attenuated the association of
black race with candidemia; however, a persistent 2-fold
racial disparity remained even after this adjustment (24).

The decrease in hospitalizations for invasive candidia-
sis and deaths from this disease across nearly all age groups
is consistent with results from other studies that used simi-
lar time frames. Cleveland et al. also reported a major de-
crease in these parameters in Atlanta and Baltimore during
2008-2013 (15). A major cause of bloodstream infections
is central line—associated bloodstream infections. Cleve-
land et al. found that 85% of candidemia patients had used
a central venous catheter <2 days before the bloodstream
infection culture date (15). Estimates from the Centers
for Disease Control and Prevention (Atlanta, GA, USA)
identified a marked decrease in central line—associated
bloodstream infections during 2001 and 2008—2009. These
decreases were attributed to increased state and regional
prevention efforts supported by several federal agencies
after establishment of a national goal in 2009 to reduce
central line—associated bloodstream infections by 50% by
2013 (25).

Few studies have reported on length of stay and as-
sociated trends among invasive candidiasis—related hospi-
talizations. A recent US study reported a mean length of
hospital stay of 22 days for persons with candidemia by
using the Surveillance and Control of Pathogens of Epi-
demiologic Importance database (3). We report a median
length of stay of 21 days and a major decreasing trend

Table. Primary or secondary diagnosis for invasive candidiasis hospitalizations, United States, 2002—2012*

Diagnosis No. (%) hospital discharges, n = 138,433

Indicator of invasive candidiasis
Septicemia or sepsis 99,360 (72)
Complication of surgical procedures or medical care 62,092 (45)
Complication of device, implant, or graft 38,940 (28)

Underlying condition
Gastrointestinal disorders or conditions 63,470 (46)
Hypertension 54,094 (39)
Diabetes mellitus 35,689 (26)
Kidney disease 34,626 (25)
Cancer 33,359 (24)
Congestive heart failure 30,348 (22)
Nervous system disorders 26,220 (19)
Coronary atherosclerosis and other heart disease 20,085 (15)
Chronic obstructive pulmonary disease and bronchitis 23,850 (17)
Liver diseases 19,888 (14)
Esophageal disorders 14,625 (11)

*Neonates (<1 mo of age) were excluded. Data were provided by State Inpatient Databases through the Healthcare Cost and Utilization Project
maintained by the US Agency for Healthcare Research and Quality. Diagnoses were classified by using Agency for Healthcare Research and Quality
clinical classification software codes (17) and multiple International Classification of Diseases, 9th Revision, Clinical Modification codes and ranges.
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during 2002-2012. A study in 2005 used the AHRQ 2000
Nationwide Inpatient Survey for 28 states to analyze at-
tributable outcomes among adult patients (>18 years of
age) with hospital-associated candidemia (26). This study
reported a mean estimated length of stay of 18.6 days and
associated charges of $66,154 in 2000 US dollars. Our re-
ported median hospitalization costs of $46,684 for invasive
candidiasis—associated hospitalizations are lower. How-
ever, charges probably overestimate actual costs. In addi-
tion, median costs limit data extremes from skewing results
and provide greater accuracy. Finally, our costs reflect 11
years of hospital discharges, include nonneonatal hospital-
izations of patients <18 years of age, and reflect multiple
invasive candidiasis codes.

Candida species remain the leading fungal cause of
healthcare associated infections and the seventh most com-
mon overall pathogen, representing 6% of all healthcare-
associated infections; in 2011 an estimated 648,000 pa-
tients had >1 healthcare-associated infection, representing
4% of all inpatients in the United States (4). Although na-
tional invasive candidiasis—associated hospitalization rates
have been decreasing for men and women since 2005, the
incidence of invasive candidiasis—associated hospitaliza-
tions remains high and is associated with substantial mor-
tality rates and health costs. Continued research is needed
to identify interventions associated with these decreasing
trends to further accelerate this observed decrease, includ-
ing improved prevention and treatment, such as optimum
antifungal treatments and timing of medical procedures.
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Epidemiology of Human Anthrax
INn China, 1955-2014

Yu Li,! Wenwu Yin,! Martin Hugh-Jones,! Liping Wang, Di Mu, Xiang Ren, Lingjia Zeng,
Qiulan Chen, Wei Li, Jianchun Wei, Shengjie Lai, Hang Zhou, Hongjie Yu

Using national surveillance data for 120,111 human anthrax
cases recorded during 1955-2014, we analyzed the tem-
poral, seasonal, geographic, and demographic distribution
of this disease in China. After 1978, incidence decreased
until 2013, when it reached a low of 0.014 cases/100,000
population. The case-fatality rate, cumulatively 3.6% during
the study period, has also decreased since 1990. Cases oc-
curred throughout the year, peaking in August. Geographic
distribution decreased overall from west to east, but the
cumulative number of affected counties increased during
2005-2014. The disease has shifted from industrial to ag-
ricultural workers; 86.7% of cases occurred in farmers and
herdsmen. Most (97.7%) reported cases were the cutane-
ous form. Although progress has been made in reducing in-
cidence, this study highlights areas that need improvement.
Adequate laboratory diagnosis is lacking; only 7.6% of cas-
es received laboratory confirmation. Geographic expansion
of the disease indicates that livestock control programs will
be essential in eradicating anthrax.

nthrax is an acute infectious zoonotic disease caused

by the gram-positive, aerobic, nonmotile bacterium
Bacillus anthracis, which can survive in soil for decades
as an extremely resistant form (spores) (1). Herbivores be-
come infected when grazing on contaminated land, when
bitten by Tabanid flies with contaminated mouthparts, or by
ingesting contaminated feed (2). Naturally occurring hu-
man anthrax infections are caused by contact with infected
animals or animal products; ingestion of undercooked in-
fected meat; or exposure to large-scale processing of con-
taminated hides, wool, and hair in enclosed factory areas
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(3). Injection anthrax has been observed in users of con-
taminated heroin in western Europe (4).

Although there has been a general decrease in the num-
ber of anthrax outbreaks in animal populations and in human
cases, anthrax still has a nearly worldwide distribution, causes
an estimated 20,000-100,000 cases annually, and poses a ma-
jor public health threat in regions of the Middle East, Africa,
central Asia, South America, and Haiti (5). In addition, B. an-
thracis is always placed high on the list of potential agents
with respect to biologic warfare and bioterrorism because
of its robust nature and persistence of spores, the ability of
aerosolized spores to readily infect by inhalation, and the high
mortality rate for resultant anthrax cases (6). B. anthracis was
used in this context in the anthrax letter events in the United
States during 2001 and showed severe consequences (7).

Anthrax has probably been present in China for >5,000
years as recorded in ancient Chinese medical books, but
few reliable data were available before the People’s Repub-
lic of China was founded (8). Human anthrax was made a
reportable disease in China during the 1950s. Over the past
60 years, great progress has been made in control and pre-
vention, including development of human anthrax vaccine
in China during the late 1950s and eradication of anthrax in
industrial areas during the 1980s (8).

To our knowledge, no published literature systemati-
cally describes the epidemiology of human anthrax in Chi-
na. This study was conducted to observe temporal trends,
seasonality, and geographic distribution of human anthrax
in China during the past 60 years and demographic char-
acteristics during 2005-2014 to identify the current epide-
miologic situation and provide information for control and
prevention of this disease.

Materials and Methods

National Surveillance Program

The national surveillance program of human anthrax is part
of the Chinese Notifiable Disease Reporting System, which
was started in the 1950s. During the 1950s-2003, aggre-
gated data for each province (a province in China is similar
to a state in the United States) was reported monthly by
mail to the Chinese Center for Disease Control and Preven-
tion (China CDC). In 2004, a real-time online nationwide

1These authors contributed equally to this article.
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reporting system was implemented. Since then, all human
anthrax cases were required to be reported online <2 hours
of diagnosis for inhalational anthrax and <24 hours of diag-
nosis for cutaneous and gastrointestinal anthrax.

Case Definition

All human anthrax cases, including probable and con-
firmed cases, were diagnosed according to the unified case
definitions issued by the Chinese Ministry of Health. The
diagnostic criteria for human anthrax cases changed twice
during the study period, in 1998 and again in 2008 (online
Technical Appendix Table, https://wwwnc.cdc.gov/EID/
article/23/1/15-0947-Techappl.pdf).

Before September 1998, a probable case was defined
as a case with clinical manifestations and an appropriate
epidemiologic history. A confirmed case was defined as a
probable case plus laboratory evidence of B. anthracis in-
fection detected by bacterial isolation or demonstration of
B. anthracis in a clinical specimen by microscopic exami-
nation of stained smears.

Since September 1998, a probable case has been de-
fined as a case with clinical manifestations and demonstra-
tion of B. anthracis in a clinical specimen by microscopic
examination of stained smears. A confirmed case is defined
as a case with clinical manifestations plus isolation of B.
anthracis or a >4-fold increase in specific antibody titer
against B. anthracis.

Epidemiologic history included living in areas with re-
ports of confirmed anthrax or having traveled to such plac-
es <14 days before onset or engaging in occupations that
are likely to result in exposure to anthrax. The disease has 3
clinical forms: cutaneous, inhalational and gastrointestinal.
We have not detected injection anthrax in China.

Collection and Examination of Specimens

For every suspected anthrax case-patient, appropriate clini-
cal specimens were required to be collected before treat-
ment, including blood for all patients, vesicular fluid for
patients with cutaneous anthrax, stools for patients with
intestinal anthrax, and sputum or respiratory secretions
for patients with inhalational anthrax. Every local CDC
(county or prefecture) was required to examine stained
smears of clinical specimens by microscopy. The presence
of squared-ended, gram-positive, rod-shaped bacteria in
chains was considered to be B. anthracis, and the corre-
sponding specimens were required to be delivered to the
provincial CDC for further bacterial isolation, which was
conducted in Biosafety Level 2 laboratories.

In accordance with national surveillance protocol for
anthrax (9), bacterial isolation was conducted on nutrient
agar plates. Specimen were sprayed on plates after pre-
processing, which included dilution or sedimentation and
centrifugation, and heat-shocking. After incubation for

Epidemiology of Human Anthrax in China, 1955-2014

8-24 hours at 37°C, plates were checked for medium sized
bacterial colonies that were hoary and opaque and had a
ground-glass—like surface. Phage and penicillin were used
to test for sensitivity typical for B. anthracis. Because reli-
able commercial kits for antibody testing are not available,
ELISA was rarely used to test for specific antibody against
B. anthracis. Recently, PCR was also used to provide lab-
oratory evidence of B. anthracis infection. However, be-
cause there is no unified standard procedure for PCR of B.
anthracis, PCR was also rarely used in laboratory analysis.

Demographic, Clinical, and Epidemiologic Data

Human anthrax surveillance data included data for 1955-
2014 of probable and confirmed cases for all 31 provinces
in China. Aggregated data for cases and associated deaths
by province and month were available for 1955-2003.
During 2004-2014, each human anthrax case was report-
ed online through a standardized form that included basic
demographic information (sex, date of birth, address); oc-
cupation; diagnosis classification (probable or confirmed);
clinical form (cutaneous, inhalational, or gastrointestinal);
outcome (survival or death); date of illness onset; and date
of death (if applicable). National population data for China
during 1955-2014 were obtained from the National Bureau
of Statistics of China (10).

Data Analysis

We included in the analysis all probable and confirmed hu-
man anthrax cases with illness onset during 1955-2014. We
calculated the annual incidence rate by dividing the number
of human anthrax cases by the corresponding population at
the end of a given year and the case-fatality rate by divid-
ing the number of human anthrax—associated deaths by the
number of human anthrax cases with illness onset by the
end of the same year.

We described spread and emergence of human anthrax
during 2005-2014 with different kinds of affected coun-
ties as follows. A newly affected county this year was de-
fined as a county that reported human anthrax cases for the
first time during that year since 2004, a previously affected
county with a new case this year was defined as a county
that reported human anthrax cases during and before that
year since 2004, and a previously affected county without a
new case this year was defined as a county that reported hu-
man anthrax cases before that year since 2004 but no case
in that year. Any county reporting human anthrax cases
since 2004 were designated as a previously affected county.

Descriptive statistics included frequency analyses for
categorical variables, medians, and interquartile ranges for
continuous variables. We used the y? test for testing differ-
ences of proportion for categorical variables. Probabilities
were 2-tailed, and p values <0.05 were considered statis-
tically significant. We performed all analyses by using R
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Figure 1. Cases of and

deaths from probable and
confirmed human anthrax,
China, 1955-2014. A) No.
human anthrax cases (n =
120,111) and incidence rate
(no. cases/100,000 population)
by year. B) No. human anthrax
deaths (n = 4,341) and case-
fatality rate (%) by year.

version 3.0.2 (https://www.r-project.org/) and used ArcGIS
version 10.0 (ESRI, Redlands, CA, USA) to plot geograph-
ic distribution of cases.

Ethical Approval

This Chinese National Health and Family Planning Com-
mission (Beijing, China) determined that collection of data
for human anthrax cases was part of a continuing public
health surveillance. Thus, this study was exempt from in-
stitutional review board assessment.

Results

Temporal Trend and Seasonality
During 1955-2014, a total of 120,111 probable and con-
firmed human anthrax cases, including 4,341 fatal cases,
were reported to the China CDC; the overall case-fatality
rate was 3.6%. Before the 1980s, probable and confirmed
human anthrax incidence showed a periodic increase and de-
crease every 8—10 years. There were 3 major peaks in 1957
(0.54 cases/100,000 population), 1963 (0.65 cases/100,000
population), and 1977-1978 (0.54 cases/100,000 popula-
tion). Thereafter, incidence decreased until 2013, when it
reached a low of 193 cases (0.014 cases/100,000 popula-
tion) (Figure 1).

The case-fatality rate showed an overall downward
trend before the 1980s and then increased to a high of
13.0% in 1989, which was followed by a generally

fluctuating decrease until 2014, when only 3 deaths were
reported (Figure 1). Human anthrax cases occurred across
the whole year, typically increasing in May, peaking in
August (56% of cases occurred during July-September),
and decreasing toward November. This pattern was con-
sistent during 1955-2014 (Figure 2).

