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Learning Objectives

1. Todiscuss the basic concepts and current trends in infectious disease
epidemiology

2. Todiscuss herd immunity and indirect effect of vaccination.

3. Todiscuss different effects of vaccines and how they are estimated.



The context

The Blind Men and the Elephant

Lipsitch and Santillana, Current Topics in Microbiology and Immunology 2019



Epidemiology is the basic science of public health

Epidemiology is the study of the distribution and determinants of health-related states or
events in specified populations, and the application of this study to the control of health problems
 Methodologies for extracting insights from real-world observations and data

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 (i.e. why)?



Infectious vs non-infectious diseases

Infectious diseases are:
* (aused by pathogens including viruses, bacteria, parasites
* Almost always communicable, i.e. transmitted from person to person

Influenza virus Malaria parasite Route of transmission
Skin-skin (Herpes type 1) Airborne (TB)
Mucuous-mucuous (STI) Food-borne (Salmonella)
Across placenta (Rubella) Water-borne (Hepatitis A)
Through breast milk (HIV) Vector-borne (Malaria)

Sneeze-cough (Influenza)

Directly
transmitted




Basic facts about infectious diseases

The risk of getting a communicable disease Sustained transmission of communicable
increases with the number of people who have diseases relies on replenishment of susceptibles
the disease in the population (via newborns, waning of immunity, etc)



Natural history of infectious diseases

For some infectious diseases (e.g. measles), a recovered person gains long-lasting immunity against re-
infection by the same pathogen

An individual is susceptible if he is neither infected nor immune (i.e. can potentially be infected)

Exposure
Infectivity: the proportion of exposed
persons who become infected.
Pathogenicity: the proportion of infected
No infection ~ Asymptomatic Symptomatic individuals who develop clinically apparent

disease.

Severity: the proportion of clinically
apparent cases that are severe or fatal.

Death Recovery without immunity Recovery with immunity



Epidemic

Epidemic: the occurrence of diseases above what is normally expected in a population

For some diseases, cases occur throughout the year at some background rate. An epidemic
corresponds to an abrupt and significant increase of cases

Weekly number of hepatitis A cases
Pennsylvania, 2000-2011

Why do epidemics occur?
* A recent increase in amount or virulence of the agent
* The recent introduction of the agent into a setting where it has not been before
* An enhanced mode of transmission so that more susceptible persons are exposed

* A change in the susceptibility of the host response to the agent



Epidemic

An extreme example: A single case of smallpox would constitute an epidemic in the current world

The smallpox vaccine, created by Edward Jenner in 1796, was the first successful vaccine to be developed.

In 1967, WHO launched an intensified plan to

eradicate smallpox.
https://www.who.int/health-topics/smallpox

In 1980, WHO declared smallpox eradicated.



Chain of disease transmission

Primary cases — first infections in the population
Secondary cases — infections caused by the primary cases
Tertiary cases — infections caused by the secondary cases

y Subclinical

‘ Susceptible /e
‘ Infected ‘ ‘
@ O
O

Subclinical infections are typically not
registered by public health surveillance

unless there is intense contact tracing \e
and laboratory testing



Epidemic curve

The “epicurve” is a graph that shows the number of cases over time (usually by the date of illness onset).

. Susceptible

. Infected on day 1
‘ Infected on day 2
‘ Infected on day 3



Anatomy of an (unmitigated) epidemic

-

-

1. Random effects (e.g. probability

of extinction) are substantial
when the number of infections is
small

~

2. No. of new infections

J

-

grow exponentially
after the epidemic
has taken off

J

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

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

Ferguson et al Nature 2003



Case definition

Epidemiologic study of a disease starts with the case definition of the disease.

* A consensus on case definition is essential for comparing disease patterns across time and health
jurisdictions.

* The case definition of a disease could be based on laboratory results, clinical symptoms as well as
epidemiologic links.

* (Case definitions might be revised to improve disease surveillance and control as more is learned
about the disease.

Defining cases is notoriously challenging during outbreaks when symptoms are non-specific and mimic
other diseases.

* If the case definition is too specific (i.e. too narrow), many infections will be missed.

» If the case definition is too broad (i.e. too sensitive), public health operations (i.e. contact tracing
and quarantine) and healthcare system (hospital beds) might be overloaded.



