
  

 

Introduction to Infectious disease 
epidemiology 

Dr Tim K. Tsang 

WHO Collaborating Centre for Infectious Disease 
Epidemiology and Control, School of Public Health, Li Ka Shing 

Faculty of Medicine, The University of Hong Kong. 



 

Epidemiology is the basic science of public health 

Where and when does the disease of interest 
appear? 

What is the burden of the disease in the 
population? 

Do people who have the disease have any 
common characteristics that are not present 
among people who do not have the disease? 



  
  

   

 
 
  

   

  
 

 
 

  
 

   
 

Anatomy of an epidemic 

1. Random effects (e.g. probability of 
extinction) are substantial when 
the number of infections is small 

2. No. of new infections 
grow exponentially 
after the epidemic has 
taken off 

3. Epidemic peaks when the 
susceptible pool has been 
sufficiently depleted such that 
effective reproductive number is 1 

4. Sustained disease 
transmission after the 
epidemic depends on 
replenishment of the 
susceptible pool 

Ferguson et al Nature 2003 



 

  

 

 

Infectious disease epidemiology 

Many epidemiologic studies of infectious diseases are observational 

• Impossible to set up precisely the same set of conditions 

• Releasing pathogens is unethical and prohibited 

• Robust disease surveillance and meticulous medical records are 
essential for infectious disease studies 



 
 

 

   
   

 

   
  

 

  

Natural history 

Incubation period: Time from infection to symptoms onset 
Latent period: Time from infection to infectiousness onset 
Infectious period: Time during which the infected person is infectiousness 

Symptoms are readily observable or recallable 

The time of infection is most often 
not directly observable, but might 
be inferred from exposure history 

Diseases with higher pre-symptomatic 
infectiousness are generally more difficult to 
control (with symptoms-based interventions, 
e.g. isolation and contact tracing) 

“Factors that make an infectious disease outbreak 
controllable” 

Fraser et al PNAS 2004 



 

 

Incubation period 

SARS-CoV-2: Xin et al Clin Infect Dis. 2021 

SARS: Leung et al Ann Intern Med 2004 

H7N9: Cowling et al Lancet 2004 



   

 

 

Incubation period 

The incubation period can vary substantially among individuals: 

• Route and dose of transmission 

• Host genetics, age, immunity 

• Intervention (e.g. pharmacologic 
prophylaxis and treatment) 

Viriogeux et al Emerge Infect Dis 2016 



   

 

Incubation period 

The incubation period can vary substantially among individuals: 

Younger patients have longer incubation 
period for AIDS 

• Route and dose of transmission 

• Host genetics, age, immunity 

• Intervention (e.g. pharmacologic 
prophylaxis and treatment) 

Darby et al Lancet 1996 



   

 

Incubation period 

The incubation period can vary substantially among individuals: 

Antiretroviral therapies lengthen the 
incubation period of AIDS 

• Route and dose of transmission 

• Host genetics, age, immunity 

• Intervention (e.g. pharmacologic 
prophylaxis and treatment) 

Broomeyer et al Science 1991 



  

   

Incubation period distribution 

• Typically right-skewed, i.e. has a long right tail 

• Often looks like a lognormal distribution (the log of incubation period 
is normally distributed) 



   Incubation periods of acute respiratory viral infections 

4.0 
 

 

 

 

 

 

1.4 

0.6 

3.1 

3.3 

12.5 

SARS

Avian flu H7N9

Avian flu H5N1

Seasonal flu A

Seasonal flu B

Measles

Incubation period (days) 

Lessler et al Lancet Inf Dis 2009 



 Incubation periods for COVID-19 

Xin et al Clinic Inf Dis 2021 



  
 

     
   

Why do we want to know about incubation period? 

For clinical management: 

– To predict disease severity, e.g. shorter incubation time is associated 
with more severe outcome 

Risk of progression to death after AIDS diagnosis 65 tetanus ICU cases 
was reduced after widespread use of hyperactive 1961-1977, Leeds, UK 
antiretroviral therapies (HAART) 

Edmondson et al Survey of Anesthesiology 1980 Wong et al CID 2004 



  

Why do we want to know about incubation period? 