Geographic Distribution

All 31 provinces had >1 probable or confirmed case of hu-
man anthrax during 1955-2014. The distribution of cases
showed an overall decrease of cases from western to east-
ern China. From the end of 1970s onward, some large cit-
ies, such as Shanghai (1979), Beijing (1984), and Tian-
jin (1985), and some provinces in eastern China, such as

Figure 2. Monthly distribution of probable and confirmed human
anthrax cases, China, 1955-2014.
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Fujian (1981), Zhejiang (1990), Jiangxi (1996), and Guang-
dong (1998), gradually stopped reporting human anthrax.
In addition, cases were rarely reported in southeastern Chi-
na (Figure 3).

The cumulative number of counties affected by proba-
ble or confirmed human anthrax continued to increase from
188 (6.1% of the 3,074 counties in China) in 2005 to 358
(11.6%) in 2014. During the same period, although 52-88
previously affected counties reported new probable or con-
firmed human anthrax cases every year, newly affected
counties were continuously reported (range 6-71 cases
each year) (Figure 4). In contrast, the number of counties
reporting confirmed human anthrax cases was much smaller

Epidemiology of Human Anthrax in China, 1955-2014

compared with the number of counties affected by probable
and confirmed cases. However, the pattern was similar and
the cumulative number of affected counties with confirmed
human anthrax increased from 41 in 2005 to 104 in 2014
(online Technical Appendix Figure 1).

The counties affected by probable and confirmed hu-
man anthrax were located mainly in southwestern and
northeastern China. Most newly affected counties were ad-
jacent to previously affected counties. However, there were
also newly affected counties not adjacent to previously af-
fected counties in eastern China, such as counties in Shan-
dong, Jiangsu, and Hunan Provinces (Figure 5). The pattern
of geographic distribution in affected counties was similar

Figure 3. Provincial
distribution of probable and
confirmed human anthrax
cases, China, 1955-2014.
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Figure 4. Trends in number of counties affected by probable and
confirmed human anthrax, China, 2005-2014.

when only confirmed human anthrax cases were included
in the analysis, except that there were fewer counties with
confirmed cases (online Technical Appendix Figure 2).

Demographic Characteristics

During 2005-2014, a total of 86.7% of human anthrax cases
were found in farmers and herdsmen. Rural cases accounted
for 92.4% of all cases (Table). The overall male:female case
ratio was 2.8:1, and there was no obvious changing trend
during this period. The proportion of urban cases fluctuated
around 7%, except for 15% in 2011. In rural areas, younger
persons, usually men <34 years of age, were more common-
ly affected. In urban areas, persons >40 years of age were
more commonly affected. For affected persons <1-14 and
>65 y of age, cases were more common in female patients
than in male patients (online Technical Appendix Figure 3).

Diagnostics
During 2005-2014, a total of 3,379 human anthrax cases
were reported, of which 257 (7.6%) were confirmed cases
(Table). The proportion of confirmed cases fluctuated over
this period, ranging from 4.8% in 2009 to 11.7% in 2014,
and also varied between provinces; the highest was 36.4%
in Shanxi and 29.5% in Inner Mongolia, and the lowest was
0% in Jiangsu, Shandong, and Hunan (online Technical
Appendix Figures 4, 5). During the same period, 97.7% of
national probable and confirmed cases were cutaneous an-
thrax, which also accounted for most anthrax cases across
all provinces (online Technical Appendix Figure 6).

A total of 41 deaths were caused by anthrax; the propor-
tion of fatal cases was 1.9% for confirmed cases and 1.2%
for probable cases. The median time from illness onset to
diagnosis was 4.0 days (interquartile range [IQR] 2.4-7.0
days), from diagnosis to death, 0 days (IQR 0-1.0 days), and
from illness onset to death, 5 days (IQR 3.0-7.0 days). The
median time from illness onset to diagnosis was 4.0 days
(IQR 2.0-6.7 days) for persons with probable cases and 5.0
days (IQR 3.0-8.3 d) for persons with confirmed cases.

Discussion

We conducted a systematic study of the epidemiology
of human anthrax in China during 1955-2014. We be-
lieve that this study was useful because of recent epi-
demiologic changes and rapid socioeconomic changes
during the past few decades. This study showed that,
since 1990, the incidence rate and case-fatality rate for
human anthrax has continued to decrease; only several
hundred cases have been reported in the past 10 years.
Most cases were in western China and peaked in August,
but cases were reported infrequently in eastern China.
This study also showed that cutaneous anthrax account-
ed for 98% of cases, and the largest proportion were in
farmers and herdsmen. A low percentage of cases were
laboratory confirmed.

The 3 historical peaks for human anthrax all oc-
curred before 1980, after which a general decrease in
cases occurred. Before 1980, some cases occurred in
fur-processing workers infected by industrial exposure.
From the 1960s onward, after implementation of strict
quarantine and sanitary measures for animal fur and
wool and improved industrial working conditions, the
situation gradually improved to the point that after 1980
almost no human anthrax cases were seen in large cit-
ies, such as Beijing, Shanghai, and Tianjin. Since then,
most anthrax cases have been caused by agricultural ex-
posures. The fact that most anthrax cases were in male
farmers or herdsmen further supports this feature of ag-
ricultural anthrax in China.

Cattle and sheep were and are the major infection
source for human anthrax (2). The number of sheep slaugh-
tered annually in China has increased from 42.419 million
in 1980 to 270.995 million in 2012. The number of cattle
slaughtered annually has increased from 3.322 million in
1980 to 48.281 million in 2013 (10).

Despite rapid increases in cattle and sheep populations,
the case-fatality rate for human anthrax showed a continu-
ous decrease, which suggested some success in control and
prevention of this disease in livestock. Practices contribut-
ing to this success include timely reporting and detection of
anthrax; rapid response to outbreaks and individual cases,
which often includes restricting movement of livestock and
related products from affected areas, tracing previous sourc-
es of possibly infectious livestock, and accordingly alert-
ing related areas and departments; vaccination for possibly
affected healthy livestock and related personnel, such as
herdsmen, transportation staff, and slaughterhouse workers;
prompt disposal of dead animals, bedding, and contaminated
materials, for which a guide has been issued that specifies
requirements for sites of incineration and burial of livestock
carcasses, type of sanitizer and frequency of its use for live-
stock facilities and equipment, and general hygiene by per-
sons who have contact with diseased or dead animals (8).
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Figure 5. Geographic distribution of counties affected by probable and confirmed human anthrax, China, 2005-2014

However, the present pattern of human cases clearly
shows that any further improvement can be achieved only
by using a proactive approach to the disease in livestock.
This approach includes annual vaccination where out-
breaks persist; improved laboratory diagnosis and partici-
pation, especially by veterinary diagnostic laboratories;
genomic strain identification and mapping; and investi-
gation of anomalous outbreaks (e.g., anthrax is normally
a summer disease and outbreaks at other times are more
characteristic of contaminated livestock feed). The rea-
son for the decrease in the case-fatality rate for anthrax
before 1980 was that this disease was largely industry re-
lated and was relatively easy to detect. With improvements

in medical care, the incidence of anthrax showed a gen-
eral downward trend, but our study showed that, since the
1980s, agricultural anthrax in rural areas has become a
serious problem. Because of lack of convenient access to
healthcare facilities and awareness of the need to seek early
treatment for rural residence, the reported case-fatality rate
increased and exceeded the rate during 1950s soon after
the People’s Republic of China was established. However,
one cannot presume that rural anthrax was absent during
the earlier period. It is more likely that this disease was not
reported, although cases were probably occurring at a level
similar to that during the later period of reporting. In 1989,
the case-fatality rate reached a high of 13.0%, which was
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Table. Demographic and diagnostic characteristics of patients with human anthrax, by diagnosis type, China, 2005-2014*

Characteristic Probable cases, n = 3,121 Confirmed cases, n = 258 Total, n = 3,379
Sex
M 2,273 (72.8) 210 (81.4) 2,483 (73.5)
F 848 (27.2) 48 (18.6) 896 (26.5)
Median age, y, (IQR) 38 (27-49) 40 (30-49) 38 (2749)
Age group, y
0-14 229 (7.3) 11 (4.3) 240 (7.1)
15-19 158 (5.1) 8(3.1) 166 (4.9)
20-24 230 (7.4) 20 (7.8) 250 (7.4)
25-29 309 (9.9) 25 (9.7) 334 (9.9)
30-34 352 (11.3) 24 (9.3) 376 (11.1)
35-39 415 (13.3) 34 (13.2) 449 (13.3)
40-44 379 (12.1) 39 (15.1) 418 (12.4)
45-49 282 (9.0) 38 (14.7) 320 (9.5)
50-54 212 (6.8) 18 (7.0) 230 (6.8)
55-59 201 (6.4) 22 (8.5) 223 (6.6)
60-64 167 (5.4) 11 (4.3) 178 (5.3)
>65 187 (6.0) 8 (3.1) 195 (5.8)
Occupation
Farmer or herdsman 2,700 (86.5) 231 (89.5) 2,931 (86.7)
Infants or studentst 248 (7.9) 12 (4.7) 260 (7.7)
Othert 173 (5.5) 15 (5.8) 188 (5.6)
Rural residence§ 2,889 (92.6) 234 (90.7) 3,123 (92.4)
Fatal outcome 36 (1.2) 5(1.9) 41 (1.2)
Clinical forms
Cutaneous 3,055 (97.9) 252 (97.7) 3,307 (97.9)
Inhalational 0 1(0.4) 1(0.0)
Gastrointestinal 5(0.2) 1(0.4) 6 (0.2)
Unknownq 61 (2.0) 4 (1.6) 65 (1.9)
Median onset to diagnosis interval, d (IQR) 4.0 (2.0-6.7) 5.0 (3.0-8.3) 4.0 (2.4-7.0)
Year of iliness onset
2005 497 (15.9) 38 (14.7) 535 (15.8)
2006 417 (13.4) 35(13.6) 452 (13.4)
2007 400 (12.8) 26 (10.1) 426 (12.6)
2008 309 (9.9) 29 (11.2) 338 (10.0)
2009 334 (10.7) 17 (6.6) 351 (10.4)
2010 265 (8.5) 25 (9.7) 290 (8.6)
2011 279 (8.9) 30 (11.6) 309 (9.1)
2012 220 (7.1) 17 (6.6) 237 (7.0)
2013 181 (5.8) 12 (4.7) 193 (5.7)
2014 219 (7.0) 29 (11.2) 248 (7.3)

*Values are no. (%) unless otherwise indicated. Percentages may not total 100 because of rounding. IQR, interquartile range.

tInfants include children attending and not attending kindergarten. Students include primary, secondary, and college students.

fIncludes teacher, laborers, self-employed and unemployed, workers, food industry personnel, retired persons, and cadres of staff.

§If the residence community was connected to seats of county or municipal government through public facilities, residence facilities and other facilities, or
mine area, development zone, research institutes, higher education establishments, farming communities or tree farming communities with >3,000 of
permanent residents, it was considered an urban residence. Otherwise, the community was considered a rural residence.

{INo information was available.

probably caused by a major outbreak of intestinal anthrax
in the Changdu District of Tibet (11).

From 1990 onward, a strengthened surveillance pro-
gram was initiated in western China, and early detection
of anthrax facilitated early treatment. This program con-
tributed to a decrease in the case-fatality rate. This rate has
decreased to <1% in recent years, which is consistent with
the report that the case-fatality rate for cutaneous anthrax
is now <1% after treatment (12). However, gastrointesti-
nal anthrax has a higher risk for death, which can occur
quickly, and this finding would preempt any clinical ob-
servations or sampling. These findings might explain the
unusually high number of cutaneous cases relative to each
gastrointestinal case.

Anthrax has not been eradicated from previously dis-
ease-endemic areas in China, and geographic distribution
of the disease tends to expand into new areas. Each year,
previously affected counties still accounted for a predomi-
nant proportion of counties with reports of cases that year.
This finding could be caused by strong resistance of B. an-
thracis spores to environmental conditions and persistence
of spores in old foci for disease (13). However, some prov-
inces, such as Henan, which reported many anthrax cases in
the past, has not reported any anthrax cases for >10 years,
shows that it is possible to control anthrax.

Conversely, newly affected counties were reported ev-
ery year during the study. Newly affected counties were
generally adjacent to previously affected counties, which
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indicated a higher risk for importing anthrax from neigh-
boring disease-endemic counties through contaminated
livestock feed or movement of animals with latent infec-
tions. However, a few counties in Hunan and Jiangsu Prov-
inces in eastern China, which are not near disease-endemic
areas, also became newly affected in recent years. Inves-
tigations of these incidents showed that they were caused
by long-distance transportation of infected livestock from
disease-endemic areas. These investigations indicated the
need for livestock inspection and ensuring that such live-
stock have been vaccinated >7-10 days before shipment.

As disease control improves, disease reporting also
improves, and cases that would have been missed are now
detected and reported. However, absence of disease reports
is not the same as absence of disease. This situation indi-
cates that provinces and large cities that have not had any
anthrax cases in recent years are at risk for reemergence of
anthrax. Humans get infected from animals with anthrax,
and not vice versa. Therefore, humans will only be safe
from this disease when it has been eradicated from live-
stock. Although eradication will require diligent surveil-
lance and monitoring by the agricultural and veterinary
communities, it has been achieved in many countries (5).

Our study had 2 limitations. First, we used data ob-
tained through a passive surveillance system that was based
on human health facilities nationwide. Thus, disease bur-
den was probably underestimated because of various rea-
sons, such as not seeking medical care. However, the clini-
cal presentation for cutaneous anthrax makes patients more
likely to seek medical care. Second, probable cases without
laboratory confirmation of infection are also included in
the analysis. Most cases were cutaneous, and their clinical
manifestations are easily identified by medical personnel.

Laboratory diagnosis (based on isolation of B. anthracis)
is not completely reliable. However, B. anthracis is suscepti-
ble to many antimicrobial drugs, and treatment of this type is
commonly used. Such treatment could result in lesions being
negative for B. anthracis. Although in recent years ELISA
and PCR could be used for diagnosing confirmed cases, both
techniques were rarely used at the local level because there
were no reliable commercial kits for detecting antibodies
against B. anthracis and no unified standard procedure for
PCR of B. anthracis is currently available.