“From Jan 15 to March 3, 2020, seven versions of the
case definition for COVID-19 were issued by the
National Health Commission in China. We estimated
that when the case definitions were changed, the
proportion of infections being detected as cases
increased by 7-1 times (95% credible interval [Crl]
4-8-10-9) from version 1 to 2, 2-8 times (1-9—4-2)
from version 2 to 4, and 4-2 times (2-6—7-3) from
version 4 to 5.

The case definition was initially narrow and was
gradually broadened to allow detection of more
cases as knowledge increased, particularly milder
cases and those without epidemiological links to
Wuhan, China, or other known cases. These changes
should be taken into account when making
inferences on epidemic growth rates and doubling
times, and therefore on the reproductive number, to

avoid bias.”
Lancet Public Health 2020






Incidence and prevalence

No. of cases occurred during a defined time period
Incidence =

Population size

112 new cases of AIDS in Hong Kong in 2020
Population size of Hong Kong in 2020 is 7.5 million

112
AIDS incidence in Hong Kong in 2012 = = 1.5 per 100,000

7.5 x 106

Prevalence

_ Total no. of cases at a specific time

Population size



Infectious diseases: past vs present

Present

“If history is our guide, we can assume that

the end of one of the most important societal the battle between the intellect and will of the human
changes in history — the conquest and elimination of species and the extraordinary adaptability of microbes
will be never-ending.”

infectious diseases as a significant factor in society.”
Tony Fauci
Director, US NIAID

Past
“One can think of the middle of the 20th Century as

Macfarlane Burnet, 1962
Nobel Laureate

“The time has come to close the book on infectious
diseases. We have basically wiped out infection in the

United States.”

William H Stewart
Surgeon General of the USA, 1967

Fauci et al
NEJM 2012
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Global influenza pandemic

Ebola and other high-threat pathogens
Non-communicable diseases

Vaccine hesitancy

Antimicrobial resistance

Air pollution and climate change
Fragile and vulnerable settings

Weak primary health care

Dengue

HIV



Vaccine-preventable diseases

https://www.who.int/teams/immunization-vaccines-and-biologicals/diseases



Expanded Program on Immunization



https://www.youtube.com/watch?v=5S1qaSIS5jQ

The WHO estimates that 2—3 million lives are saved each year by current immunization programs.
Mortality of children under 5 decreased from 93 to 39 deaths per 1,000 live births between 1990 and 2018.

USA UK

van Panhuis et al NEJM 2013 Pollard and Bijker Nat Rev Immunol 2021



Target 3.2: By 2030, end preventable deaths of newborns and children under 5 years of
age, with all countries aiming to reduce neonatal mortality to at least as low as 12 per
1,000 live births and under-5 mortality to at least as low as 25 per 1,000 live births

Target 3.3: By 2030, end the epidemics of AIDS, tuberculosis, malaria and neglected
tropical diseases and combat hepatitis, water-borne diseases and other communicable
diseases

Target 3.8: Achieve universal health coverage, including financial risk protection,
access to quality essential health-care services and access to safe, effective, quality
and affordable essential medicines and vaccines for all

Target 3.b: Support the research and development of vaccines and medicines for the
communicable and non-communicable diseases that primarily affect developing
countries, ...

Target 3.d: Strengthen the capacity of all countries, in particular developing countries,
for early warning, risk reduction and management of national and global health risks







Emerging and re-emerging infectious diseases

1983 1997 2003 2009 2013 2014 2020

Emerging infectious diseases (EID)
* Infectious diseases that have newly appeared in the human population.

Re-emerging infectious diseases
* Infectious disease that are rapidly increasing in incidence or geographic distribution .

Z00nosis
* Aninfectious disease that can be transmitted from non-human animals (wild, domestic) to humans.
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Determinants of transmissibility

Biological characteristics of the pathogen

* Tropism, structures, genomics

* Variants (e.g. COVID-19), strains (e.g. flu), serotypes (pneumococcus), types (HPV)
Susceptibility and immunity in the population

* Age, comorbidities, past infections, genetics, etc

Patterns of contact conducive to transmission
* Route of transmission, e.g. respiratory vs sexually-transmitted infections

Public health and social measures (PHSMs)
* Lockdowns, business curfews, bans of large gatherings, hand hygiene, face masks, etc

Environmental factors
* Temperature, humidity, indoor ventilation, sunlight, etc

Stochastic effects (especially when prevalence is low)
* Importation, super-spreading events, etc



Harrison et al Trends in Immunol 2020 Lee et al Science 2020




How to measure transmissibility?