For public health control: 

• To identify the origin of common-source outbreaks 

Weekly number of hepatitis A cases in Pennsylvania, 2000-2011 



  

Why do we want to know about incubation period? 

For public health control: 

• To identify the origin of common-source outbreaks 

An epidemic of hepatitis A in Pennsylvania in 2003 



    
    

  
   

    

 
 

Why do we want to know about incubation period? 

For public health control: 

– To estimate the duration necessary for quarantining suspected or 
contacts of cases to ensure that they are not infected upon release 

– Quarantine means isolating suspected cases and contacts from the 
community to prevent disease transmission in case they have been 
infected but do not yet have the clinical or virologic evidence of so. 

Set  high enough so that upon 
released from quarantine, the 
individual is uninfected with high 
probability, e.g.  = 95 or 99 



 

 

 
 

  
  

  
       

  

Why do we want to know about incubation period? 

For public health surveillance: 
• Backcalculate incidence of infection from incidence of clinical cases 

An example: HIV 
The incubation period of AIDS had a median of around 9 years and could 
range from 3 to more than 12 years, so the observed AIDS cases represented 
only a small proportion of the total number of HIV infections in the 
population. 

“HIV infection rates are related to AIDS incidence through the incubation period 
distribution. The fundamental convolution equation is given by 

where a(t) is the cumulative number of cases of AIDS diagnosed by year t, I(s) is 
the infection rate in year s, and F(t|s) is the incubation period distribution among 
individuals infected in year s.” 

Brookmeyer Science 1991 



  

From HIV infection to AIDS diagnoses 

t t

 AIDS(u)     HIV (u)   F (t  u)
14 2 43 14 2 43

1u u 1 14 2 4 3 Number of Proportion of infections 
HIV infections with incubation period Cumulative number 
in year u shorter than tu  yearsof AIDS in year t

Backcalculation 
Inferring HIV incidence from AIDS epi-curves and incubation period 

Only 20 % of HIV 
infections have 
progressed to AIDS 
by year 10 
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Clinical iceberg model 
Morbidity and mortality observed in the 
clinical settings often constitute only a small 
proportion of all infections in the population 

Asymptomatic or subclinical 
infection carriers are common 
for many infectious diseases 
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Almost 100%  
symptomatic 

Polio infection 
Approximately 95% of persons infected with 
polio will have no symptoms. About 4 8% of 
infected persons have minor symptoms, such 
as fever, fatigue, nausea, headache, flu like 
symptoms, stiffness in the neck and back, 
and pain in the limbs, which often resolve 
completely. Fewer than 1% of polio cases 
result in permanent paralysis of the limbs 
(usually the legs). Of those paralyzed, 5 10% 
die when the paralysis strikes the respiratory 
muscles. The death rate increases with 
increasing age. 
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Measures for transmissibility 

• Infection attack rate 

– The proportion of a population (subgroup) infected 
over the course of an epidemic 

• Secondary (infection) attack rate 

– The proportion of individuals infected in a semi-closed 
setting (e.g. households, airplanes, military barracks) in 
an outbreak caused by an index case (ideally accounting 
for pre-existing immunity) 

• Basic reproductive number 

– The average number of secondary cases generated by 
an index case when an epidemic begins in a completely 
susceptible population 



 

Disease transmission 

Index case – the first case identified 
Primary case – the case bringing infection to a population 
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Disease transmission 

Index case – the first case identified 
Primary case – the case bringing infection to a population 
Secondary case – infected by a primary case 
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Disease transmission 

Index case – the first case identified 
Primary case – the case bringing infection to a population 
Secondary case – infected by a primary case 
Tertiary case – infected by a secondary case 

Susceptible 

Immune 

Clinical 

Sub-clinical 
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Secondary attack rate 

𝑛𝑜. 𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 
𝑆𝐴𝑅 = 

𝑛𝑜. 𝑜𝑓 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 (𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒𝑠) 
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Madewell et al JAMA Network Open 2021 