Acknowledgments

We thank the hospitals, local health departments, and China
CDC for assistance in coordinating data collection and the
National Health and Family Planning Commission for
supporting this study.

Epidemiology of Human Anthrax in China, 1955-2014

This study was supported by a grant from the National Science
Fund for Distinguished Young Scholars (81525023).

Dr. Yu Li is an epidemiologist at the Division of Infectious
Disease, China CDC, Beijing, China, and a doctoral candidate at
The University of Hong Kong, Hong Kong, China. His primary
interests include epidemiology and transmission dynamics of
zoonotic and vectorborne diseases, and hand, foot and

mouth disease.

References

1. Woods CW, Ospanov K, Myrzabekov A, Favorov M, Plikaytis B,
Ashford DA. Risk factors for human anthrax among contacts of
anthrax-infected livestock in Kazakhstan. Am J Trop Med Hyg.
2004;71:48-52.

2. World Health Organization. Anthrax in humans and animals. 4th
ed. Geneva: The Organization; 2008.

3. Swartz MN. Recognition and management of anthrax: an update.
N Engl J Med. 2001;345:1621-6. http://dx.doi.org/10.1056/NEJM-
ra012892

4. Abbara A, Brooks T, Taylor GP, Nolan M, Donaldson H,

Manikon M, et al. Lessons for control of heroin-associated anthrax
in Europe from 2009-2010 outbreak case studies, London, UK.
Emerg Infect Dis. 2014;20:1115-22.

5. Hugh-Jones M. 1996-97 global anthrax report. J Appl Microbiol.
1999;87:189-91. http://dx.doi.org/10.1046/j.1365-2672.1999.00867.x

6. Klietmann WF, Ruoff KL. Bioterrorism: implications for the
clinical microbiologist. Clin Microbiol Rev. 2001;14:364-81.
http://dx.doi.org/10.1128/CMR.14.2.364-381.2001

7. Jernigan JA, Stephens DS, Ashford DA, Omenaca C, Topiel MS,
Galbraith M, et al.; Anthrax Bioterrorism Investigation Team.
Bioterrorism-related inhalational anthrax: the first 10 cases
reported in the United States. Emerg Infect Dis. 2001;7:933-44.
http://dx.doi.org/10.3201/eid0706.010604

8. Dong SL. Progress in the control and research of anthrax in China.
Presented at: International Workshop on Anthrax; 1989 Apr 11-13,;
Winchester, UK.

9. Chinese Ministry of Health. National surveillance protocol for
anthrax [in Chinese] [cited 2015 May 13]. http://www.chinacdc.cn/
jkzt/crb/tj/tjjc/200608/W020130110372314597578.pdf

10. National Bureau of Statistics of China. National annual statistics
dataset [in Chinese] [cited 2015 Apr 6]. http://data.stats.gov.cn/
workspace/index?m=hgnd

11. LiAF, Zhang XG, Jiang HZ, Liang XD. First detection of laryngeal
anthrax’s epidemic [in Chinese]. Chinese Journal of Zoonoses.
1992;8:19.

12. Dixon TC, Meselson M, Guillemin J, Hanna PC. Anthrax.

N Engl J Med. 1999;341:815-26. http://dx.doi.org/10.1056/
NEJM199909093411107

13. Manchee RJ, Broster MG, Stagg AJ, Hibbs SE. Formaldehyde
solution effectively inactivates spores of Bacillus anthracis on the
Scottish island of Gruinard. Appl Environ Microbiol. 1994;60:4167-71.

Address for correspondence: Hongjie Yu, School of Public Health,
Fudan University, Key Laboratory of Public Health Safety, Ministry of
Education, Xuhui District, Shanghai 200032, China; email:
cfetpyhj@vip.sina.com

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 23, No. 1, January 2017 21



RESEARCH

Mathematical Modeling of
Programmatic Requirements
for Yaws Eradication

Michael Marks, Oriol Mitja, Christopher Fitzpatrick, Kingsley Asiedu,
Anthony W. Solomon, David C.W. Mabey, Sebastian Funk

Yaws is targeted for eradication by 2020. The mainstay of
the eradication strategy is mass treatment followed by case
finding. Modeling has been used to inform programmatic re-
quirements for other neglected tropical diseases and could
provide insights into yaws eradication. We developed a
model of yaws transmission varying the coverage and num-
ber of rounds of treatment. The estimated number of cas-
es arising from an index case (basic reproduction number
[R,]) ranged from 1.08 to 3.32. To have 80% probability of
achieving eradication, 8 rounds of treatment with 80% cov-
erage were required at low estimates of R (1.45). This re-
quirement increased to 95% at high estimates of R (2.47).
Extending the treatment interval to 12 months increased
requirements at all estimates of R. At high estimates of R
with 12 monthly rounds of treatment, no combination of vari-
ables achieved eradication. Models should be used to guide
the scale-up of yaws eradication.

aws is a bacterial infection caused by Treponema pal-

lidum subsp. pertenue (1). The disease predominantly
affects children living in poor, remote communities and re-
sults in lesions of the skin, bone, and cartilage. Previously,
yaws was widespread throughout the tropics (2), but in
the 20th century a series of control efforts based on mass
treatment and case finding led by the World Health Organi-
zation (WHO) is estimated to have reduced the burden of
cases worldwide by up to 95% (3). Despite these efforts,
the disease has resurged in several countries in West and
Central Africa, the Pacific, and Southeast Asia.

In 2012, a single dose of azithromycin was shown to
be effective treatment for yaws (4). The availability of a
well-tolerated oral agent has prompted WHO to develop
a new eradication strategy, known as the Morges strategy,
based on community mass azithromycin treatment (5). The
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strategy is supported by World Health Assembly resolu-
tion 66.12, which calls for eradication of yaws by 2020 (6).
The strategy combines an initial round of total community
treatment (TCT) followed by subsequent active case find-
ing and total targeted treatment (TTT) of newly identified
patients and their contacts. Pilot studies have shown that
community mass treatment with azithromycin is a highly
effective strategy for reducing the community prevalence
of yaws (7,8).

Data are limited to inform the optimum coverage and
number of TCT or TTT rounds that are required to achieve
elimination (i.e., interruption of transmission) of yaws at a
local level to facilitate country-level elimination and ulti-
mately global eradication. In India, a national yaws elimi-
nation campaign conducted during 1996-2004 resulted in
substantial reduction in the prevalence of yaws, sustained
interruption of transmission, and nationwide elimination
(9). This program consisted of case-finding surveys and
treatment with parenteral penicillin conducted every 6
months. Although this approach did not include the initial
mass treatment round now recommended as part of the
Morges strategy, its success indicates that serial rounds of
high-coverage treatment might achieve local elimination.

A recent review of important research questions fac-
ing the global yaws eradication program has highlighted
the need for more accurate data to inform the optimum
number and coverage of rounds of TCT and TTT that will
be required to achieve yaws eradication (10). Mathematical
modeling has been used to inform control efforts for sev-
eral other neglected tropical diseases (11-13) that are also
managed by using community mass treatment strategies,
and such approaches could be of value for yaws eradication
efforts. In particular, this approach might allow a compari-
son of the differential effects of alternative mass treatment
strategies, which would be difficult to assess by empirical
randomized controlled trials because of the size and cost of
implementing large-scale cluster randomized studies.

Previous mathematical models for yaws (14) have as-
sessed the cost-effectiveness of yaws eradication but have
not directly addressed the feasibility of achieving this
goal or the number of rounds of treatment that would be
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required. In this study, we aimed to determine whether the
eradication of yaws is feasible based on the Morges strat-
egy and, if it is, the number and coverage of mass treatment
rounds needed to achieve the goal.

Methods
We developed a stochastic Markov model of community-
level transmission of yaws (Figure 1). This model treats
each stage of the disease as a discrete compartment, with
persons moving through each compartment as the disease
progresses or is treated. Upon infection, susceptible per-
sons acquire primary disease at a rate that is proportional to
the transmission rate and the total number of infectious per-
sons. Persons with primary disease can further transition to
secondary disease, at which stage they remain infectious,
and both those with primary and secondary disease can tran-
sition to latent disease, which is not infectious. Last, those
with latent disease can relapse back to secondary infectious
disease. The model includes a rate of routine treatment for
persons with primary or secondary disease, after which
they become susceptible to infection again. The model also
includes a lower rate of routine treatment for latent disease,
after which the patients also become susceptible to infec-
tion again. Unlike previous mathematical models of yaws
(14), tertiary yaws was not included in the model because
such cases are believed not to contribute to transmission
(15). Because persons might be reinfected many times, we
did not consider them to obtain protective immunity after
infection or treatment (online Technical Appendix, http://
wwwhnc.cdc.gov/ElD/article/23/1/16-0487-Techappl.pdf).
Although some evidence suggests the existence of a
nonhuman primate reservoir for yaws in Africa (16), we
did not include such infections in our model because there
is currently no definitive evidence that the organism re-
sponsible for these infections is the same one that causes
human yaws or that zoonotic transmission occurs in the real
world. We therefore considered the epidemiologic impor-
tance of this possible reservoir as minimal when construct-
ing our model.

Population Size

Estimates of the starting population for each compartment
were derived from published population-based yaws preva-
lence studies (7,17). We modeled a discrete closed popula-
tion without addition or reduction through births or deaths.

Disease Characteristic Variable Estimates

We estimated values for the rates of disease progression
between different stages of yaws, including development
of and relapse from latent yaws, by using expert opin-
ion, published data, and estimates used in other models
(Table 1) (1,14,17). We defined 3 transmission scenarios
(low, medium, and high) by using published age-specific

Mathematical Modeling for Yaws Eradication

Figure 1. Markov model of yaws transmission. Susceptible
persons become infected at a rate dependent on the probability
of transmission and the number of persons with infectious primary
and secondary yaws. Without treatment, illness progresses from
primary disease to either latent yaws or secondary yaws. Persons
with latent yaws might relapse to generate secondary cases of
infectious yaws in others.

treponemal seroprevalence data (17), expert opinion, and
values used in other yaws models (14). Based on these
data, we calculated initial estimates of the number of new
infections arising from a single index case in a fully sus-
ceptible population (the basic reproduction number [R,]).
Based on the seroprevalence data, we generated R esti-
mates of 1.25 (low), 1.83 (medium), and 2.4 (high). These
estimates were converted to estimates of the probability
of transmission after contact between an infectious person
and a susceptible persons (). The mean R taking account
of the full structure of our model, including duration of
infection and the size of each starting population, is 1.96,
resulting in a mean R of 1.45 (95% CI 1.01-2.14) for the
low transmission settings, 1.95 (95% CI 1.38-2.91) for
medium, and 2.47 (95% CI 1.7-3.68) for high transmis-
sion. We included a variable to represent the likelihood
of a person receiving treatment for yaws in the absence of
public health interventions based on published data (17).

Mass Drug Administration Variables Estimates

We performed simulation experiments to estimate the im-
pact of a yaws eradication intervention on disease transmis-
sion. In line with the Morges strategy (5), we considered 2
program components. In the first component, TCT, all per-
sons were considered to have an equal chance of receiving
treatment regardless of their infection status. In the second
component, TTT, we considered that the coverage achieved
among persons with active infection and those with latent
infection might differ. Intervention coverage was modeled
independently for TCT, with TTT pertaining to persons
with active infection and persons with latent infection over
a range of plausible estimates (65%-95% population cov-
erage). Mass treatment compliance was simulated as a ran-
dom, nonsystematic process (i.e., each person had the same
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Table 1. Parameters used in modeling treatment coverage required to achieve yaws eradication

Parameter
Parameter estimate Source of estimate Comments
Epidemiologic parameters
Ro* 1.08-3.32 Derived from The average number of new cases

Monthly probability of progression from 2.78%-5.56%
primary to secondary disease without
treatment

Monthly probability of progression from

infectious to latent disease without treatment

13.9%—-27.8%

published survey occurring from a single index case in a
data (17) fully susceptible population
Derived from expert  All untreated persons with primary disease
opinion and either develop secondary or latent stage
previously published  disease, and this occurs over a period of
models (1,14) 2—6 mo. Untreated persons with latent
cases might relapse for a period of >5 y

Monthly probability of relapse from latent 1%—-3% and become actively infectious again.
disease to infectious stage without treatment

Population parameters
Susceptible at baseline 64% Derived from Data derived from multiple pre—mass drug
Primary yaws at baseline 1.5% published survey administration surveys conducted in
Secondary yaws at baseline 1.5% data (17) communities where yaws is endemic
Latent yaws at baseline 33%

Mass treatment parameters
Total community treatment coveraget
Total targeted treatment coverage of persons
with active cases?
Total targeted treatment coverage of persons
with latent cases¥
No. rounds of total community treatmentt
No. rounds of total targeted treatment}

65%—-95%
65%—-95%

65%—-95%

1-3
0-5

Expert opinion and  Coverage estimates were chosen to reflect
published data on the range achieved in real-world mass
coverage achieved drug administration programs for other
in other mass neglected tropical diseases
treatment campaigns
(18)

*Ro (basic reproduction number) is the number of new cases arising from a single index case in a fully susceptible population.
TTotal community treatment consists of mass drug administration to all residents in a community where yaws is endemic regardless of clinical or serologic

evidence of disease.

fTotal targeted treatment consists of active case finding and treatment of newly identified persons with yaws and their contacts.

chance of receiving treatment, with the likelihood of any 1
person receiving treatment being independent).

We varied the number of treatment rounds of TCT (1-3
rounds) and TTT (0-5 rounds). Where >1 rounds of TTT
were implemented, these rounds followed the final round
of TCT. In line with the Morges strategy and real-world
pilot implementations (5,7), rounds of mass treatment were
spaced at 6-month intervals. We also conducted an analysis
with rounds of treatment spaced at 12-month intervals to
assess whether annual treatment might also be effective.