R, is the average number of secondary cases generated by an index case in a fully susceptible
population:

15t generation

2"d generation

3rd generation
Reproductive number, R: Same as R, except that the population needs not be completely
susceptible

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

* If the population has been partially immunized.



Why is R so important?

R indicates the potential of exponential epidemic growth

R < 1: The epidemic will die out R > 1: The pathogen can lead to an
without exponential growth exponentially growing epidemic

: . .. Exponential growth
10infected  The epidemic dies out

-~ seeds without exponential growth 10 infected

/ seeds



Estimating R, from Epidemic Curves

Leung et al Nat Comm 2021




Wu et al Lancet Infect Dis 2016 Ong et al PLOS Comp Bio 2021




Interpretation of R, Estimates

Disease Ro Mean serial interval (day)

Measles 12-18 12-16

Chickenpox (varicella) 10-12 18-23

Mumps 10-12 16-26

Rubella 6-7 18-26

Pertussis ~5 28-33
COVID-19 (Delta variant) ~5 ~3

Smallpox 3.5-6.0 10-14
COVID-19 (Alpha variant) 4-5 ~3
COVID-19 (ancestral strain) 2-4 ~5
SARS 2-4 ~7
Diphtheria 1.7-4.3 6-10
Common cold 2-3 ~3

Ebola (2014 outbreak) 1.4-1.8 ~14
Influenza (2009 pandemic strain) 1.3-2.0 ~3
Influenza (seasonal strains) 1.2-1.4 ~2
MERS 0.3-0.8 ~5

R, is affected by numerous biological,
sociobehavioral, and environmental factors that
govern pathogen transmission .

R, is not a biological constant for a pathogen.

R, is rarely measured directly, and modeled R, values
are dependent on model structures and assumptions.

Some R, values reported in the scientific literature
are likely obsolete.

R, must be estimated, reported, and applied with
great caution because this basic metric is far from
simple.

Delamater et al E/ID 2019



What is herd immunity?

Immunizing an individual indirectly reduces the risk of infection of his
contacts, his contacts’ contacts, and so on, i.e. the whole population

‘ Susceptible
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What is herd immunity?

Immunizing an individual indirectly reduces the risk of infection of his
contacts, his contacts’ contacts, and so on, i.e. the whole population

‘ Susceptible Indirectly protected by herd immunity




Real-world evidence of herd immunity — COVID-19 vaccines




Real-world evidence of herd immunity — PCV

In September, 2006, the seven-valent pneumococcal conjugate vaccine (PCV7) was introduced in the UK with
a vaccination schedule of 2, 4, and 13 months, and catch-up vaccination for children aged up to 2 years
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Real-world evidence of herd immunity — HPV vaccine

- From Jul 2007 to Dec 2009, Australia provided free quadrivalent HPV vaccination to all women aged 12-26y
- Significant decline in diagnoses of genital warts among young females AND young heterosexual males

Figure 2: Proportion of people
presenting to sexual health services
with genital warts, 2004-09

p values for trend are for the prevaccine
period or within vaccine period (grey
region). (A) Women eligible (aged 12-26
years in July, 2007) for free quadrivalent
HPV vaccine in Australia, by residency
status. (B) Women not eligible (aged
older than 26 years in July, 2007) for
free quadrivalent HPV vaccine in
Australia, by residency status. (C) Men
with genital warts, by sex of sexual
partners. (D) Heterosexual Australian
men with genital warts, by age group.

Donovan et al Lancet Infect Dis 2011



Herd immunity threshold and R,

@ Infected @ Susceptible © Immune
@
A proportion p of the ®
population are immune
R=Ry R=Ry(1-p) ®

Immunizing a proportion p > 1-1/R, of the population is sufficient to halt an epidemic

R=(1-p)R, <1 < p>1-1/R,
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Why are severity estimates important?

Total number of severe outcomes

Probability of severe outcome per case =
Total number of cases

* Project how health care demand and deaths would scale with epidemic size
* Help health officials strike the optimum balance between the socioeconomic costs of
control measures and the health threat posed by an unmitigated epidemic

Difficulties in assessing severity
1. Case definition may vary across time and jurisdictions
* Clinical vs. lab-confirmed vs. all infections
* Hospitalized vs. all cases
2. Ascertainment ratio may vary across time and jurisdictions
* Healthcare seeking behavior
e Sentinel coverage
* Laboratory capacity
3. As an epidemic grows rapidly, a substantial proportion of ”Th? a.bsence ofa.consistent, measgrable and urfderstandab/.e
depiction of severity of the pandemic” was a major shortcoming

cases still have their clinical outcomes unresolved (e.g. of the global response to the 2009 influenza pandemic
death vs. survival among those hospitalized)