   
  

  
 

    

Basic concepts for describing transmission 

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, Tg 

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

Epidemic growth rate, r 

• The  rate  at  which the  number  of  infections is increasing exponentially 

• During the early phase,  the epidemic doubling time  is td =  ln2/r. Why? 
During this phase,  the  epidemic size is growing exponentially at  rate  r. 
This means 

2 × current size = current size × exp(rtd) 



 
 

 

 

Basic reproductive number, R0 

The average number of secondary cases generated by an 
index case in a fully susceptible population: 

– Reproductive number, R: Same as R0 except that the 
population needs not be completely susceptible 

• Some time after the epidemic has started, in  which  
case we denote the reproductive number by Rt. 

• If the population is partially vaccinated before the 
outbreak. 

0

2
3

2
2.

3

3
R

 
 

1st generation 

2nd generation 

A 

B 

C 

3rd generation 



  

Basic reproductive number, R0 

The average number of secondary cases generated by an
index case in  a fully susceptible population. 

  

How to estimate R0? 
• Contract tracing and cohort follow-up. 
• Fitting mathematical models to epidemic curves. 

  

R0 < 1: The epidemic will die out  
without exponential growth 

The epidemic dies out 
without exponential growth 

10 infected 
seeds 

 

R0 > 1: The pathogen can lead to an 
exponentially growing epidemic 

Exponential growth 
10 infected 
seeds 



 
 

 

 

Timescale of disease transmission 

Reproductive number describes the number of secondary cases but 
not how long it takes for infections to occur. 

Generation time: Time between successive infections. 

Serial interval: Time between symptom onset of successive infections. 



  
  

   

 

  

Timescale of disease transmission 

Shorter generation time or serial interval means that confirmed and 
probable cases would need to be identified and removed from the 
population sooner in order to prevent them from spreading the disease. 

SARS 
Serial interval = 8 days nd rd 

 

2 infectee 3 infectee 
1st infectee 

Time since infection 

Infections are prevented if isolated 
during this period 

Influenza 
Serial interval = 3 days 

  
 

 
2nd infectee 3rd infectee 

1stinfectee 

Time since infection 

Infections are prevented if 
isolated during this period 



  
   

Timescale of disease transmission 

Latent period 
• The time it takes to become infectious after infection. 
• Can be longer or shorter than incubation period. 

   

   
 

 

 

Isolation upon symptoms onset is VERY effective for 
preventing transmission 

e.g. SARS 

Isolation upon symptoms onset is NOT effective for 
preventing transmission 

e.g. SARS-CoV-2 



 Generation time = 2 days Generation time = 5 days 



 Generation time = 2 days Generation time = 5 days 



 Generation time = 2 days Generation time = 5 days 



 Generation time = 2 days Generation time = 5 days 



 Generation time = 2 days Generation time = 5 days 



 Generation time = 2 days Generation time = 5 days 



 Generation time = 2 days Generation time = 5 days 



 

  

  

Epidemic growth rate depends on R0 and Tg 
• Mean generation time Tg: the average time it takes an index case 

to infect other individuals after he becomes infected. 

t3 t4 

t1 t2 

Tg = the average of t1, t2, t3, t4 

• R0, Tg and epidemic growth rate r are interrelated. For a given R0, 
a shorter Tg means a higher growth rate. 

𝑅0 = 1 + 𝑟𝑇𝑔 𝑅0 = 𝑒𝑟𝑇𝑔 



  

Basic reproductive number and mean serial intervals 
of some pathogens 

Disease R0 Mean serial  interval  (days) 

Pandemic influenza 1.5 – 3 2.5 

SARS 2 – 3 8 

Measles 12 – 19 12 

Smallpox 4 – 7 15 

Chickenpox 4 – 9 14 

Heffernan et al Royal Society Interface 2005 
Fine Am J Epidemiol 2003 



 

Basic reproductive number of variant of SARS-COV-2 

Du Clinic infect dis. 2022 



 
 

 
 

  

Infectious disease modeling 

• A systematic way of translating assumptions and data regarding 
disease transmission into quantitative description of how an 
epidemic evolves. 