We derived estimates of the efficacy of single-dose
treatment with azithromycin from randomized controlled
trials of azithromycin for the treatment of yaws (Table 1)
(4). After successful treatment, yaws lesions become non-
infectious within 24 hours (1); therefore, we considered
treatment to be immediately efficacious at the time of mass
drug administration, with persons reverting to a susceptible
state after treatment.

Implementing the Model
The model was implemented in R software (19). We per-
formed repeated simulations across a range of assumptions
about the rate of transmission (equivalent to low, medium,
and high estimates of R)) and assumptions about mass
treatment, varying the coverage and number of mass treat-
ment rounds undertaken (Table 1).

For each combination of disease and intervention pa-
rameters, we performed 1,000 simulation experiments.

Within each combination of transmission and treatment
assumptions, we varied other disease-specific variables
(e.g., rate of progression and relapse and treatment in the
absence of intervention) across the range of parameter
estimates. The model was run for an initial period of 50
months to achieve a steady state with yaws eradication in-
terventions modeled to commence after this initial period.
The model then ran for a further 100 months (online Tech-
nical Appendix).

Assessing Outcomes

For each run of the model, we recorded whether eradication
was achieved. Eradication was defined as no cases of infec-
tious or latent yaws at the end of the model run. The eradi-
cation probability was defined as the percentage of runs
within each permutation of model characteristics where
eradication was achieved. All analyses were performed by
using R version 3.2.2.

Results

The model generated a total of 6,174 simulations of vari-
able mass drug administration strategies. Because each
strategy was implemented across a range (n = 3) of as-
sumptions about the force of infection, a total of 18,522
simulations were created. The probability of achieving lo-
cal interruption of transmission varied substantially across
estimates of the force of infection and mass drug adminis-
tration characteristics.
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At the lowest estimates of the force of infection (R =
1.45) and with treatment rounds at 6-month intervals, the
minimum treatment thresholds required to have a trans-
mission interruption probability of >80% were a coverage
of >75% of all populations and >8 rounds of treatment (3
rounds of TCT followed by 5 rounds of TTT). Increasing
the coverage to 85% reduced the total number of rounds
required to 5 (1-3 rounds of TCT followed by 2—4 rounds
of TTT) (Figure 2; Table 2). For comparison, when the
gap between treatment rounds was extended from 6 to 12
months, a total of 7 rounds of 85% coverage were required
(2-3 rounds of TCT and 4-5 rounds of TTT).

At medium estimates of the force of infection
(R, =1.95) and with treatment rounds at 6-month intervals,
the equivalent thresholds were 90% coverage and a total of
7 rounds of treatment (2-3 rounds of TCT and 4-5 rounds
of TTT) (Figure 2; Table 2). When the gap between treat-
ment rounds was increased to 12 months, no combination
of treatment variables was predicted to have a transmission
interruption probability of >80%.

At the highest estimates of the force of infection
(R, = 3.32) and with treatment rounds at 6-month intervals,
a total of 8 rounds (3 rounds of TCT and 5 rounds of TTT)
with 95% coverage were required for a >80% likelihood of
interrupting transmission (Figure 2; Table 2). When the gap
between treatment rounds was increased to 12 months, no
combination of treatment variables was predicted to have a
probability of interrupting transmission of >80%.

We considered it plausible that, under field conditions,
the coverage of persons with latent infection would not ex-
ceed 70% in any given round of TTT, because such cases are

Mathematical Modeling for Yaws Eradication

not clinically apparent, and adequate coverage might not be
achieved by treating the immediate contacts of persons with
clinical infection. At lower estimates of the force of infection,
a total of 3 rounds of TCT with 85% coverage and 3 rounds
of TTT (each with a coverage of persons with active infection
of 85% and coverage of persons with latent infection of 65%)
was associated with a >80% probability of interrupting trans-
mission. If only 1 round of TCT was conducted, then cover-
age during TCT needed to be 90% and a total of 5 rounds of
TTT (each with 90% coverage of persons with active infec-
tion and 65% coverage of persons with latent infection) were
required. For medium estimates of the force of infection, a
total of 8 rounds of treatment (3 rounds of TCT and 5 rounds
of TTT) with a coverage of 90% were required. If only 1
round of TCT was undertaken, then 95% coverage was re-
quired, followed by 5 rounds of TTT with a 95% coverage of
persons with active infection and 70% coverage of persons
with latent infection. Under the highest estimate of the force
of infection, no combination of treatment variables was as-
sociated with a high probability of interrupting transmission.

Discussion

Our study demonstrates that, with implementation of the
Morges strategy, interruption of transmission is possible
in the setting considered. This finding suggests that eradi-
cation of yaws could be achieved, although caution must
be applied because variability in the parameter estimates
elsewhere could affect the effectiveness of these strategies.
The parameter that has the strongest influence on whether
elimination can be achieved is the transmission rate; that is,
the rate at which infection occurs given contact between a

Figure 2. Predicted probability

of achieving yaws eradication
given variations in the estimate of
R, (basic reproduction number),
total community treatment
coverage, number of rounds of
total community treatment, total
targeted treatment coverage
(TTT), and number of rounds of
TTT. For this graph, we only show
simulations where the coverage
of persons with latent cases is the
same as the coverage of persons
with active cases during TTT. This
might overrepresent the actual
likelihood of achieving eradication
because the coverage of persons
with latent cases is probably lower
than the coverage of persons with
active cases during TTT. R, basic
reproduction number; TCT, total
community treatment; TTT, total
targeted treatment.
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Table 2. Indicative predicted coverage and number of rounds of treatment required to achieve yaws eradication

Treatment every 6 mo

Treatment every 12 mo

Predicted probability by estimated Ro

Coverage required Total no. rounds*

Coverage required  Total no. rounds*

80% predicted probability of eradication

Low Ry (1.45, 95% CI 1.01-2.14) 75% 8 85% 7

Medium R, (1.95, 95% CI 1.38-2.91) 90% 7 T T

High Ry (2.47, 95% CI 1.7-3.68) 95% 8 T T
100% predicted probability of eradication

Low Ry (1.45, 95% Cl 1.01-2.14) 85% 8 95% 6

Medium Ry (1.95, 95% CI 1.38-2.91) T T T T

High Ry (2.47, 95% CI 1.7-3.68) T T T

*Ro (basic reproduction number) is the number of new cases arising from a single index case in a fully susceptible population. For this table, the number
of rounds of total community treatment and total targeted treatment is combined (e.g., a total of 7 rounds could be 3 rounds of total community treatment
and 4 rounds of total targeted treatment or, alternatively, 2 rounds of total community treatment and 5 rounds of total targeted treatment). Data are
indicative only, and in some settings, higher coverage would allow a reduction in the total number of rounds required (see text and Figure 2).

+No combination of treatment variables was associated with the stated eradication probability.

susceptible and an infectious person (online Technical Ap-
pendix Figure). We considered 3 different scenarios of the
transmission rate of yaws based on serologic data, and our
estimate of the feasibility of elimination varied consider-
ably depending on these estimates. Further studies to ob-
tain better estimates of the R  in a range of countries where
yaws is endemic would be of value to inform improved
models and programmatic planning.

A minimum of 8 rounds with coverage of >75% seems
to be required for a high likelihood of achieving eradication
but would prove inadequate at our highest estimates of pos-
sible values for R The predictions of our model are broad-
ly in keeping with the real-world findings of the successful
yaws elimination program in India (9), where 7 years of
consecutive case finding and treatment (analogous to 14
rounds of TTT with 75% coverage) were conducted. In our
model, the number of rounds of TTT also had a marked ef-
fect on the likelihood of achieving eradication, especially
when coverage of persons with latent cases was limited to
<70%. In these settings, the required number of rounds of
treatment to interrupt transmission increased considerably.

Relatively few data are available on the transmission
rate of yaws. Even within yaws-endemic countries, the
prevalence of yaws varies markedly. Studies in the Pacific
have found a seroprevalence of antitreponemal antibodies
of >30% in several communities (7,17) and a prevalence of
clinical yaws of ranging from 2.5% to 5% in communities
before mass treatment. The prevalence of yaws is mark-
edly lower in many yaws-endemic countries in West Africa
(20), but limited community-based seroprevalence data are
available to inform our understanding of disease transmis-
sion there.

We modeled a range of estimates of R, from 1.08 to
3.32 based on seroprevalence data and expert opinion.
Given the substantial influence of these estimates on the
likely outcome of community mass treatment, further stud-
ies to better understand disease transmission and how this
varies within and between endemic communities would be
of value. Ideally, these studies would obtain community-
level, age-specific seroprevalence data that could be used

to calculate the force of infection. No perfect serologic
marker can be used for this task. Traditional treponemal se-
rology combines a treponemal test, which reflects lifetime
exposure but remains positive for life, with a nontrepone-
mal test, the titer of which rises and falls after treatment. It
is therefore not possible to use seroprevalence data to dis-
tinguish persons who have been infected many times from
those who have been infected once, and seroprevalence
estimates are likely to underestimate the actual force of in-
fection. For this study, we calculated the force of infection
while relying on treponemal serology alone, which should
provide a more accurate estimate of the force of infection
than if we used dual-positive serology. It remains, how-
ever, an imperfect measure.

Our model predicts that high coverage is required in
all rounds of treatment to make yaws eradication feasible.
Data from the previous WHO and United Nations Chil-
dren’s Fund mass treatment campaign have highlighted the
importance of achieving high coverage of persons with la-
tent cases of yaws (21) and that treatment of persons with
active cases alone is insufficient to interrupt transmission.
These factors were important considerations in the adoption
as part of the Morges strategy of an initial round of TCT re-
gardless of the prevalence of active disease in a community.
Given the high coverage requirement, particularly of per-
sons with latent cases, and the relatively high fixed-costs of
reaching yaws-endemic communities (14) compared with
the relatively low costs of generic azithromycin, it might
be preferable to conduct multiple rounds of TCT before the
switch to TTT. Such a recommendation would be in line
with the original Morges strategy (22), which recommend-
ed that additional rounds of TCT could be considered if
the coverage achieved in the initial round of treatment was
<90% or if access to yaws-endemic communities was diffi-
cult. A switch to multiple rounds of community mass treat-
ment might also facilitate integration with other neglected
tropical diseases mass drug administration programs in
countries that are also frequently based on whole commu-
nity mass treatment (23), although our model predicted a
higher probability of achieving eradication with biannual
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treatment. Further studies to help determine the optimum
strategy for achieving high coverage of persons with latent
cases during the TTT phase of eradication efforts should
be considered (e.g., studies of the spatial epidemiology of
latent yaws cases in relation to persons with active cases
in both pre— and post-mass drug administration settings or
studies of whether additional mass treatment rounds spe-
cifically targeting children might be beneficial).

Our study has several limitations. Most notably, we
lack accurate estimates for several disease parameters. The
parameters used are derived from expert opinion and data
from the Pacific region, and the transmission dynamics of
yaws might be different in other regions of the world. How-
ever, the disease parameters used in this study are broadly
in line with those used by other models of yaws transmis-
sion (14). We tested a range of coverage estimates for com-
munity mass treatment, but we did not factor in the pos-
sibility that some persons might be systematically missed
during mass treatment campaigns, a phenomenon that has
been observed in control efforts for other neglected tropical
diseases (24). The current Morges strategy does not include
adjunctive elements, such as water, sanitation, and hygiene
interventions, in addition to mass treatment, although some
studies suggest that improved access to water and sanitation
is associated with a decreased risk for yaws (17). We did not
include a secular trend in our model, and such a trend could
be anticipated to further increase the likelihood of yaws
eradication being achieved. Our model was designed to as-
sess the feasibility of achieving yaws eradication in the near
future, driven by the current WHO strategy, and in those
conditions any effect of a secular trend could be expected to
be minimal compared with the substantial impact of com-
munity mass treatment. Previous models have shown that
secular trends are unlikely to substantially affect the cost-
effectiveness of mass treatment (14); however, those mod-
els were based on an assumption of 90%-99% coverage in
a single TCT round and 100% coverage of index patients
and their contacts in the TTT round. More generally, we
used a single-model structure that is simplified by modeling
persons as being in 1 of a small number of disease-related
compartments at any time and considering contact to occur
at random. Uncertainty in model structure relating to dis-
ease progression and the probability of contact means that
our findings should be interpreted carefully and potentially
reassessed as elimination strategies are being applied.

In conclusion, our study assessed the theoretical
achievability of worldwide yaws eradication and repre-
sents an important milestone in reaching the WHO’s eradi-
cation target. We have defined programmatic thresholds
that might need to be met to achieve yaws eradication and
identified key research questions to be addressed to inform
refinements of the model and the worldwide roll-out of
treatment strategies.

Mathematical Modeling for Yaws Eradication
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Bayesian Probability

Ronnie Henry, Martin I. Meltzer

homas Bayes (1701-1761) was a Preshyterian Minister, and how he

become interested in statistics and probability is uncertain. Bayes
presented his famous theorem on probability in “An Essay Towards
Solving a Problem in the Doctrine of Chances,” which was published
posthumously by his friend Richard Price in 1763. Bayes’s theorem
provides a method of explicitly including prior events or knowledge
when considering the probabilities of current events (for example, in-
cluding a history of smoking when calculating the probability of de-
veloping lung cancer). Bayesian approaches use prior knowledge and
information (e.g., probabilities) that may help reduce uncertainty in
analysis and have therefore been increasingly adopted by analysts in s poman. hipsticommons wikimeda.

public health.
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Estimated Incidence of
Antimicrobial Drug—Resistant
Nontyphoidal Salmonella
Infections, United States,
2004—-2012

Felicita Medalla, Weidong Gu, Barbara E. Mahon, Michael Judd, Jason Folster,
Patricia M. Griffin, Robert M. Hoekstra

Salmonella infections are a major cause of illness in the
United States. The antimicrobial agents used to treat se-
vere infections include ceftriaxone, ciprofloxacin, and am-
picillin. Antimicrobial drug resistance has been associated
with adverse clinical outcomes. To estimate the incidence of
resistant culture-confirmed nontyphoidal Salmonella infec-
tions, we used Bayesian hierarchical models of 2004—2012
data from the Centers for Disease Control and Prevention
National Antimicrobial Resistance Monitoring System and
Laboratory-based Enteric Disease Surveillance. We based
3 mutually exclusive resistance categories on susceptibil-
ity testing: ceftriaxone and ampicillin resistant, ciprofloxacin
nonsusceptible but ceftriaxone susceptible, and ampicillin
resistant but ceftriaxone and ciprofloxacin susceptible. We
estimated the overall incidence of resistant infections as
1.07/100,000 person-years for ampicillin-only resistance,
0.51/100,000 person-years for ceftriaxone and ampicillin
resistance, and 0.35/100,000 person-years for ciprofloxacin
nonsusceptibility, or ~6,200 resistant culture-confirmed in-
fections annually. These national estimates help define the
magnitude of the resistance problem so that control mea-
sures can be appropriately targeted.

