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Infectious disease dynamics:

The study of how the distribution
and transmission of infectious
diseases vary across space and time

Infectious disease dynamics answer
the following types of questions

» Given the introduction of a pathogen to a
population, will cases increase?

* If so, how quickly and how far?
» Will the pathogen persist in the population?

* What are the drivers of spatial and temporal
variation in the disease incidence?

* What is the best way to intervene to minimize
the burden and spread of disease?

« Can transmission be eliminated?

Some key measures of disease occurrence

Prevalence: Proportion of persons with a specific disease at a
specific time point in the population

Incidence: Proportion of persons acquiring a specific disease
during a time period in the population

Attack rate: Proportion of new cases developing disease among
all persons who were exposed to the disease during a time period

Secondary attack rate: Proportion of new cases who develop
disease among all contacts of known cases during a time period

Case fatality rate or ratio: Proportion of persons dying from a
specific disease among all persons with the disease

Mortality: Number or proportion of persons dying during a time
period; a product of incidence and the case fatality rate

Some key terms to describe individuals

« Susceptible: uninfected, but able to become infected if exposed

+ Infectious: infected and able to transmit the infection to other
susceptible individuals

+ Immune: possessing cell-mediated or humoral antibody protection
against an infection

+ Diseased/clinical infection: implies the presence of clinical signs
of pathology (not synonymous with infected)

« Latent infection / subclinical infection: implies presence of
infectious agent but absence of clinical disease

« Carrier: implies a protracted infected state with shedding of the
infectious agent. Carriers may be diseased, recovering, or healthy.
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Some key terms to describe the case

» Primary case: Person who brings the disease/infection into a
population

« Secondary cases: Persons who are infected by primary case

« Generation of infections (waves): Secondary cases are infected at
about the same time and consequently tertiary cases

+ Index case: First case discovered during an outbreak

Infectious Disease dynamics depend
on.....

» Basic Reproductive number (R0): the average number
of secondary cases generated by an index case when an
epidemic begins in a completely susceptible population

* Mean Generation time (serial interval) (T): the average
time it takes an index case to infect other individuals
after he becomes infected

« Epidemic growth rate (r): the rate of change in the
number of infections, e.g. during the early phase, the
epidemic doubling time is In2/r

Basic Infectious Disease Model

» The simplest transmission model includes:
— Susceptible/Infected/Recovered with/without immunity
— Duration of infection
— Stage of infection (may influence infectivity or activity)
» We can complicate the model by including:
— Pathogen reproduction and vital dynamics
— Pathogen evolution states (different infectivity levels)
— Population dynamics (births/death rates; migration)

Example: The simple measles model has two transitions:

infection recovery

e

Reproductive ‘rate’, R

Also called “reproductive number” = potential for an
infectious disease to spread

» Average number of new infections caused by 1 infected
individual

* In an entirely susceptible population
— Basic reproductive rate, R,

* In a population where <100% are susceptible
— Effective reproductive rate, R = proportion susceptible x R,
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Basic Reproductive number, R

* The average number of secondary cases generated by an
index case in a fully susceptible population:
— Reproductive number, R: Same as R, except that the population
needs not be completely susceptible. Examples:
= Some time after the epidemic has started, in which case we denote the
reproductive number by R,.
= Ifthe population is partially vaccinated before the outbreak.

1.67

2+2+3
1% generation 3
2nd generation

3 generation

Basic reproductive number, R,

R, > 1 Infection spreads (epidemic)
R, = 1 Infection remains constant (endemic)
R, < 1 Infection dies out (herd immunity)

Why is R, important?
Indicates controllability of an outbreak, e.g. how
many people do we need to vaccinate to prevent
an epidemic?

How to measure it?
contact tracing and cohort follow-up
fitting mathematical models to epidemic curves

Generation Time

* The average time it takes an index case to infect
other individuals after he becomes infected.