• Just like animal models, infectious disease modeling is a tool for 
helping you collect your thoughts about a complex problem to 
generate and test hypotheses. 

• Some uses of infectious disease modeling: 

– Estimating transmission parameters from epidemiologic data 

– Estimating effectiveness of interventions from epidemiologic data, 
e.g. vaccination or school closure 

– Predicting the cost and effectiveness of intervention strategies, e.g. 
vaccinating core transmission group vs high-risk group 



     
 

    
 

  
 

The simplest epidemic model 

• A closed population of size N is partitioned into three compartments of 
individuals: “Susceptible”, “Infectious”, and “Recovered” (SIR model). 

• All individuals 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). 

Hallmarks of an epidemic: 
1. The number of  infections  

increases exponentially 
during the early phase of a 
growing epidemic 

2. The epidemic  curve is 
unimodal and peaks when  
the susceptible pool has  
been  sufficiently depleted 
(such  that  Rt < 1) 

Epidemiologic parameters: 
R0 = β/α, Tg = 1/α 
r = (R0−1)/Tg = β − α 1 

2 



SIR epidemic dynamics 



Exponential 
growth 

SIR epidemic dynamics 



  

 

Exponential 
growth 

R decreases 

Depletion of susceptibles 

Attack rate increases 

SIR epidemic dynamics 



  

 

SIR epidemic dynamics 

R drops to 1 

The epidemic peaks 

Depletion of susceptibles 

Attack rate increases 



  

 

 

Incidence begins to drop 

Depletion of susceptibles 

R drops below 1 

Attack rate increases 

SIR epidemic dynamics 



  

 

 

Incidence drops 
monotonically 

Depletion of susceptibles 

R drops below 1 

Attack rate increases 

SIR epidemic dynamics 



 

  

 

 

The epidemic 
dies out 

Depletion of susceptibles 

R drops below 1 

Attack rate increases 

SIR epidemic dynamics 



 

  

 

 

The epidemic 
dies out 

Depletion of susceptibles 

R drops below 1 

Final attack rate 

SIR epidemic dynamics 



 

 

 

  

Final attack rate < 100% 

The epidemic 
dies out 

R drops below 1 

Depletion of susceptibles 

SIR epidemic dynamics 



  

    

                                   

 

Vaccination 

• Suppose the vaccine is 100% efficacious. 

• It is 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 = R0 R = R0(1−p) 



Herd immunity 

Susceptible 

Infected 

Vaccinated(100% directly protected) 

I 



Herd immunity 

Susceptible 

Infected 

Vaccinated(100% directly protected) 

I 



Herd immunity 

Susceptible 

Infected 

Vaccinated(100% directly protected) 

I I 



Herd immunity 

Susceptible 

Infected 

Vaccinated(100% directly protected) 

I I 



Herd immunity 

Susceptible 

Infected 

Vaccinated(100% directly protected) 

I I 



Herd immunity 

Susceptible 

Infected 

Vaccinated(100% directly protected) Indirectly protected 

I I 



  
 

 

Critical vaccination coverage 

• Suppose the vaccine is 100% efficacious. 

• Critical vaccination coverage, c * 

– The minimal proportion needed to be vaccinated in order to 
prevent an epidemic. 

– Also called the herd immunity threshold 

• In the SIR model, c * = 1–1/R0, i.e. vaccinating a proportion p 
> 1–1/R0 of the population is  sufficient to prevent an 
epidemic. Why? 
– After vaccination,  the  reproductive number  is 

R  (1 p)R0 1            p 11 R0



     
 

    
 

  
 

Recap:  The simplest epidemic model 

• A closed population of size N is partitioned into three compartments of 
individuals: “Susceptible”, “Infectious”, and “Recovered” (SIR model). 

• All individuals 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). 