International Health Regulations Review Committee
World Health Assembly 2011



“Clinical Iceberg”
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Severity

Total number of severe outcomes

Probability of severe outcome per case =
Total number of cases

Application of severity estimates HFR: Hospitalization-fatality risk
sCFR: Symptomatic case-fatality risk

CFR: Case-fatality risk
IFR: Infection-fatality risk

* Project how health care demand and
deaths would scale with epidemic size
* Help health officials strike the optimal Severity pyramid
balance between the socioeconomic costs
of control measures and the health threat
posed by an unmitigated epidemic
* |dentify risk factors for increased severity
(e.g. case-fatality risk) to help guide
prioritization of high-risk groups for
vaccines and treatments
* Inform the public on health benefits vs
risks of vaccination
* Risk communication



Determinants of Severity

Severity may depend on host factors (age, comorbidities, genetics)

Wu etal CID 2010 Wu et al Nat Med 2020



Vaccine Efficacy and Effectiveness

The reduction in the risk of the outcome (infection, symptoms, hospitalization, death) among
vaccinated compared to unvaccinated:

Risk

VE — Unvaccinated

Risk

Unvaccinated

— Risk

Vaccinated

Vaccine efficacy measures the direct effect of vaccination during vaccine trials.

Vaccine effectiveness measures both the direct and indirect effects of vaccination in the real world.

Vaccine efficacy and effectiveness for which endpoint/outcome?

* Susceptibility to infection (VE)

» Disease progression (e.g. symptoms onset and severity) given infection (VE,)
* Infectiousness (e.g. expected number of infectees) given infection (VE))

« Hospitalization or death (VE,;)



Hodgson et al Lancet Infect Dis 2021



Vaccine Effects and Their Determinants

Tregoning et al Nat Rev Immunol 2021; Lipsitch and Dean Science 2020



Pain Points in Tracking and Evaluating Different Endpoints

Hospitalization/death
» Admission criteria might vary across subjects, time and populations

Symptomatic disease
> Test sensitivity may vary depending on time since infection and
clinical severity

> Test-negative design is susceptible to bias arising from differences in
healthcare-seeking behavior between vaccinated and unvaccinated
persons.

Infections (irrespective of symptoms)

» Asymptomatic infections are difficult to detect without prevalence
survey, frequent (at least weekly) sampling or proxies associated
with past infection (e.g. serological markers that can differentiate
infection-induced response from vaccine-induced response)

Infectiousness

» Need to detect as many infections as possible with longitudinal data
on viral shedding, clinical severity and social mixing

» Data analytics for transmission modeling (e.g. within-household
transmission)




Correlates of Protection

Immune measures (serological assay titers) that are statistically associated
with protection against clinical outcomes (infection, disease, death)

VE studies are resource-intensive, time-consuming and retrospective
Correlates of protection allows VE prediction in the absence of incidence data

Low neutralization titer does not necessarily mean low VE

3 doses of CoronaVac

Titer against BA.2 below protective threshold but 97% VE against severe disease and death

CoronaVac presents multiple viral proteins to the host immune system that may protect via multiple pathways other
than neutralizing antibodies, such as T cell immunity and antibody-dependent cytotoxicity




Vaccination Strategies

If there are not enough vaccines for everyone, what proportion of each age
group to vaccinate? Take influenza as an example:

* Schoolchildren is the core group for transmission.

* The elderly has higher risk of severe complications if infected.

Given supply constraints, how to optimize vaccination strategy to maximize
population health benefits (e.g. number of infections, number of deaths,
life-years saved, quality adjusted life years)?

Medlock and Galvani Science 2009 Bubar et al Science 2021 Fitzpatrick and Galvani Science 2021






Strain/serotype Replacement

Many infectious diseases comprise strains/serotypes that are:

* Collectively similar in terms of their ecology and
evolutionary biology

* Individually distinct in terms of their antigenicity,
virulence, prevalence

Examples: Influenza, pneumococcal diseases, HPV

Because of these similarities and differences, vaccination
efficacious against one strain/serotype (usually the dominant
one in terms of prevalence or severity) may increase the
prevalence of other strains/serotypes in the same disease
category

Mallapaty et al Nature 2021



Optimizing vaccination strategies

Baguelin et al PLOS Med 2013
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