4 3
T, = the average of t,, t,, t3, t,

[
t 3

* Why is it important?
— Indicates how long it takes for an infected individual to
spread his infection.
— R, indicates how many people an index case infects but
not how fast these infections happen.
— Ry, Ty and epidemic growth rate are interrelated:
* Foragiven Ry, ashorter Ty = higher growth rate.

Some R, and generation times for
typical pathogens

Kenrad N. Infectious Disease Epidemiology . 2014
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Mathematical Models of Infectious
Disease Transmission Dynamics

Frequently used in infectious disease epidemiology

* Major goal is to “further understanding of the interplay
between the variables that determine the course of
infection within an individual, and the variables that
control the pattern of infection within communities of
people”

Anderson RM & May RM. Infectious Diseases of Humans.
Dynamics and Control. 1991.

Why develop a model?
» To understand the system of transmission of infections in
a population
* To help interpret observed epidemiological trends

» To identify key determinants of epidemics

To guide the collection of data

To forecast the future direction of an epidemic

To evaluate the potential impact of an intervention

The simplest epidemic model

« Aclosed large population of size N is partitioned into three classes of
individuals: “Susceptible”, “Infectious”, and “Recovered” (SIR model).

« Allindividuals are assumed to be identical in terms of their (i)
susceptibility to infection, (ii) infectiousness if infected, and (iii) mixing
behavior associated with disease transmission (the so-called
homogenous mixing assumption).

S@+An=S0- BSOIOA

et e
=" increases exponentially

16+a0=10+ BSOIOA - el

s b
LT S

Hallmarks of an epidemic:
1. The number of infections

The epidemic curve is

unimodal and peaks when
the susceptible pool has
been sufficiently depleted
(such that R, < 1)

Epidemiologic parameters:
Ry=p/a.T,=1/a
) r=(Re-1)/T,=f-a

Determinants of R,

For a pathogen with direct person-to-person transmission
R, =BcD

where B is the probability of transmission per contact
between infected and susceptible persons

¢, is the contact rate

D is the duration of infectivity
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Example SIR Model

» Consider the following values
— N = 1000 people
— Transmission probability, B = 0.15
— Contact rate, ¢, = 12 contacts per week
— Infection duration, D = 1 week

+ Basic reproductive rate: R;=0.15*12*1=1.8

* Effective reproductive rate attime t: R, =S, * R,

Sources of data for model parameters:
The example of sexually transmitted infections (STI)

* Recall the three main parameters are:
— Transmissibility (8)
— Duration of infectivity (D)
— Contact rate (c,)

* Where do estimates of these parameters come from?

Table 3-1. Transmission Probabilities and Durations of
Infecti

) Transm—i:s-in: i ;Mea—n dl.;l:ation of
probability B infectiousncss D
(per (untreated) in

Infectious agent  Discase partnership) years

Neisseria Gonorrhoea 0.5 0.5
gonorrhoeae

Chlamydia Urethritis/ 0.2 1.0
trachomatis Salpingitis

Treponema Syphilis 0.6 0.5
pallidum

Haemophilus Genital 0.8 0.08
ducreyi ulcer

HIV-1 AIDS 0.05-0.15 8-12

Anderson RM. Transmission dynamics of sexually transmitted infections. In: Sexually
Transmitted Diseases. Holmes KK et al., eds. 1999. pp. 25-37

Transmissibility (B): Measurement

» Measured as the probability of transmission from an
infected to a susceptible partner (attack rate)

» Sources of data
— Contact tracing
— Discordant couples

— Studies of sexually active individuals who report partners with
known STI status, or if the prevalence of the STl in the pool of
partners is well known

» Challenges

— Enrolliment of sexual partners may be difficult

— lIdentification of contacts between infected and susceptibles, and
direction of transmission

— What is a “contact”?
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Duration of infectivity (D): Measurement

» Sources of data
— Duration of clinical disease
— Duration of infection

» Challenges in measurement
— Duration of disease = duration of infectivity?
— Asymptomatic versus symptomatic
Ethical obligation to treat identified infections
May need to rely on historical data of questionable quality