Hallmarks of an epidemic: 
1. The number of  infections  

increases exponentially 
during the early phase of a 
growing epidemic 

2. The epidemic  curve is 
unimodal and peaks when  
the susceptible pool has  
been  sufficiently depleted 
(such  that  Rt < 1) 

Epidemiologic parameters: 
R0 = β/α, Tg = 1/α 
r = (R0−1)/Tg = β − α 1 

2 



  

 

Building more complexities into the model 
• Stochasticity (“chance effects”) 

• More detailed natural history , e.g. asymptomatic infections 

• Age structure and multiple populations 

• Aging, birth, deaths, immigration, emigration 

• Seasonality and other time-dependent forcing 

• Individual-based model instead of compartmental model 

“Everything should be made as simple as possible, 
but not simpler.” 

- Albert Einstein 

Nobel Prize in Physics 1921 

Models should be: 

• Complex enough to provide robust answers 

• Simple enough to avoid unnecessary details 



SIR model with vaccination 

c  

 

 

b(1 f) 

Susceptible, S 

Infected, I 

Recovered, R 
bfN c 

c 

b = birth rate 
c = death rate 
f = vaccine coverage 

dS 
 b(1 f )N SI  cS 

dt  

dI 
 SI I c I 

dt 

dR 
I  cR  bfN 

dt 

N  S  I  R 

15 



  

  
 

   

  

More detailed natural history 

• Latent period – the period of time during which the 
infected individual is not yet infectious (e.g. the latent 
period is 14 days on average for smallpox) 
– 4 compartments: “Susceptible”, “Exposed”, “Infectious”, and 

“Recovered” 

S E I R 

• More than one possible pathway, e.g. an infected individual 
develops symptoms only with probability p 

p I 

S E R 

A 1 p 



Age structure 

• Age-specific transmissibility and natural history. 

• βij: transmission  rate  from  age group  j to  age group  i. If  
there are n age groups,  then there  are n2 βij’s. 

S1(t  t)  S1

I1(t  t)  I1 

S2 (t  t)  S2 

I2 (t  t)  I2 (t)

(t)  11S1 (t)I1 (t)t  12S1(t)I2 (t)t 

number of infections in number  of  infections  in  
age  group 1 generated by age group 1 generated by  
age  group 1 between age group 2 between  
time t and tt time t and tt 

11S1(t)I1 (t)t  12 S1(t)I2 (t)t  1I1(t)t 

number of infections in number of infections in number of   recovery  
age  group 1 generated by age  group 1 generated by in age group 1 between  
age group 1 between age group 2 between time t and tt 
time t and tt time t and tt 

  21S2 (t)I1 (t)t  22S2 (t)I2 (t)t 

number  of  infections  in  number  of  infections  in  
age group 2 generated by  age group 2 generated by  
age group 1 between  age group 2 between  
time t and tt time t and tt 

 21S2 (t)I1(t)t  22 S2 (t)I2 (t)t  2 I2 (t)t

number  of  infections  in  number  of  infections  in  number of recovery 
age group 2 generated by  age group 2 generated by  in age group 2 between  
age group 1 between  age group 2 between  time t and tt 
time t and tt time t and tt 

(t)

 

dS 
1 

dI 
age group 1:    1

 
1 
I 
1 
(t)  

1
 
2 
I 

2 
(t)S t , 1 

1 
( )   11  I 1 (t)  12  I 2 (t)  S 1 (t) 1  I 1 (t) 

dt dt 
1 (t ) 1 (t ) 

dS dI
age group 2: 2   21I1(t)  22 I2 (t)S2 (t), 

2  21I1(t)  22I2 (t)S2 (t) 2 I2 (t) 
dt dt 

 (t )  (t ) 

(t) 

1 2 



   
      

 

    

Multiple populations 

• While the assumption of homogenous mixing may be reasonable for 
within-population epidemic dynamics, it is obviously not valid when 
considering epidemic dynamics among different populations that are 
weakly interacting (e.g. Hong Kong and Beijing) 

• Common models to simulate epidemic dynamics among populations 
(linked by human travel): meta-population models, gravity model 