Each year in the United States, nontyphoidal Salmonella
causes an estimated 1.2 million illnesses, 23,000 hospi-
talizations, and 450 deaths (1). Antimicrobial drug-resistant
Salmonella is a serious threat to public health (2). Salmonella
infections have been linked to a variety of sources, particu-
larly foods of animal origin (e.g., beef, poultry, eggs, dairy
products) and produce (3-5). Most antimicrobial drug—resis-
tant nontyphoidal Salmonella infections are caused by 4 of
the 5 serotypes most commonly isolated during 2004-2012:
Typhimurium, Enteritidis, Newport, and Heidelberg (6-10).
The predominance of these 4 serotypes reflects their ability

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: http://dx.doi.org/10.3201/eid2301.160771

to persist in food animals, be transmitted through the food
supply, and cause illness in humans (10,11).

Most nontyphoidal Salmonella infections do not re-
quire antimicrobial treatment. However, treatment is
recommended for severe infections, including invasive
ilinesses such as bacteremia and meningitis (12). Third-
generation cephalosporins (e.g., ceftriaxone) and fluoro-
quinolones (e.g., ciprofloxacin) are empirically used to
treat severe nontyphoidal Salmonella infections. Because
fluoroquinolones are not routinely prescribed for children,
third-generation cephalosporins are particularly important
for use in children. Ampicillin remains a useful agent for
treating infections documented as susceptible (12-14).
Adverse clinical outcomes (e.g., increased rates of hos-
pitalization, bloodstream infection, invasive illness, and
death) have been associated with resistant infections, and
treatment failures have been reported for infections with
reduced susceptibility to ciprofloxacin (5,15-19).

Estimates of the incidence of resistant Salmonella in-
fections are needed to inform policy decisions. The Nation-
al Antimicrobial Resistance Monitoring System (NARMS)
monitors resistance among salmonellae by testing samples
of isolates from ill persons and determining the percent-
age of isolates that display resistance (8,9). For extrapola-
tion from resistance percentages to incidence of resistant
infections, the incidence of Salmonella infections must be
known. Salmonella incidence data for this calculation are
provided by the National Laboratory-based Enteric Disease
Surveillance (LEDS) system (6). Serotype Heidelberg pro-
vides an illustration of why estimates of the incidence of
resistant infections are needed. During 2004-2012, the per-
centage of ceftriaxone-resistant isolates increased from 9%
t0 22% (8,9). At the same time, the incidence of Heidelberg
infections declined from 0.60 to 0.31 infections/100,000
population (6). Thus, to assess whether the incidence of
resistant Heidelberg infections is changing, estimates of
the incidence of resistant Heidelberg infections are needed.
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Using Bayesian hierarchical models of resistance percent-
ages and Salmonella incidence with data from the 2 sur-
veillance systems, we estimated the incidence of culture-
confirmed infections caused by nontyphoidal Salmonella
with resistance to ceftriaxone, nonsusceptibility to cipro-
floxacin, and resistance to ampicillin and provide such esti-
mates for major serotypes (20). We describe this modeling
approach of combining data from the 2 systems to obtain
improved estimates and measures of uncertainties.

Methods

LEDS

Clinical laboratories send Salmonella isolated from hu-
mans to public health laboratories in 50 states and many
local health departments for serotyping (6). Culture-con-
firmed Salmonella isolates are reported to the Centers for
Disease Control and Prevention (CDC) through LEDS (6).
Excluded from this report are serotypes Typhi and Paraty-
phi, for which the only reservoir is humans and which ac-
count for <1% of Salmonella infections in the United States
(6,11,12). Hereafter, we use the term Salmonella to refer to
nontyphoidal Salmonella.

NARMS

NARMS is a collaboration among CDC, the US Food and
Drug Administration (FDA), the US Department of Agri-
culture, and state and local health departments. NARMS
monitors resistance among enteric bacteria isolated from
humans, retail meat, and food animals (8,9). Public health
laboratories of 50 state and 4 local health departments sub-
mit a subset (every 20th) of Salmonella isolates that they
receive from clinical laboratories to the CDC NARMS for
susceptibility testing (8,9).

From 2004 through 2012, CDC tested Salmonella iso-
lates for susceptibility to agents representing 8-9 classes
of antimicrobial agents. MICs were determined by broth
microdilution (Sensititer; Trek Diagnostics, Westlake, OH,
USA) and interpreted by using criteria from the Clinical
and Laboratory Standards Institute when available (8,19).
We defined ceftriaxone resistance as MIC >4 pg/mL, ampi-
cillin resistance as MIC >32 pg/mL, and nonsusceptibility
to ciprofloxacin as MIC >0.12 ug/mL; the latter includes
resistant and intermediate categories defined by the Clini-
cal and Laboratory Standards Institute (8,19).

Resistance Categories for Estimation of

Resistance Incidence

We defined 3 mutually exclusive categories of clinically im-
portant resistance according to results of testing for ceftriax-
one, ciprofloxacin, and ampicillin (Figure 1) (8,19): ceftriax-
one/ampicillin resistance indicates resistance to ceftriaxone
and ampicillin (because all ceftriaxone-resistant isolates are

ampicillin resistant); ciprofloxacin nonsusceptibility indi-
cates nonsusceptibility to ciprofloxacin but susceptibility
to ceftriaxone; and ampicillin-only resistance indicates re-
sistance to ampicillin but susceptibility to ceftriaxone and
ciprofloxacin. Isolates in each category may be resistant to
other agents. Hereafter, we refer to any resistance included
in any of these 3 clinically important categories as overall
resistance. Unlike the 2013 CDC report, which includes es-
timates for resistance to >5 antimicrobial drug classes, we
focused on the 3 agents used to treat invasive infections (2).

Bayesian Hierarchical Model

We used 2004-2012 data from NARMS, LEDS, and the US
Census Bureau as input in the Bayesian hierarchical model
(6,8,21). From NARMS, we used resistance proportions
calculated as the number of resistant isolates divided by
the number of isolates tested per state and year (state-year).
We included only fully serotyped isolates. From LEDS, we
used the number of culture-confirmed infections reported
for state-year. We included all LEDS isolates; for each
state, the serotypes of nonserotyped and partially serotyped
isolates were imputed on the basis of the observed propor-
tions of 5 serotype categories (Typhimurium, Enteritidis,
Newport, Heidelberg, and other) among fully serotyped
isolates over the 9 years. We used US Census population
data for each state-year to express incidence (infections per
100,000 persons per year [person-years]).

Figure 1. Number of nontyphoidal Salmonella isolates with
clinically important resistance, by resistance category, United
States, 2004—2012. Three mutually exclusive categories were
defined. Isolates in each category may have resistance to
other agents: 99% of the 599 Cef/Amp isolates, 43% of the
467 Cipro isolates, and 89% of the 1,254 Amp-only isolates
were resistant to >1 antimicrobial class other than cephems,
quinolones, or penicillins. Amp-only, resistant to ampicillin but
susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant
to ceftriaxone (MIC >4 pg/mL) and ampicillin (MIC >32 pg/mL);
Cipro, nonsusceptible to ciprofloxacin (MIC >0.12 pg /mL) but
susceptible to ceftriaxone; NTS, nontyphoidal Salmonella.
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In the Bayesian hierarchical model, we assumed nor-
mal distribution for LEDS Salmonella incidence data and
binomial distribution for NARMS data. The Bayesian hi-
erarchical model of Salmonella incidence and resistance
data incorporated state, year, and state-year interaction ef-
fects. State and year effects used borrowed strength from
contiguous states and previous years. Borrowed strength
refers to the idea that quantities of interest are related to
each other, and information on one can provide information
on another (22). We excluded Alaska and Hawaii because
they are distant from the 48 contiguous states and so the
Bayesian hierarchical model could not be well applied. We
excluded the District of Columbia because it did not begin
submitting isolates to NARMS until 2008 (9). In prelimi-
nary analyses, we reviewed LEDS Salmonella incidence
data by state-year to identify outliers that may need model-
ing adjustments, knowing that some states do not routinely
receive all isolates from clinical laboratories (6). The mod-
els are described in the online Technical Appendix (http://
wwwhnc.cdc.gov/ElD/article/23/1/16-0771-Techappl.pdf).

We generated Bayesian hierarchical model posterior
estimates of Salmonella infection incidence rates, resis-
tance proportions, and resistant infection incidence rates
(resistance incidence) by state-year for each of the 5 sero-
type categories by using Markov chain Monte Carlo simu-
lations (22-24). State-year resistance incidence estimates,
expressed per 100,000 person-years, were calculated as fol-
lows: ([estimated number of infections for state-year/census
population for state-year] x 100,000) x (estimated resistance
proportion for state-year). We calculated the means of the 48
state-year mean posterior estimates for each of the 9 study
years. We generated overall estimates for 2004—-2012 by cal-
culating means and 95% credible intervals (Crls) from the
9-year mean estimates. We used 2.5th and 97.5th percentiles
of 5,000 samples of posterior estimates for the 95% Crls. For
each of the 5 serotype categories, we estimated resistance
incidence for the mutually exclusive categories and derived
overall resistance incidence estimates by summing them. For
all Salmonella, estimates were calculated by summing esti-
mates derived for the 5 serotype categories.

As part of model fitting, we plotted observed versus
Bayesian hierarchical model-derived (predicted) estimates
of Salmonella infection incidence, resistance proportion,
and resistance incidence by state-year for the 5 serotype cat-
egories by resistance category. We assessed the shrinkage
of resistance proportions (observed vs. predicted values)
related to the number of isolates tested; shrinkage refers
to an estimation scheme that borrows strength from related
quantities to adjust individual estimates (online Technical
Appendix) (25). To assess fluctuations over the 9 years of
the study, we derived mean estimates and 95% Crls for
3-year periods (2004-2006, 2007-2009, and 2010-2012)
by using an even split of time for simplicity.

Resistant Nontyphoidal Salmonella Infections, USA

Results

Overall Salmonella Infection and Resistance
Surveillance Data

From 2004 through 2012, the 48 contiguous states reported
369,254 culture-confirmed Salmonella infections to LEDS.
The periods 2004-2006, 2007-2009, and 2010-2012 ac-
counted for 30%, 33%, and 37% of infections, respectively.
Among the isolates from these infections, 87% were sero-
typed as follows: Enteritidis (19%), Typhimurium (18%),
Newport (11%), Heidelberg (4%), and all other serotypes
(48%). The remaining 13% were not fully serotyped. These
4 primary serotypes, which were among the 5 most com-
monly reported to LEDS overall, accounted for 52% of ful-
ly serotyped isolates. Of the 48 states, <2% of isolates were
not fully serotyped for 10 states, 2%—10% for 27 states,
11%—-29% for 5 states, and >62% for 6 states.

From 2004 through 2012, NARMS tested 19,410 Sal-
monella isolates from the 48 states for resistance. The peri-
ods 2004-2006, 2007-2009, and 2010-2012 accounted for
30%, 34%, and 36% of isolates, respectively. Most (98%)
were fully serotyped as follows: Enteritidis (18%), Ty-
phimurium (17%), Newport (11%), Heidelberg (4%), and
other (49%). These 4 primary serotypes, which were among
the 5 most common among isolates submitted to NARMS
overall, accounted for 51% of fully serotyped isolates. Of
the 48 states, <2% of isolates were not fully serotyped for
31 states, 2%-8% for 15 states, and >86% for 2 states.

Overall resistance was detected in 2,320 (12%) isolates.
Ampicillin-only resistance was the most common pattern,
detected in 1,254 (6.5%) isolates, of which 60% were Ty-
phimurium (Table 1; Figure 1). Ceftriaxone/ampicillin re-
sistance was detected in 599 (3.1%) isolates, of which 33%
were Newport, 27% Typhimurium, and 15% Heidelberg.
Ciprofloxacin nonsusceptibility was detected in 467 (2.4%)
isolates, of which 20% were resistant to ampicillin and 45%
were Enteritidis. Only 38 (0.2%) isolates were both resis-
tant to ceftriaxone and nonsusceptible to ciprofloxacin; these
were included only in the ceftriaxone/ampicillin resistance
category. Most isolates with ceftriaxone/ampicillin resis-
tance, ciprofloxacin nonsusceptibility, or ampicillin-only
resistance showed resistance to other agents tested (Figure
1) (9). The 4 serotypes accounted for 73% of 2,320 isolates
with any clinically important resistance. The percentages of
isolates with ciprofloxacin nonsusceptibility and ampicillin-
only resistance among not fully serotyped isolates were simi-
lar to those among all Salmonella.