Contact rate (c,)

Typically measured as the rate of new partner acquisition
(e.g.., per year)

Model so far assumes homogeneity in contact rate

Data source is sexual behavior surveys
— General population

— Selected populations (e.g.., adolescents, adults aged 18-45,
students, gay and bisexual men, drug users)

Mathematical Model of Transmission Dynamics:
Susceptible-Infectious-Recovered (SIR) model

» Assumptions
— Population is fixed (no entries/births or departures/deaths)
— Latent period is zero
— Infectious period = disease duration
— After recovery, individuals are immune

» People can be in one of three states
— Susceptible to the infection (S)
— Infected and infectious (I)

— Recovered/immune (R*)  «not o be confused with R
denoting reproductive number...
unfortunate nomenclature!

Giesecke J. Modern Infectious Disease Epidemiology. 2002. pp. 126-130

B, c,, and D estimates: Bottom line

Uncertainty and limitations in parameter estimates
Well-written papers will

— Identify the source or reasoning behind parameter estimates

— Conduct sensitivity analysis to determine how much the model
results depend on parameter values

Sometimes the transmission model will identify a lack of
knowledge in these parameters, and can direct empirical
research to obtain more data
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Vaccination

» Suppose the vaccine is 100% efficacious
« Itis not necessary to vaccinate the whole
population to halt a growing epidemic. Why?

— Vaccinating an individual indirectly reduces the risk of
infection of this individual’ s contacts (herd immunity)

® Infected

@ Susceptible

@ Vaccinated

Vaccination with
coverage p

R=R, R=Ry(1-p)

Vaccination

Suppose the vaccine is 100% efficacious.

Critical vaccination coverage, V. *

— The minimal proportion needed to vaccinate in order to prevent
an epidemic

In the SIR model, V, = 1-1/R,, i.e. vaccinating a

proportion p > 1-1/R,, of the population is sufficient to

prevent an epidemic. Why?

— After vaccination, the reproductive number is

R=(1-p)Ry<1 <= p>1-1/R,

* Not to be confused with c,
denoting contact rate...
unfortunate nomenclature!

Predicting number of infections

The Reproductive number and the Generation time can be estimated from
epidemic data (e.g. number of symptomatic cases) during the early phase.
Can we use the epidemic model to predict the number of infections?

This is similar to doing a 3-month weather forecast...basically extrapolating
current trends far into the future.

What would infection attack rate be if the critical vaccination coverage is not
reached?

1

Attackrate.
09 | —— Critcal coverage

Atackrate

05
R, Vaccination coverage

Extension of the basics

More detailed natural history

Individual-based model instead of compartmental models
Age structure; multiple populations

Births, deaths, immigration, emigration

Seasonality and other time-dependent forces
Stochasticity ( ‘chance effects’)
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Estimating transmissibility

Transmissibility of 1918

Data: Pneumonia & Influenza Mortality  Pandemic influenza

death curves for 45 US cities Christina E. Mills', James M. Robins'* & Mare Lipsitch'*
Examples of how models can be Model: eterministic SEIR model
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useful and informative
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Global spread on pandemic influenza Delaying global spread of pandemic influenza
orenBncesss PLOS weocne » Results: Pandemic influenza will spread around the globe
Delaying the International Spread within a few months unless travel restrictions is >99.9%
of Pandemic Influenza Travel reduction o Tansmisson wdcion
Ben'. Cooper’, Richard J. itman, W. John Edmunds, Nige . Gay PR
Coe s s is
« Data: Number of seats on flights between 105 cities from International § :
Air Transport Association. City sizes from the United Nations urban E <
agglomeration data. H
* Model: Stochastic SEIR meta-population model. :E H
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» Conclusion: Realistic level of travel restrictions cannot prevent
global spread but border screening may delay epidemic
takeoff by a couple of weeks.




THE END
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