S1 I1 R1 S2 I2 RTraveling 2 

Population 1 Population 2 

dS d
1: 1 

I 
Population    11 

 I 
1 
(t)  

12 
 I 

2 
(t)S 

1 
(t)  k 

1 
S 

1 
(t)  k 

2  
S 
 2 

(t) , 1   11 
 I 

1 
(t)  

12 
 I 

2 
(t)  S 

1 
(t) 

1 
 I 

1 
(t)  k 

1 
I 

1 
(t)  k 

2 
I 

2 
(t) 

dt dt 
 (t ) traveling from  traveling from   (t ) traveling from  traveling from  1 1

pop 1 to pop 2 pop 2 to pop 1 pop 1 to pop 2 pop 2 to pop 1 

dS dI
Population 2: 2   21I 1 (t)   22

I 
2 
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2 
(t)  k

1
S 2 
  1 

(t)  k
2 
S 
 2 

(t) ,   21 I 1 (t)  22 I2 (t)S2 (t) 2I2 (t)  k 
1 
I 
1
(t)  k

2 
I 

2
(t) 

dt dt
 (t ) traveling from traveling from   (t ) traveling from  traveling from  1 2 

pop 1 to pop  2 pop 2 to pop 1 pop 1 to pop 2 pop 2 to pop 1 
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	Often looks like a lognormal distribution (the log of incubation period 
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	–
	–
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	–
	–
	To predict disease severity, e.g. shorter incubation time is associated 
	with more severe outcome
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	Risk of progression to death after AIDS diagnosis 
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	For public health control:
	For public health control:

	–
	–
	–
	–
	–
	To estimate the duration necessary for quarantining suspected or 
	contacts of cases to ensure that they are not infected upon release


	–
	–
	–
	Quarantine means isolating suspected cases and contacts from the 
	community to prevent disease transmission in case they have been 
	infected but do not yet have the clinical or virologic evidence of so. 
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	The incubation period of AIDS had a median of around 9 years and could 
	The incubation period of AIDS had a median of around 9 years and could 
	range from 3 to more than 12 years, so the observed AIDS cases represented 
	only a small proportion of the total number of HIV infections in the 
	population. 

	“
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	HIV infection rates are related to AIDS incidence through the incubation period 
	distribution. The fundamental convolution equation is given by

	where a(t) is the cumulative number of cases of AIDS diagnosed by year t, I(s) is 
	where a(t) is the cumulative number of cases of AIDS diagnosed by year t, I(s) is 
	the infection rate in year s, and F(
	t
	|
	s
	) is the incubation period distribution among 
	individuals infected in year s.”

	Brookmeyer
	Brookmeyer
	Science
	1991


	Figure

	Slide
	Span
	Figure
	Figure
	Figure
	From HIV infection to AIDS diagnoses
	From HIV infection to AIDS diagnoses
	From HIV infection to AIDS diagnoses


	Only 20 % of HIV 
	Only 20 % of HIV 
	Only 20 % of HIV 
	infections have 
	progressed to AIDS 
	by year 10


	Figure
	Backcalculation
	Backcalculation
	Backcalculation
	Span

	Inferring HIV incidence from AIDS 
	Inferring HIV incidence from AIDS 
	epi
	-
	curves and incubation period



	Slide
	Span
	Figure
	Span
	Clinical iceberg model
	Clinical iceberg model
	Clinical iceberg model


	Figure
	Span
	Textbox
	P
	Span
	All Infections



	Figure
	Span
	Medically attended
	Medically attended
	Medically attended



	Figure
	Span
	Hospitaliztion
	Hospitaliztion
	Hospitaliztion



	Figure
	Span
	Death
	Death
	Death



	Figure
	Span
	Observed
	Observed
	Observed



	Figure
	Span
	Unobserved by healthcare system
	Unobserved by healthcare system
	Unobserved by healthcare system



	Textbox
	P
	Span
	H5N1 avian flu
	Span

	P
	Span
	Almost 100% 
	Span
	symptomatic


	Asymptomatic or subclinical 
	Asymptomatic or subclinical 
	Asymptomatic or subclinical 
	infection
	carriers are common 
	for many infectious diseases