Surveillance and Resistance Data by State and Year

All 48 states reported Salmonella infections to LEDS. Not
all states reported infections every year: 47 reported any
Salmonella, 44 reported Typhimurium, 45 reported Enter-
itidis, 43 reported Newport, and 39 reported Heidelberg.
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Table 1. Nontyphoidal Salmonella isolates with clinically important resistance, by serotype and resistance category, United States,

2004-2012*
Typhimurium,  Enteritidis, Newport,  Heidelberg, Other fully Not fully Total NTS,
no. (%), no. (%), no. (%), no. (%), serotyped, serotyped, no. (%),
Resistance category n=3,324 n = 3,501 n=2175 n=738 no. (%), n=9,265 no. (%), n=407 n=19,410
Ciprot 54 (1.6) 211 (6.0) 7(0.3) 2(0.3) 183 (2.0) 10 (2.5) 467 (2.4)
Cef/Ampi% 162 (4.9) 8(0.2) 198 (9.1) 87 (11.8) 141 (1.5) 3(0.7) 599 (3.1)
Amp-only§ 750 (22.6) 90 (2.6) 25(1.1) 94 (12.7) 274 (3.0) 21(5.2) 1,254 (6.5)
Any of the above( 966 (29.1) 309 (8.8) 230 (10.6) 183 (24.8) 598 (6.5) 34 (8.4) 2,320 (12.0)

*Total NTS isolates include isolates serotyped as Typhimurium, Enteritidis, Newport, and Heidelberg; isolates serotyped as other than these 4; and those
not fully serotyped. Amp-only, resistant to ampicillin but susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant to ceftriaxone and ampicillin;
Cipro, nonsusceptible to ciprofloxacin but susceptible to ceftriaxone; NTS, nontyphoidal Salmonella. Cipro, Cef/Amp, and Amp-only are mutually exclusive

categories.

tNonsusceptible to ciprofloxacin (MIC >0.12 pg/mL) but susceptible to ceftriaxone, with or without resistance to other agents.

FResistant to ceftriaxone (MIC 24 ng /mL) and ampicillin (MIC 232 pg /mL), with or without nonsusceptibility to ciprofloxacin or resistance to other agents;
of the 599 ceftriaxone-resistant isolates, 38 (0.2% of all NTS isolates) were nonsusceptible to ciprofloxacin.

§Resistant to ampicillin but susceptible to ceftriaxone and ciprofloxacin, with or without resistance to other agents.

{INonsusceptible to ciprofloxacin, resistant to ceftriaxone, or resistant to ampicillin.

Many states had wide fluctuations in the annual overall in-
cidence, ranging from 3.1 (Florida) to 28.4 (Mississippi)
infections/100,000 person-years.

All 48 states submitted Salmonella isolates to NARMS.
Not all states submitted isolates every year: 44 submitted any
Salmonella, 32 submitted Typhimurium, 31 submitted Enter-
itidis, 23 submitted Newport, and 5 submitted Heidelberg. For
Heidelberg and many less common serotypes, small numbers
of isolates were tested; in isolates from many states, low or no
resistance was detected (e.g., no ceftriaxone resistance among
109 Heidelberg isolates from 19 states). However, very high
resistance was assigned to some states for which small num-
bers were tested (e.g., 1 ceftriaxone-resistant of only 1 tested).

Model Estimates of Annual Resistance Incidence

by State

Rates of Salmonella incidence in Florida were much lower
than those from its 6 closest states. We adjusted for this
finding in the Bayesian hierarchical model (online Techni-
cal Appendix).

For the 48 states, mean resistance incidence, estimated
by serotype and resistance category, varied geographically
(Figure 2). For all Salmonella, rates (infections per 100,000
person-years) ranged as follows: 0.88-4.69 (median 1.81)
for overall resistance; 0.45-2.95 (median 0.94) for ampi-
cillin-only resistance; 0.15-2.20 (median 0.38) for ceftri-
axone/ampicillin resistance; and 0.11-0.87 (median 0.33)

Figure 2. Estimated incidence of infection with all NTS and major serotypes with clinically important resistance (no. infections per
100,000 person-years), by state and resistance category, United States, 2004—2012. Estimates were derived by using Bayesian
hierarchical models. All NTS includes the 4 major and other serotypes. Isolates in each category may have resistance to other agents.
Data on Cipro among Newport (8 isolates), Cipro among Heidelberg (7), and Cef/Amp among Enteritidis (2) were too sparse to use in
the Bayesian hierarchical models. Overall resistance was defined as Cipro, Cef/Amp, or Amp-only. Amp-only, resistant to ampicillin (MIC
>32 pg/mL) but susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant to ceftriaxone (MIC >4 pg/mL) and ampicillin; Cipro,
nonsusceptible to ciprofloxacin (MIC >0.12 ug /mL) but susceptible to ceftriaxone; NTS, nontyphoidal Salmonella.
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for ciprofloxacin nonsusceptibility. For example, rates of
Typhimurium infections with overall resistance were high
for many states in the West/Midwest (e.g., Montana, South
Dakota, Wyoming, lowa, Colorado). Rates of Enteritidis
infections with ciprofloxacin nonsusceptibility were low
for many states in the South (e.g., Mississippi, Arkansas,
Louisiana, South Carolina, Alabama).

We observed that the shrinkage of resistance propor-
tions was inversely related to the number of isolates tested,
(i.e., more shrinkage with smaller numbers). Examples are
shown in the online Technical Appendix.

Model Estimates of Resistance Incidence Overall

Resistance incidence rates were relatively stable, and 95%
Crls overlapped substantially for the 3 periods (Figure 3).
For overall Salmonella infections (Table 2), we estimated
the incidence of resistant culture-confirmed infections per
100,000 person-years for 2004—2012 as follows: 1.93 (95%

Resistant Nontyphoidal Salmonella Infections, USA

Crl 1.60-2.35) for any clinically important resistance, 1.07
(95% Crl 0.86-1.32) for ampicillin-only resistance, 0.51
(95% Crl 0.35-0.70) for ceftriaxone/ampicillin resistance,
and 0.35 (95% Crl 0.24-0.51) for ciprofloxacin nonsus-
ceptibility. Newport, Typhimurium, and Heidelberg ac-
counted for 75% of the incidence of ceftriaxone/ampicillin-
resistant infections; Typhimurium accounted for 59% of
the incidence of ampicillin-only-resistant infections; and
Enteritidis accounted for 45% of the incidence of cipro-
floxacin-nonsusceptible infections. Overall, the 4 serotypes
accounted for 73% of the incidence of Salmonella infec-
tions with any clinically important resistance.

Discussion

This report provides much-needed national incidence esti-
mates for clinically important antimicrobial drug-resistant
Salmonella infections in the United States. Overall, we es-
timate the incidence of such culture-confirmed infections to

Figure 3. Estimated incidence of NTS infections with clinically important resistance (no. infections/100,000 person-years), by period,
serotype, and resistance category, United States, 2004—2012. Estimates were derived by using Bayesian hierarchical models. All NTS
includes the 4 major and other serotypes. Three mutually exclusive resistance categories were defined. Isolates in each category may
have resistance to other agents. Data on Cipro among Newport (8 isolates), Cipro among Heidelberg (7), and Cef/Amp among Enteritidis
(2) were too sparse to use in the Bayesian hierarchical models. Overall resistance was defined as Cipro, Cef/Amp, or Amp-only. Data
were grouped into 3 periods (P): 2004—2006 (P1), 2007—-2009 (P2), and 2010-2012 (P3). Error bars indicate 95% credible intervals.
Amp-only, resistant to ampicillin (MIC >32 pg/mL) but susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant to ceftriaxone (MIC
>4 pg/mL) and ampicillin; Cipro, nonsusceptible to ciprofloxacin (MIC >0.12 pg /mL) but susceptible to ceftriaxone; NTS, nontyphoidal

Salmonella; P, period.
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Table 2. Estimated incidence of nontyphoidal Salmonella infections with clinically important resistance, by serotype and resistance

category, United States, 2004—2012*

No. infections/100,000 person-years (95% credible intervals)*

Resistance category AllNTS Typhimurium Enteritidis Newport Heidelberg
Ciprot 0.35 (0.24-0.51) 0.05 (0.02-0.10) 0.15 (0.09-0.25) 0.005% 0.002%
Cef/Amp§ 0.51 (0.35-0.70) 0.14 (0.08-0.23) 0.006% 0.18 (0.08-0.29) 0.06 (0-0.13)
Amp-onlyq] 1.07 (0.86-1.32) 0.63 (0.43-0.87) 0.08 (0.03-0.16) 0.02 (0.01-0.05) 0.08 (0-0.18)

Any of the above # 1.93 (1.60-2.35)

0.82 (0.61-1.05)

0.24 (0.14-0.38)  0.20 (0.11-0.32)  0.14 (0.002-0.28)

*Estimates and 95% credible intervals were derived by using Bayesian hierarchical models. Cipro, Cef/Amp, and Amp-only are mutually exclusive
categories. Estimates for any clinically important resistance were derived by summing estimates for the mutually exclusive categories. Serotypes other
than Typhimurium, Enteritidis, Newport, and Heidelberg were combined in an “other” category. For all NTS, estimates were derived by summing those
derived for the 4 major serotypes and other category. Amp-only, resistant to ampicillin but susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant
to ceftriaxone and ampicillin; Cipro, nonsusceptible to ciprofloxacin but susceptible to ceftriaxone; NTS, nontyphoidal Salmonella.

tNonsusceptible to ciprofloxacin (MIC >0.12 pug/mL) but susceptible to ceftriaxone, with or without resistance to other agents.

1Only 8, 7, and 2 isolates of Enteritidis, Newport, and Heidelberg, respectively, showed this resistance pattern; thus, state-year data were too sparse to
use in the Bayesian hierarchical models. Crude estimates are shown, calculated as mean incidence for the serotype multiplied by mean resistance

proportion over the 9 y.

§Resistant to ceftriaxone (MIC >4 ug /mL) and ampicillin (MIC >32 pg /mL), with or without nonsusceptibility to ciprofloxacin or resistance to other agents.
fIResistant to ampicillin but susceptible to ceftriaxone and ciprofloxacin, with or without resistance to other agents.
#Nonsusceptible to ciprofloxacin, resistant to ceftriaxone, or resistant to ampicillin.

be ~2/100,000 person-years. Clinically important resistance
is strongly linked to specific serotypes. Enteritidis accounts
for about half the incidence of ciprofloxacin-nonsusceptible
infections; Newport, Typhimurium, and Heidelberg for
three fourths of the incidence of infections with resistance
to both ceftriaxone and ampicillin; and Typhimurium for
more than half the incidence of infections with ampicillin-
only resistance. Many of these isolates with clinically im-
portant resistance are also resistant to other agents (8,9).
Although these 4 serotypes account for about half of cul-
ture-confirmed Salmonella infections, they account for
nearly three fourths of the incidence of clinically important
resistant infections (6,9). This finding suggests that strate-
gies to reduce the incidence of infections caused by these
4 serotypes could have a larger effect on reducing the inci-
dence of resistant Salmonella infections overall.

Using the Bayesian hierarchical model, we improved
the estimation of resistance incidence by addressing is-
sues related to missing and sparse state data, particularly
for certain combinations of serotypes and resistance. Both
surveillance databases showed great variation in reporting
by state and year; these variations are probably associat-
ed with testing only small numbers of isolates in certain
states, underreporting, and incomplete serotyping (6,8).
Therefore, crude estimates based on observed data could
lead to biased estimation. We mitigated these issues by sta-
tistically borrowing strength from neighboring states and
previous years (22). We present observed and predicted
state resistance incidence estimates by year (online Techni-
cal Appendix) to illustrate how our Bayesian hierarchical
model smooths state-to-state variability of observed data.
We used an estimation scheme called shrinkage, which
moved disparate estimates toward a common central value,
leading to a more robust set of estimates (25). We noted
that the shrinkage of resistance proportions was inversely
related to the number of isolates tested (online Technical
Appendix Figure 1).

Our analysis has limitations. Because LEDS is a pas-
sive surveillance system, underreporting probably occurs
in most states (6); it was marked in Florida, and we adjust-
ed for this only in the Bayesian hierarchical model (online
Technical Appendix). We assumed that populations under
surveillance are defined by the US Census population data,
although populations are mobile and illnesses are some-
times reported by the state in which they are diagnosed
rather than the state in which the patient resides (6,21). The
proportion of isolates that were not fully serotyped varied
by state and was much higher in LEDS than NARMS. This
finding suggests that isolates submitted to NARMS were
more likely to be serotyped; regardless, we found similar
distributions of major serotypes in LEDS and NARMS.
Our approach of imputing missing serotypes of nonsero-
typed and partially serotyped LEDS isolates by state is rea-
sonable because of the similar distribution of major sero-
types in NARMS and LEDS. We did not include serogroup
information when imputing partially serotyped isolates;
such an approach would not alter our estimates. However,
refined methods for imputing partially serotyped isolates
could be useful for other analyses.

Because we created mutually exclusive categories,
our incidence estimates for ciprofloxacin nonsusceptibility
and for ampicillin-only resistance do not include all Sal-
monella with ciprofloxacin nonsusceptibility and ampicil-
lin resistance, respectively. Isolates resistant to ceftriaxone
and ampicillin, of which there were many, and those re-
sistant to ceftriaxone and nonsusceptible to ciprofloxacin,
were included only in the ceftriaxone/ampicillin resistance
category. Furthermore, we do not provide estimates for re-
sistance to trimethoprim-sulfamethoxazole, which can be
used for noninvasive infections (12); during 2004-2012,
<2% of Salmonella isolates were resistant to trimethoprim-
sulfamethoxazole, 79% of which were also resistant to cef-
triaxone or ampicillin, or nonsusceptible to ciprofloxacin
(8; CDC, unpub. data).
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Surveillance data capture culture-confirmed infections
only, which represent a fraction of all infections (6,8,9). Our
estimates total ~6,200 culture-confirmed Salmonella infec-
tions with clinically important resistance annually (21).
CDC has estimated that for every laboratory-confirmed case
of Salmonella, there are many other undetected cases; the
most recent estimate is 29 infections for every 1 culture-con-
firmed case (1). Because persons with resistant infections are
at increased risk for more serious illness that may result in
medical attention, such infections may be more likely than
susceptible infections to be detected through culture-based
surveillance (15-18,26). The ratio of undetected to detected
resistant infections has not been estimated.

