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Summary

The special aspect of communicable diseases is the presence of the infectious agent in
the host population. The key distinguishing process is transmission of the infectious
agent from one host to another. The key relation in infectious diseases is the dependence
of infection events among individuals in a population, called dependent happenings by
Sir Ronald Ross in 1916. Two key measures in communicable diseases are the
transmission probability and the basic reproductive number. Once a host is infected, the
natural history of the infectious agent within the host can be described with reference to
either infectiousness or disease. The binomial model of transmission is one of the most
commonly used approaches for estimating the transmission probability. The secondary
attack rate (SAR) is a special case of the transmission probability. Secondary attack rate
studies are often conducted by identifying infectious individuals, then recruiting their
transmission units or contacts into the study to establish what proportion become
infected. It is generally recommended to use the simplest transmission model that
captures the essence of the scientific question at hand. Evaluation of indirect effects of
an intervention in a population involves comparison of populations or communities, not
just individuals.
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1. Introduction

The special aspect of communicable diseases is the presence of the infectious agent in
the host population. The host population can be humans or other animals. The life cycle
of the infectious agent may also include a vector, such as a mosquito or a snail. The
infectious agent has a life and agenda of its own. Its presence creates a population-level
dynamic that is absent from noncommunicable diseases. Due to the active infectious
agent, there are measures of natural history and disease frequency that distinguish the
epidemiology and analytic problems in infectious diseases from those of other fields.
The key distinguishing process is transmission of the infectious agent from one host to
another. The key relation in infectious diseases is the dependence of infection events
among individuals in a population, called dependent happenings by Sir Ronald Ross in
1916. That is, how many people become infected at any time depends on how many
people are already infected and infectious. Thus, infection events are not independent.
One consequence of the dependence of events is that an intervention in one individual
can have consequences for the outcomes in other individuals. The indirect effects of
interventions and their evaluation are of increasing interest in infectious disease
epidemiology.

Two key measures in communicable diseases are the transmission probability and the
basic reproductive number. The transmission probability is the probability that, given a
contact between an infective source and a susceptible host, successful transfer of the
infectious agent will occur so that the susceptible host becomes infected. The basic
reproductive number R, is the expected number of new infectious hosts that one

infectious host will produce during his or her infectious period in a large population that
is completely susceptible. Both the transmission probability and the basic reproductive
number are measures of the success of an infectious agent in a population. The basic
reproductive number is a function of the transmission probability, the duration of
infectiousness, and the contact process. The dependent happening relation defines the
incidence rate of infection as a function of the prevalence of infectious persons as well
as the transmission probability, the contact process, and the contact patterns. Thus, both
the incidence rate of infection and the basic reproductive number are functions of the
transmission probability and the contact process. However, the incidence rate of
infection is from the point of view of the susceptible, and the basic reproductive number
is from the point of view of the infectious person.

Once a host is infected, the natural history of the infectious agent within the host can be
described with reference to either infectiousness or disease. While the disease process
and its associated time line are important to the infected person and to a physician, the
dynamics of infectiousness are important for propagation of the infectious agent and for
public health. The relation of the two time lines to one another is specific to each
infectious agent and can have important implications for study design and public health.

The natural history of infectiousness includes the latent period, the time interval from
infection to becoming infectious, and the infectious period, during which time the host
could infect another host or vector. Eventually the host becomes noninfectious, either by
clearing the infection, possibly developing immunity, or by death. The host can also
become noninfectious while still harboring the infectious agent. The host may also
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become an infectious carrier if he recovers from disease and becomes asymptomatic,
but remains infectious.

In contrast, the natural history of disease in the infected host includes the incubation
period, the time from infection to symptomatic disease, and the symptomatic period.
The probability of developing symptomatic disease after becoming infected is the
pathogenicity of the interaction of the infectious agent with the host. Eventually the host
leaves the symptomatic state, either by recovering from the symptoms or by death. An
inapparent case or silent infection is a successful infection that does not produce
symptoms in the host. Inapparent cases can be infectious.

Historically, early 20th century epidemiology and biostatistics were dominated by
applications in infectious diseases. Sir Ronald Ross wrote his paper on dependent
happenings and developed the early mathematical models of malaria and the effect of
intervention measures. Greenwood and Yule wrote a seminal paper on evaluating
vaccination in general, but with the particular case of typhoid and cholera inoculation
during the Balkan Wars. Frost developed the concept of the cohort effect in elucidating
age and period related changes in tuberculosis disease. Kendrick and Eldering wrote a
lengthy paper on the conduct and analysis of pertussis vaccine trials in 1939. In the
1950’s attention was focused on the design and implementation of the community-based
polio vaccine trials.

However, in the mid-20th century the focus of epidemiology and biostatistics turned
towards cancer and heart disease. With the advent of the antibiotic era and the success
of numerous vaccines, scientists really believed that infectious diseases were licked. It
was just a matter of mopping up the little that was left. Besides which, if there was a
magic bullet like penicillin around, fancy statistics were not required to tease out any
subtle results. Infectious diseases fell out of favor with biostatisticians, as well as many
other people.