	Morbidity and mortality observed in the 
	Morbidity and mortality observed in the 
	Morbidity and mortality observed in the 
	clinical settings often constitute only a small 
	proportion of all infections in the population


	Polio infection
	Polio infection
	Polio infection
	Span

	Approximately 95% of persons infected with 
	Approximately 95% of persons infected with 
	polio will have no symptoms. About 4
	-
	8% of 
	infected persons have minor symptoms, such 
	as fever, fatigue, nausea, headache, flu
	-
	like 
	symptoms, stiffness in the neck and back, 
	and pain in the limbs, which often resolve 
	completely. Fewer than 1% of polio cases 
	result in permanent paralysis of the limbs 
	(usually the legs). Of those paralyzed, 5
	-
	10% 
	die when the paralysis strikes the respiratory 
	muscles. The death rate increases with 
	increasing age.
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	Infection attack rate
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	The proportion of a population (subgroup) infected 
	over the course of an epidemic
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	•
	Secondary (infection) attack rate


	–
	–
	–
	–
	The proportion of individuals infected in a semi
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	closed 
	setting (e.g. households, airplanes, military barracks) in 
	an outbreak caused by an index case (ideally accounting 
	for pre
	-
	existing immunity)
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	•
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	Basic reproductive number
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	The average number of secondary cases generated by 
	an index case when an epidemic begins in a completely 
	susceptible population
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	Basic reproductive number, 
	Basic reproductive number, 
	Basic reproductive number, 
	R
	0

	•
	•
	•
	•
	•
	•
	The average number of secondary cases generated by an index case 
	when an epidemic begins in a completely susceptible population .





	Mean generation time, 
	Mean generation time, 
	T
	g

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





	Epidemic growth rate, 
	Epidemic growth rate, 
	r

	•
	•
	•
	•
	•
	•
	The rate at which the number of infections is increasing exponentially


	•
	•
	•
	During the early phase, the epidemic doubling time is 
	t
	d
	= ln2/
	r
	. Why? 
	During this phase, the epidemic size is growing exponentially at rate 
	r
	. 
	This means





	2 
	2 
	×
	current size = current size 
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	exp
	(
	rt
	d
	)
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	The average number of secondary cases generated by an 
	The average number of secondary cases generated by an 
	index case in a fully susceptible population:
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	–
	–
	–
	Reproductive number, 
	R
	: Same as 
	R
	0
	except that the 
	population needs not be completely susceptible


	•
	•
	•
	•
	Some time after the epidemic has started, in which 
	case we denote the reproductive number by 
	R
	t
	.


	•
	•
	•
	If the population is partially vaccinated before the 
	outbreak.
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	How to estimate 
	R
	0
	?

	•
	•
	•
	•
	Contract tracing and cohort follow
	-
	up.


	•
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	•
	Fitting mathematical models to epidemic curves. 
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	•
	•
	•
	•
	The time it takes to become infectious after infection.


	•
	•
	•
	Can be longer or shorter than incubation period.
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	Mean generation time 
	T
	g
	: the average time it takes an index case 
	to infect other individuals after he becomes infected.
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	and epidemic growth rate 
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	are interrelated. For a given 
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	0
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	a shorter 
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	means a higher growth rate.
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	•
	•
	•
	•
	•
	A
	systematic
	way
	of
	translating
	assumptions
	and
	data
	regarding 
	disease
	transmission
	into
	quantitative
	description
	of
	how
	an 
	epidemic
	evolves.


	•
	•
	•
	Just
	like
	animal
	models,
	infectious
	disease
	modeling
	is
	a
	tool
	for 
	helping
	you
	collect
	your
	thoughts
	about
	a
	complex
	problem
	to 
	generate
	and
	test
	hypotheses.