We found marked state-to-state variation in the inci-
dence of resistant infections. Additional modeling, taking
into account the varying distributions of infections by geog-
raphy, serotype, demographic subgroup, and season, would
be needed to help elucidate the reasons (27,28). Infections
among older persons have been associated with increased
rates of invasive illness and hospitalization, which may be
more likely to be detected; thus, these estimates may repre-
sent a higher proportion of older patients than actually ex-
ists (13,16,21,26). Estimates are based on resistance among
all Salmonella isolates, which are mostly isolated from fecal
samples (9). Therefore, these estimates of resistant infections
represent mostly noninvasive infections, only a fraction of
which may require antimicrobial treatment (9,12). About
27% of patients with culture-confirmed salmonellosis are
hospitalized (1). If patients with resistant infections are more
likely to be hospitalized, these estimates may disproportion-
ately reflect hospitalized patients (15-18).

For our estimates, we used data based on current labora-
tory methods, reporting, and isolate submission practices in
states. With increasing use of culture-independent diagnostic
tests by clinical laboratories, we anticipate changes in report-
ing and submission of isolates to public health laboratories
(29). These changes would warrant model adjustments for
future estimation and assessment of changes over time.

Annual NARMS reporting of resistance percentages
remains a useful approach for tracking resistance, particu-
larly emerging resistance in serotypes in low numbers of
tested isolates (8). The method we have developed (using
2 data sources) provides a way to understand changes in
the incidence of resistance especially for serotypes like
Heidelberg, which is decreasing in incidence but increas-
ing in the proportion resistant to ceftriaxone (6,8,9). By
estimating resistance incidence rather than percentage
of resistant isolates, we remove a major confounder to
interpretation of estimated resistance levels. Our 95%
Crls incorporate uncertainties associated with missing
and sparse data. However, our results go a long way to-
ward this understanding. The overlapping 95% Crls for
ceftriaxone-resistant Heidelberg that we found for the 3
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periods suggest that incidence rates were relatively sta-
ble during 2004-2012. A future, more detailed analysis
could assess resistance incidence trends in Heidelberg and
other serotypes.

Antimicrobial drug use in food-producing animals is a
major driver of—although not the only contributor to—te-
sistant Salmonella infections. An example is the contribu-
tion of third-generation cephalosporin use in poultry to cef-
triaxone resistance among Heidelberg infections of humans
(30-32). FDA has taken actions to contain the spread of an-
timicrobial-resistant bacteria and prolong the usefulness of
antimicrobial agents, including a strategy for limiting anti-
microbial use in food animals to therapeutic uses and agents
administered under veterinary supervision (9,33). Even
more stringent actions are being applied in the European
Union (9,34). Reservoirs of infection vary by serotype, and
resistant infections have been linked to a variety of sources
and exposures (7,17,35-37). For example, an outbreak of
multidrug-resistant (MDR) Typhimurium infections with
resistance to ampicillin was linked to consumption of con-
taminated ground beef (17,35). MDR Newport infections
with resistance to ceftriaxone were linked to exposure to
infected dairy cattle and consumption of contaminated
ground beef (14,36). Infections with Enteritidis that are
nonsusceptible to ciprofloxacin have been associated with
international travel (37). Recently, MDR strains of other
serotypes, including I 4,[5],12:i:- and Dublin, have become
an increasing concern; these serotypes have been linked
to swine and cattle sources, respectively (8,38). NARMS
needs to continue to monitor emerging resistance patterns
by serotype. The 4 major serotypes that have been driving
the incidence of resistant infections should continue to be
high priorities in combating resistance.

National incidence estimates of resistant Salmonella
infections are needed to track progress to support the US
President’s Executive Order to combat antibiotic-resistant
bacteria (39,40). Such estimates help define the magnitude
of the resistance problem, target prevention efforts, and as-
sess whether control measures are working. Further devel-
opment of these methods can be used to assess progress
from control measures.
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Oral Cholera Vaccine Coverage
during an Outbreak and
Humanitarian Crisis, lraqg, 2015

Eugene Lam,! Wasan Al-Tamimi, Steven Paul Russell, Muhammad Obaid-ul Islam Butt,
Curtis Blanton, Altaf Sadrudin Musani, Kashmira Date

During November-December 2015, as part of the 2015
cholera outbreak response in Iraqg, the Iragi Ministry of
Health targeted ~255,000 displaced persons >1 year of
age with 2 doses of oral cholera vaccine (OCV). All per-
sons who received vaccines were living in selected refugee
camps, internally displaced persons camps, and collective
centers. We conducted a multistage cluster survey to obtain
OCV coverage estimates in 10 governorates that were tar-
geted during the campaign. In total, 1,226 household and
5,007 individual interviews were conducted. Overall, 2-dose
OCV coverage in the targeted camps was 87% (95% ClI
85%—-89%). Two-dose OCV coverage in the 3 northern gov-
ernorates (91%; 95% CIl 87%—94%) was higher than that
in the 7 southern and central governorates (80%; 95% CI
77%—82%). The experience in Iraq demonstrates that OCV
campaigns can be successfully implemented as part of a
comprehensive response to cholera outbreaks among high-
risk populations in conflict settings.

As of 2015, ~3.2 million internally displaced per-
sons (IDPs) were dispersed throughout Iraq due
to increased activity by an armed antigovernment group
and subsequent counter-insurgency operations by the
Irag government and coalition forces, and lIraq was host-
ing >200,000 Syrian refugees due to protracted fighting
in Syria between the government and several opposition
groups (1). The risk of communicable disease epidemics
in Iraq is heightened due to the large numbers of displaced
populations residing in camps, informal settlements, or
temporary placement sites (collective centers). These sites
are usually overcrowded and have inadequate shelter ar-
rangements and limited access to sanitation facilities, safe
drinking water, safe food, and basic healthcare services.
Such risk factors, coupled with austerity measures and the
effect of those measures on health services, have contrib-
uted to transmission of cholera in Iraq.

Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (E. Lam, S.P. Russell, C. Blanton, K. Date);
World Health Organization, Baghdad, Iraq (W. Al-Tamimi,

M.O.l. Butt, A.S. Musani)

DOI: http://dx.doi.org/10.3201/eid2301.160881

On August 30, 2015, cholera was confirmed in Iraq’s
southern governorate, Diwaniya, and on September 15,
an outbreak was declared by the Irag Ministry of Health
(MoH); activation of the Cholera Control and Command
Center followed the outbreak declaration. The outbreak
continued to rapidly spread throughout the country, and by
October 2015, a total of 1,656 laboratory-confirmed cases
of Vibrio cholerae 01 Inaba had been reported from 15 of
18 governorates; 1,000 (60%) of these cases were reported
in Babylon and Baghdad, which are in southern and central
governorates.

Oral cholera vaccines (OCVs) are recommended by
the World Health Organization (WHO) as a complementa-
ry strategy for comprehensive cholera prevention and con-
trol in addition to the primary intervention of safe water,
sanitation, and hygiene (WaSH) measures. Three OCVs are
currently prequalified by WHO: Dukoral, Shanchol, and
Euvichol (2,3). In early 2013, a global OCV stockpile was
established with initial support from several donors and en-
dorsed for funding support through Gavi, the Vaccine Alli-
ance (4). The stockpile, which is intended to provide rapid
deployment of OCVs in emergency and outbreak situa-
tions, is managed by the International Coordinating Group
that comprises 4 decision-making partners: the Interna-
tional Federation of Red Cross and Red Crescent Societ-
ies; Médecins Sans Frontiéres; United Nations Children’s
Fund; and WHO, which also serves as the Secretariat (5,6).

When the 2015 cholera outbreak began in Irag, the
Irag MoH and implementing partners immediately began
planning a vaccination campaign using the bivalent OCV
Shanchol (7-9) to complement WaSH and other cholera
control measures. The 2-dose OCV campaign targeted
~255,000 persons >1 year of age living in selected refu-
gee camps, IDP camps, and collective centers because of
increased vulnerability to cholera due to living conditions.
This deployment of ~510,000 OCV doses in Iraq was the
largest to date from the global OCV stockpile for outbreak
and humanitarian response. As part of the recommended

1Current affiliation: Bureau of Immunization, New York City
Department of Health and Mental Hygiene, New York,
New York, USA.
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monitoring and evaluation activities for these deployments,
the MoH requested partners to conduct a vaccination cov-
erage survey to evaluate vaccine uptake, OCV campaign
awareness, reasons for vaccine acceptance or nonaccep-
tance, and any adverse events reported after the campaign.
We report results of the coverage survey and key lessons
learned from the Iraq experience.

Methods

Study Setting

Because of the large numbers of IDPs and the limited sup-
ply of OCV, the vaccination campaign in Iraq was limited
to IDP camps at full capacity or overcrowded and to all
refugee camps and collective centers. The OCV campaign
was conducted during October 31-November 5, 2015
(round 1), and December 7-9, 2015 (round 2). Campaign
dates were chosen beyond the 2-week minimum interval
between OCV doses to accommodate a polio vaccination
campaign that was conducted between the 2 OCV cam-
paign rounds. Vaccination teams were trained by WHO
and MoH staff and composed of at least 1 vaccinator, re-
corder, and crowd controller. Experiences from the po-
lio vaccination teams and infrastructure supported the
implementation of this campaign during a public health
emergency. Vaccination strategy included a combination
of fixed sites (i.e., large health centers) and mobile teams
for door-to-door vaccine delivery. The vaccine cold chain
was maintained, and vaccines were transported using a
sufficient number of vaccine carriers and ice packs for a
door-to-door strategy. The coverage survey was conduct-
ed during December 14-16, 2015, immediately after the
second round of the campaign, by WHO, the US Centers
for Disease Control and Prevention, and the Iraqi Red
Crescent Society.

Study Design

We designed a stratified multistage cluster survey to obtain
representative OCV coverage estimates among selected
camps in Iraq’s governorates that were targeted during the
2015 campaign. The sampling universe was stratified first
by governorate and then by refugee camp, IDP camp, or
collective center within a governorate. Within each house-
hold, all persons in each of 3 designated age groups (1-4,
5-14, and >15 years of age) were interviewed.

We performed sample size calculations based on an
estimated 2-dose coverage of 75%, an intraclass correlation
of 0.2, an average household size of 6, and a nonresponse
rate of 5%. Based on these assumptions, we estimated a
design effect of 2 due to household clustering. To achieve
8% precision in the group of 1- to 4-year-old children for
the northern and southern/central regions, we estimated
that ~120 households per governorate would need to be

Oral Cholera Vaccine Coverage, Iraq, 2015

sampled and allocated the sample equally to each gover-
norate. We expected to yield a coverage estimate with a
precision of 4.7% for each governorate.

Within each governorate, we proportionally allocated
our sample based on the estimated population size of each
refugee camp, IDP camp, or collective center. For logistical
reasons, we excluded camps that had a population of <500
persons. A total of 35 camps and collective centers were
eligible for sampling, but in the governorates of Anbar and
Baghdad Karkh, we selected only the 2 largest camps due
to security concerns, logistical challenges, and access is-
sues in the southern and central regions. All eligible camps
in the northern region were selected. Overall, we selected
27 refugee camps, IDP camps, and collective centers in 10
governorates for this survey; 3 governorates were in the
northern region (Dahuk, Erbil, Sulaymaniya), and 7 were
in the southern and central regions (Najaf, Baghdad Karkh,
Kerbala, Salah Addin, Anbar, Wasit, Babil).

Within a selected camp, the allocated numbers of
households were systematically sampled using a predeter-
mined skip interval, which we calculated as the estimated
number of households in the camp divided by the propor-
tionally allocated sample size. Survey teams used a start,
selected randomly between the first household at the corner
of the camp and the nth household, based on the prede-
termined sampling interval. Once the interview at the first
household was completed, the interviewers moved on to
the next household, based on the sampling interval. Select-
ed households that were excluded because of ineligibility
(if consent was not given or if no one was present at the
household after 3 attempted visits) were counted toward
the sample size per camp; that is, selected households were
not replaced for nonresponse or refusal reasons. In camps
or collective centers where population size was larger than
estimated, the survey team continued to sample households
using the predetermined skip interval.

In each selected household, all eligible persons were
interviewed; for younger children, information was col-
lected from parents or the primary caregiver. If any of
the household members were absent during the first visit,
teams attempted to revisit the household at least twice at a
later time. Respondents were categorized by 3 age groups:
1-4 years, 5-14 years, and >15 years to match adminis-
trative recording via tally sheets for the campaign and to
align with data from previous campaigns in other settings
(9-12). All data were collected using the Survey123 ap-
plication (Esri, Redlands, CA, USA) installed in electronic
tablets for real-time data entry and global positioning sys-
tem (GPS) tracking of survey teams. Electronic data entry
and GPS tracking of survey teams were used to remotely
monitor the spatial pattern of selected households and data
quality during this humanitarian crisis in a complex secu-
rity environment.
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Analytic Methods

We used survey procedures in SAS version 9.3 (SAS Insti-
tute, Cary, NC, USA) for data analysis. Data were weighted
to ensure that each individual in the sampling frame had
an equal probability of selection and to adjust for potential
nonresponse bias. We had to account for 3 different stages
of weighting: 1) probability of selection by taking the in-
verse of the sampling rate, 2) household nonresponse rate
by calculating the inverse of the governorate-wide house-
hold response rate, and 3) individual nonresponse by calcu-
lating the inverse of the response rate within a household.
The Irag MoH approved this survey as a program evalua-
tion activity.

Results

Response Rate and Household Characteristics

We selected 1,240 households in the targeted camps and
collective centers to survey; 99% (1,226 households; 5,007
persons) participated. The governorate of Dahuk had the
lowest household response rate (93%), followed by Erbil
and Baghdad Karkh (99% each); the remaining 7 governor-
ates all had a 100% response rate. Among 5,007 individual-
level survey respondents in the 10 governorates, 51% were
female, 10% were 1-4 years of age, 22% were 5-14 years
of age, and 69% were >15 years of age (Table 1). The me-
dian number of residents per household was 4 (interquartile
range 3-5). The governorate of Anbar did not report house-
hold-level questions and therefore was excluded from the
household-level analysis. Overall, 12% of households re-
ported using an unimproved primary water source, 36%
reported using an unimproved secondary water source,
and 4% reported having an unimproved sanitation facility
(Table 1). Among all households, 22% reported sharing

sanitation facilities with >4 other households, and 4% re-
ported not having soap for handwashing.