By the mid-1980’s, the trend reversed. Many infectious agents including those
responsible for malaria, tuberculosis, and gonorrhea, were developing drug resistance.
The sudden appearance of HIV/AIDS drew many highly qualified statisticians and
epidemiologists out of the cancer arena to tackle the analytic problems posed by that
infection. Also, the development of new vaccines against important diseases, such as
HIV, human papilloma virus, influenza and pertussis began to pose more difficult
analytic problems. Advances in molecular epidemiology and the use of microarray chips
to study immune responses have opened up whole new scientific horizons.

As a consequence, methodological developments in the study of infectious diseases
have received increasing attention. Of particular interest is in understanding the indirect
and population-level effects of interventions, not just the direct protective effects. One
question is how a particular vaccine might reduce infectiousness and therefore
secondary transmission to others. It is possible that a vaccine might not confer good
direct protection, but reduce transmission and therefore be an important public health
intervention tool. Another question is how immunization of one segment of a population
might affect incidence in another segment. For instance, there is considerable interest in
what the effect of vaccinating children against influenza would have on the incidence in
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adults. These questions, results of the dependence of events in infectious diseases, raise
challenging issues of study design and analysis. Estimating the effects of interventions
on secondary transmission generally requires information on contacts between
infectives and susceptibles. Estimating indirect effects of interventions requires
comparison across whole communities. These problems are the current focus of much
active methodological research.

2. Transmission probability

One measure of the success of an infectious agent is how effectively it is transmitted.
The transmission probability p is the probability that, given a contact between an

infective source and a susceptible host, successful transfer of the infectious agent will
occur so that the susceptible host becomes infected. The transmission probability
depends on characteristics of the infective source, the infectious agent, the susceptible
host, and the type of contact. Estimation of the transmission probability and its
distribution is important for planning public health interventions, for evaluating
interventions, and for understanding the population biology of the infectious agent.

2.1 The binomial model of transmission

The binomial model of transmission is one of the most commonly used approaches for
estimating the transmission probability. The basic idea of the binomial model is that
exposure to infection occurs in discrete contacts and that each contact is independent of
another. If p is the transmission probability during a contact between a susceptible

person and an infectious source, then the probability that the susceptible person will not
be infected during the contact is q=1-p. The quantity gq is called the escape

probability. If a susceptible person makes n contacts with infectious people, then,
assuming all contacts are equally infectious, the probability of escaping infection from

all of the n contacts is q" = (1— p)". The probability of being infected after n contacts
with infectives is 1= q" =1—(1— p)".

To estimate the transmission probability, generally information is needed on contacts
between susceptibles and infectives and which of the contacts result in successful
infection. Many different approaches can be used to estimate the transmission
probability from the binomial model when the appropriate data are available. Most
commonly used are maximum likelihood and, more recently, Bayesian Markov chain
Monte Carlo methods. The challenges of estimating the transmission probabilities of
HIV have pushed the field forward in the past decade. Issues such as interval censoring
of infection data, measurement error in exposure to infection data, and heterogeneities
have been taken into account. Covariate or intervention effects can be easily included in
the model as multiplicative effects on the transmission probability.

The concept of a contact is very broad and must be defined in each particular study. The
infectious agent’s transmission mode determines what types of contact are potentially
infectious. Contacts can be defined between two individuals, or an individual and a
vector. More generally, contacts can also be defined within small transmission units,
such as households, child care centers, school classes, or retirement homes. Within
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small transmission units, mixing is often assumed to be random. A small transmission
unit can also be defined as two individuals, such as a steady sexual partnership or a
household with just two people. The definition of a contact within a study can depend
on the definition of the transmission units. The small transmission unit can also be
thought of as a minicohort.

2.2 Contacts with persons of unknown infection status

Ascertaining and counting contacts can be difficult. Even more difficult can be to know
the infection status of all of the ascertained contacts. Thus, the infection status of the
contacts is often unknown. Under these circumstances, it is not possible to estimate the
transmission probability directly. However, a model-based approach can be used to
incorporate data on the prevalence of infection in the population along with assumptions
about the mixing within the population to model the probability of infection per contact
with a person of unknown infection status.

Under the assumption of random mixing, that is randomly making contact with other
people in the population, the probability that a person with whom a susceptible makes
contact is infectious equals the prevalence of infectious people in the population of
contacts, denoted by P Then the probability of being infected from a contact of
unknown infection status is o = pP . The quantity p is not a transmission probability in
the strict sense, but an infection probability. The probability of escaping infection from
contact with someone of unknown infection status is 1— p =1— pP . Under the binomial

model, the probability of becoming infected after n such contacts is

1-(1-pP)" =1—(1- p)". With external estimates of the prevalence in addition to data
on number of contacts and the occurrence of the infection, estimation of the
transmission probability can proceed exactly as described above. The estimates of the
transmission probability are sensitive to the accuracy of the prevalence estimates. Use
of prevalence estimates to aid in estimating transmission probabilities is an area of
current research.
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