	•
	•
	•
	Some uses
	of infectious
	disease
	modeling:


	–
	–
	–
	–
	Estimating
	transmission
	parameters
	from
	epidemiologic
	data


	–
	–
	–
	Estimating
	effectiveness
	of
	interventions
	from
	epidemiologic
	data,




	e.g.
	e.g.
	vaccination
	or
	school
	closure

	–
	–
	Predicting
	the
	cost
	and
	effectiveness
	of
	intervention
	strategies,
	e.g. 
	vaccinating
	core
	transmission
	group
	vs
	high
	-
	risk
	group
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	•
	•
	•
	•
	•
	A closed population of size 
	N
	is partitioned into three compartments of 
	individuals: “Susceptible”, “Infectious”, and “Recovered” (SIR model).


	•
	•
	•
	All individuals 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). 
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	1.
	1.
	1.
	1.
	The number of infections 
	increases exponentially 
	during the early phase of a 
	growing epidemic


	2.
	2.
	2.
	The epidemic curve is 
	unimodal
	and peaks when 
	the susceptible pool has 
	been sufficiently depleted 
	(such that 
	R
	t
	< 1)
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	•
	•
	•
	•
	•
	Suppose the vaccine is 100% efficacious.


	•
	•
	•
	It is 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).
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	•
	•
	•
	•
	•
	Suppose the vaccine is 100% efficacious.


	•
	•
	•
	Critical vaccination coverage, 
	c
	*


	–
	–
	–
	–
	The minimal proportion needed to be vaccinated in order to 
	prevent an epidemic.


	–
	–
	–
	Also called the herd immunity threshold



	•
	•
	•
	In the SIR model, 
	c
	* 
	= 1
	–
	1/
	R
	0
	, i.e. vaccinating a proportion 
	p
	> 1
	–
	1/
	R
	0
	of the population is sufficient to prevent an 
	epidemic. Why?


	–
	–
	–
	–
	After vaccination, the reproductive number is 
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	•
	•
	•
	•
	•
	A closed population of size 
	N
	is partitioned into three compartments of 
	individuals: “Susceptible”, “Infectious”, and “Recovered” (SIR model).


	•
	•
	•
	All individuals 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). 
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	1.
	1.
	1.
	1.
	The number of infections 
	increases exponentially 
	during the early phase of a 
	growing epidemic


	2.
	2.
	2.
	The epidemic curve is 
	unimodal
	and peaks when 
	the susceptible pool has 
	been sufficiently depleted 
	(such that 
	R
	t
	< 1)
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	•
	•
	•
	•
	•
	Stochasticity
	(“chance
	effects”)


	•
	•
	•
	More
	detailed
	natural
	history
	,
	e.g.
	asymptomatic
	infections


	•
	•
	•
	Age
	structure
	and
	multiple
	populations


	•
	•
	•
	Aging,
	birth,
	deaths,
	immigration,
	emigration


	•
	•
	•
	Seasonality
	and
	other
	time
	-
	dependent
	forcing
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	•
	•
	Individual
	-
	based
	model
	instead
	of
	compartmental
	model
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	“Everything should 
	be made as simple as 
	possible, 
	but 
	not 
	simpler.”

	-
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	1921

	Models
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	•
	•
	•
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	•
	•
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	to
	avoid
	unnecessary
	details
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	•
	•
	•
	•
	•
	Latent 
	period 
	–
	the period 
	of time during 
	which the 
	infected individual 
	is 
	not 
	yet 
	infectious 
	(e.g. 
	the latent 
	period
	is 14
	days
	on
	average
	for
	smallpox)



	–
	–
	4 compartments: 
	“Susceptible”, 
	“Exposed”, 
	“Infectious”, 
	and 
	“Recovered”
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	•
	•
	•
	More
	than
	one
	possible
	pathway,
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	infected
	individual 
	develops
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	only 
	with
	probability 
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	•
	•
	Age
	-
	specific
	transmissibility
	and
	natural
	history.


	•
	•
	•
	β
	ij
	: transmission 
	rate 
	from 
	age 
	group 
	j 
	to 
	age 
	group 
	i. 
	If 
	there
	are
	n
	age
	groups, 
	then
	there 
	are
	n
	2
	β
	ij
	’s.
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	•
	•
	•
	•
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