OCV Coverage

Among the 5,007 respondents from the 10 governorates,
87% reported 2-dose OCV coverage, and 7% reported
1-dose coverage (Table 2). Two-dose coverage was simi-
lar among male (86%) and female (88%) respondents and
among age groups: 85% among children 1-4 years of age,
89% among children 5-14 years of age, and 87% among
persons >15 years of age (Table 2). When vaccination
coverage was stratified by sex and age group, the low-
est 2-dose coverage was among boys 1-4 years of age
(83%) and the highest was among girls 5-14 years of age
(89%). OCV campaign vaccination cards were available
for 79% of persons who reported being fully vaccinated;
these cards indicated that 47% had received 2 doses, and
32% had received 1 dose. Among the respondents who
reported receiving 2 doses, 27% had only 1 dose recorded
on their vaccination cards. Among the respondents who
reported receiving OCV, 90% reported receiving the vac-
cine at their residential structure, 6% at a health facility,
3% at school, and 1% at a market.

Two-dose OCV coverage in the northern governor-
ates (91%) was higher than that in the southern and central
governorates (80%), and 1-dose coverage in the northern
governorates (6%) was lower than that in the southern
and central governorates (10%) (Table 3). Among the
northern governorates, 2-dose OCV vaccination coverage
ranged from 90% in Dahuk to 93% in Erbil and Sulay-
maniya; however, greater variability was seen between
the southern and central governorates, where 2-dose cov-
erage ranged from 21% in Babil to 98% in Anbar (Figure;
Table 3).

Table 1. Individual and household characteristics for oral cholera vaccination survey respondents in refugee camps, internally
displaced persons camps, and collective centers targeted for vaccination, Irag, 2015

Characteristic No. Weighted estimate, % (95% CI)
Individual level, n = 5,007
Sex
Male 2,487 49 (47-51)
Female 2,500 51 (49-53)
Age, years
1-4 650 10 (9-11)
5-14 1,235 21 (19-24)
>15 3,117 69 (66-71)
Household level, n = 1,226
Water sources*
Unimproved primary water source 458 12 (10-14)
Unimproved secondary water source 666 36 (31-42)
Sanitation facilities
Unimprovedt 85 4 (2-6)
Shared with >4 other households 366 22 (18-26)
Lacked soap for handwashing 86 4 (2-7)

*Unimproved water sources include unprotected well; unprotected spring water; river, stream, lake, irrigation, or canal water; bottled water; water truck;

and water vendor.

TUnimproved sanitation sources include pit latrines without cement slab; bucket toilet; hanging toilet or hanging latrine; and canal, open, bush, and field

defecation.
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Table 2. Estimated oral cholera vaccine coverage, by vaccinee age, among persons in refugee camps, internally displaced persons

camps, and collective centers targeted for vaccination, Irag, 2015*

All vaccinees

Male vaccinees

Female vaccinees

Vaccination group, No. Weighted estimate, No. Weighted estimate, No. Weighted estimate,
no. doses vaccinated % (95% Cl) vaccinated % (95% Cl) vaccinated % (95% CI)
Overall

2 doses 3,523 87 (85-89) 1,735 86 (83-89) 1,777 88 (85-90)

1 dose 745 7 (6-9) 363 8 (6-11) 380 7 (5-9)
1-4 y of age

2 doses 407 85 (81-88) 213 83 (77-88) 191 85 (81-89)

1 dose 89 5(3-7) 50 6 (4-9) 38 4 (2-7)
5-14 y of age

2 doses 931 89 (85-92) 487 88 (83-92) 442 89 (84-93)

1 dose 171 7(5-11) 88 9 (5-14) 83 6 (3—11)
>15y of age

2 doses 2,183 87 (84-90) 1,034 86 (83-89) 1,143 88 (84-91)

1 dose 483 8 (6-10) 224 8 (6-12) 258 8 (6-10)

*Zero doses and incomplete data are not shown.

Reasons for Not Being Vaccinated

The 2 most common reasons for not receiving vaccine
during the first or second OCV vaccination round were
being absent during the campaign (first round 35%, sec-
ond round 39%) and teams not visiting the respondents’
residential structures (first round 30%, second round 36%)
(Table 4). Other reasons for not being vaccinated during
the first round were unavailability of vaccine (11%), lack
of faith in the vaccine (4%), and being sick during the cam-
paign (3%). The reasons for not being vaccinated during
the second round were similar: unavailability of vaccine
(2%), sick during the campaign (9%), and absence of the
decision-maker at home at the time of the vaccinators’
visit (5%). In the 3 governorates with the lowest coverage
(Baghdad Karkh, Kerbala, and Babil), 46% of respondents

stated vaccination teams did not visit their residential struc-
ture, and 22% stated they were absent during the campaign.

Adverse Events following Vaccination

Adverse events within 14 days of receiving either the
first or second dose of OCV were reported by 21% of
respondents. The most commonly reported adverse
events were minor, primarily abdominal pain (9%), fever
(5%), vomiting (3%), and diarrhea (2%). Only 1 person
reported rash following vaccination. No severe adverse
events were reported.

OCV Campaign—-Associated Messaging
Most vaccine recipients reported having received informa-
tion about the OCV campaign through television (19%),

Table 3. Estimated oral cholera vaccine coverage, by region and governorate, among refugee camps, internally displaced persons

camps, and collective centers targeted for vaccination, Iraq, 2015*

Region, governorates Frequency No. doses Weighted estimate, % (95% CI)
Northern, N = 154,396 1,340 2 91 (87-94)
1 6 (4-9)
Dahuk, n = 98,327 351 2 90 (84-94)
1 7 (4-12)
Erbil, n = 34,675 476 2 93 (90-96)
1 4 (2-7)
Sulaymaniya, n = 21,394 513 2 93 (89-96)
1 6 (4-10)
Southern and central, N = 78,046 3,667 2 80 (77-82)
1 10 (8-12)
Anbar, n = 41,070 539 2 98 (93-99)
1 2 (1-6)
Wasit, n = 2,300 523 2 91 (85-95)
1 6 (3-12)
Salah Addin, n = 6,000 528 2 81 (74-86)
1 16 (11-22)
Najaf, n = 14,000 572 2 74 (67-81)
1 10 (6-16)
Baghdad Karkh, n = 6,055 471 2 37 (29-44)
1 28 (20-36)
Kerbala, n = 6,017 529 2 30 (22-38)
1 35 (28-42)
Babil, n = 2,604 505 2 21 (15-27)
1 31 (24-39)
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Figure. Location of camps and collective centers where persons were surveyed and vaccinated during a cholera outbreak and
humanitarian crisis, Irag, 2015. Numbers indicate targeted population; estimated 2-dose (A) and 1-dose (B) oral cholera vaccine
coverages are shown in parentheses. White indicates governorates where surveys and vaccination were not conducted; black outlining
indicates governorates; red line indicates border between the northern region and the southern and central regions of Iraq.

neighbors or friends (13%), radio (12%), health staff (7%),
or posters or banners posted before or during the campaign
(7%) (Table 5). In addition, 55% of respondents reported
receiving other cholera prevention messages, such as hand-
washing (33%), thoroughly cooking food (14%), boiling
water (15%), and washing vegetables and fruits (13%).

Discussion

We describe the context of an OCV campaign in Iraqg that
was conducted during an acute humanitarian emergency
and cholera outbreak and results from an OCV coverage
survey in the vaccine-targeted areas. The primary objec-
tive of vaccination in an acute humanitarian emergency
is to rapidly reduce disease risk to protect a population
during periods of extreme vulnerability (13). The risk for
cholera epidemics among displaced populations during a
humanitarian crisis can be elevated, especially due to mas-
sive population movements and overcrowding. Limited
access to clean water, adequate sanitation, and shelter are
also risk factors associated with cholera epidemics. The
World Health Assembly (WHA) and WHO have recom-
mended OCV use in the context of a humanitarian emer-
gency to reduce morbidity and mortality from cholera,
where indicated. In 2011, because of worldwide increases
in cholera incidence, the WHA adopted resolution WHA
64.15, which called for implementation of an integrated
and comprehensive approach to cholera control, including
rapid provision of safe water, adequate case management
at health facilities, strengthened case detection through

early-warning surveillance and laboratory confirmation,
and cholera vaccination (14).

The use of the global OCV stockpile was a positive
experience during the humanitarian crisis and outbreak re-
sponse in Irag. The rapidity of the OCV response activity
is highlighted by the short time that passed between chol-
era detection and implementation of the OCV campaign.
During ~1 month, cholera was detected, a request for OCV
was submitted to the International Coordinating Group,
the decision to provide OCV was made, vaccine was de-
ployed and arrived in country, and the first round of the
OCV campaign was planned and implemented. Excellent
collaboration and coordination was seen among partners,
not only for campaign implementation but also for evalua-
tion activities.

Administrative coverage data have several limitations
for immunization programs in general, usually because of is-
sues with population denominator estimates (15,16). Cover-
age surveys can help verify administrative data and provide
helpful insights into the reasons for vaccine acceptance or
nonacceptance and the effectiveness of social mobilization
activities. Two-dose coverage among targeted camps in Iraq
was high (87%) compared with OCV campaigns conducted
in other conflict settings (10,17,18) and with campaigns con-
ducted in more stable, conflict-free settings (19-22).

Coverage among the OCV-targeted camps in Iraq’s
northern governorates was high; national authorities
thought this high coverage reflected the commitment and
dedication of country staff and partners and the use of
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Table 4. Five most common reasons for not receiving oral cholera vaccine among persons in refugee camps, internally displaced
persons camps, and collective centers targeted for vaccination, Iraq, 2015

Reasons for non-vaccination Frequency Weighted estimate, % (95% CI)
First dose
Was absent during campaign 175 35 (27-43)
Teams did not visit my house 284 30 (23-38)
Vaccines not available 99 11 (7-18)
No faith in vaccine 22 4 (2-9)
Was sick 24 3 (2-5)
Second dose
Was absent during campaign 148 39 (28-51)
Teams did not visit my house 419 36 (26—-46)
Vaccines not available 38 2 (1-3)
Was sick 22 9 (4-18)
Decision-maker not at home 2 5 (2-18)

adaptive vaccination strategies during campaign imple-
mentation. Certain governorates were able to attain high
coverage (e.g., 98% in Anbar) due to the strongly captive
nature of the closed camps and collection centers, which
restricted movement of the populations in or out. Com-
pared with the northern governorates, the southern and
central governorates had lower 2-dose coverage, especially
in Baghdad Karkh, Kerbala, and Babil. Civil strife, heavy
rains, and challenges in program management might have
played a role. Although 2 OCV doses are recommended, a
recent single-dose trial in Bangladesh showed promising
results (23), and a modeling study showed that single-dose
coverage may be especially useful for interrupting disease
transmission in outbreak situations that present challenges
to population access (24). Furthermore, vaccine thermosta-
bility data that support considerations for the use of con-
trolled temperature chains for OCV may help eliminate
stringent cold chain requirements, thereby simplifying vac-
cine delivery (25).

OCV campaign vaccination cards did not accurately
portray 2-dose vaccination status for all respondents, even
though the coverage survey was implemented immediately
after the campaign. This finding suggests a need to remind
vaccine recipients to bring back vaccination cards for the
second round and to improve vaccination card recording
training for vaccination teams. Previous OCV campaigns
in Haiti that reported higher card-documented 2-dose cov-
erage (51%-70%) emphasized the value of keeping vac-
cination cards for receiving the second vaccine dose (21).
Where feasible, the use of serologic studies may also be
helpful in validating reported coverage.

A unique feature of the coverage survey in this com-
plex security environment during a humanitarian crisis was
the use of electronic tablets for data collection and GPS
tracking of survey teams, which enabled remote review
of data quality, spatial tracking of teams, and immediate
feedback for corrective actions. In addition to using fixed
posts at health facilities, the Iragi MoH adopted a door-to-

Table 5. OCV campaign information sources and cholera-associated messages reported seen or heard by survey respondents in
refugee camps, internally displaced persons camps, and collective centers targeted for vaccination, Iraq, 2015*

Information source and type Frequency Weighted estimate, % (95% CI)
Source for information about campaign
Television 1,046 19 (15-24)
Neighbors or friends 599 13 (10-16)
Radio 315 12 (9-17)
MoH staff or vaccinators 579 7 (5-10)
Poster or banner 521 7 (5-9)
Schools 88 3 (2-6)
Community mobilizer 62 3 (2-6)
SMS text messages 57 3 (2-5)
Mosque announcements 62 1(0.3-3)
The Internet 40 <1 (<0.1-0.2)
Received nonvaccine information during campaign 2,410 55 (49-61)
Nonvaccine information heard or seen during campaign
Wash hands with soap and water 2,023 33 (28-39)
Cook food thoroughly 930 14 (11-18)
Wash vegetables and fruits 1,413 13 (10-16)
Boil water 794 15 (12-18)
Clean cooking utensils and vessels 635 6 (4-8)
Dispose of human waste properly 519 5 (4-7)
Drink and use water treated with chlorine products 334 4 (3-7)
Go to health center if | have cholera 312 4 (3-6)
Take ORS if | have cholera 163 3 (1-6)
Do not know or do not remember 35 <1(0.1-0.4)

*MoH, Ministry of Health; OCV, oral cholera vaccine; ORS, oral rehydration solution; SMS, short message service.
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door strategy for both rounds of the OCV campaigns. This
strategy was based on the MoH’s familiarity with the use
of this method in previous polio and measles campaigns.
The door-to-door strategy explains the finding that most re-
spondents (90%) were vaccinated at residential structures.
Furthermore, strategies to include extended evening hours
and additional sites at camp entrances and nearby markets
helped capture male persons >15 years of age, a group that
has experienced the lowest coverage rates in other cam-
paign settings (20,21). However, given that one of the most
frequent reasons for not being vaccinated was that vaccina-
tion teams did not visit residential structures, clearer mes-
saging may be needed for the dual strategy of providing
vaccine door-to-door and at fixed posts.

Less than 10% of respondents reported receiving in-
formation about the campaign from MoH staff or com-
munity mobilizers, which may have been because of the
complex management structure of numerous partners and
nongovernmental organizations within the targeted camps.