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Natural History of Infection

Let’s start by talking about acute, immunizing diseases

Infection Onset of symptoms

Acute

! | Infection time course

S <<<
host lifespan

Immunizing

Infection =» antibody production
Onset of shedding

prevents future infection



Examples

g Whooping cough
. .\9'.

Smallpox



Natural History of Infection

Table 3.1 Incubation, latent and infectious periods (in days) for a variety o
viral and bacterial infections. Data from Fenner and White (1970), Christie
(1974), and Benenson (1975)

Infectious Incubation Latent Infectious
disease period period period

-

o

Measles
Mumps
Whooping cough (pertussis)
Rubella
Diphtheria
Chicken pox
Hepatitis B
Poliomyelitis
influenza
Smallpox
Scarlet fever

|
e I

6-9 6-7
12-18 4-8
21-23 7-10
7-14 11-12
14-21 2-5
8-12 10-11
13-17 19-22
1-3
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Terminology

Infection Onset of symptoms
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Diseased

Onset of shedding




A simple view of the world

Infection Onset of symptoms

Infectivity = 1
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Onset of shedding




A simpler view of the world

Don’t worry about
symptoms and disease!

Infectivity = 1

7 N

Onset of shedding




An even simpler view of the world

Don’t worry about
symptoms and disease!

Infectivity = 1

7 N

Onset of shedding




An extremely simple view of the world

Don’t worry about
symptoms and disease!

Infection
Assume immediate

infectiousness after
Infectivity = 1 exposure...
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Onset of shedding




An extremely simple view of the world




An extremely simple view of the world

Susceptible




An extremely simple view of the world

Susceptible




Health-related States

Susceptible

The rate at which susceptible individuals become infected
depends on how many infectious people are in the population



State variables




State variables

We can use ordinary differential equations
to describe the rate at which individuals
flow between states



SIR Model

v
—
pl

N

proportion of
contacts that are
with an infectious

ﬁ = transmission coefficient I
= per capita contact rate * infectivity N

= per capita contact rate (infectivity = 1) individual



SIR Model

srmsannanaanny V=1 / infectious period

If infectious people recover at a rate of 0.2 / day,

the average time they spend infectious is 1 /0.2 = 5 days



SIR Model

ds  BSI dl  BSI dR
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dt N - N ! ac !



SIR Model

N=S+I1+R

Constant population size

ds  PBSI dl  BSI 1 dR
dt N dt N



SIR Model

ds s
at N N population size

dl  BSI

E — N 12 ) 4 recovery rate

dR IB transmission coefficient

Y
ac 7



SIR Model

dt N # infections produced by
dl ,BSI 1 infectious individual

E = N )/I in a fully susceptible population.
dR
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Ro: The Basic Reproductive Number

* Average # of secondary infections @ @
a

an infected host produces in ‘ Q

O

a susceptible population. Q
RN S

 Recovered & immune.
@
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SIR Model

RO —
,BSI N large Rate at which an infected individual
o > ,B produces new infections in a naive
N population
X
1 Proportion of new infections that

become infectious

1 X
/)/ Average duration of infectiousness



SIR Model

R():

Rate at which an infected individual
produces new infections in a naive
population

X

Proportion of new infections that
become infectious

X

Average duration of infectiousness



Ro: The Basic Reproductive Number

Average # of secondary infections
an infected host produces in
a susceptible population.

Threshold criteria:

If R, < 1, disease dies out

If R, > 1, disease persists



# Infected

# Infected

SIR Model: R,as a Threshold

R,> 1

Time

R, <1

Time

Disease Introduction:

Epidemic occurs if R, > 1.



R. Effective Reproductive Number

,BS Rate at which an infected individual
produces new infections in
N a non-fully susceptible population

X

1

Proportion of new infections that
become infectious S

Repr = Kooy

1 X
/)/ Average duration of infectiousness



R.«: The Effective Reproductive Number

The average # of secondary - ‘ Q -

infections that an infected host Q

produces in an
only partially susceptible population.

O
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Why do epidemics peak?

Death or long-term immunity leads to
exhaustion of susceptibles Infected Hosts

# hosts
m;U
:nV
H
m;U
:n/\
H

N

time



R.«: The Effective Reproductive Number

# Infected

‘ Susceptbe
_ 'll'imel
N
Rerr(t) = R N
BS(t)




Proportion to Vaccinate

e So what % of the population Q Q

must be vaccinated to eliminate Q
transmission in a population? Q

C L
O

@



Proportion to Vaccinate

S Ro=4

For a disease to die out, Ry <1 Q Q
S
R,— <1 o
N O
O



Proportion to Vaccinate

\) 1
S S _—
N ~ R,
Proportion immune = P, =
1 — proportion susceptible

1
P, > 1—R—O
Ry, — 1

Ro

You don’t have to vaccinate everyone to eliminate transmission!!!

P, >




Proportion to Vaccinate

e So what % of the population must be
vaccinated to eliminate transmission in a
population?




Elimination Thresholds
R, — 1

PV:

Pv

1.0
0.8
0.6
0.4
0.2
0.0

>

Ro

measles
pertussis
chickenpox
e diptheria
mumps
® rubella
e poliomyelitis

10 15 20

Ro



SIR Model




SIR Model with Birth & Death
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SIR Model with Birth & Death




SIR Model with Birth & Death

ds BSI
. — S N=S+I1I+R
a '~ N " 3
al_pst_ NN
dR

— =yl — UR

dt



SIR Model with Birth & Death

£=v po1 uS N=S+I+R

dt N SO

dl  BSI LA uN
FT vl —ul dt

dt N

dR To assumebciscls;tin(;cezciﬁszlaﬁon size,
Fri vl — uUR

v = uN



SIR Model with Birth & Death

RO —
,BSI N large Rate at which an infected individual
— > ,B produces new infections in a naive
N population
X
1 Proportion of new infections that

become infectious

1 X

Average duration of infectiousness
Yy tu




SIR Model with Birth & Death

R():

Rate at which an infected individual
produces new infections in a naive

ﬁ population

y+u ‘
Proportion of new infections that
become infectious

~
=
1

X

Average duration of infectiousness



SIR Model with Birth & Death

Dynamics upon introduction:

Epidemic if R;> 1 No epidemic if R,< 1
Endemic state No endemic state
] Susceptible _ Susceptible
Infected Infected

) L -
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O O _ b
o o R0 = —
H* H y+u

Time Time



R. Effective Reproductive Number

,BS Rate at which an infected individual
produces new infections in
N a non-fully susceptible population

X

1

Proportion of new infections that
become infectious

1 X

y n Average duration of infectiousness

Repr = Kooy



R.«: The Effective Reproductive Number

Susceptible
| Infected
e _ 'll'imel
‘ 5(1)
. Repr(t) = Ro—~
- pS(t)
i Rerr(t) =

(v + w)N



Why do recurrent epidemics happen?

e Susceptibles exhausted

. . London Measles Incidence, 1944-1994
from an epidemic

beginning of vaccination

e Disease does not
completely die out
(or is reintroduced).

)
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X
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0
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e Susceptibles
replenished through
birth or loss of
immunity, epidemic
OCCUrs. 1950 1960 1970 1980 1990

1000 2000 3000 4000 5000

0

Time




An extremely simple view of the world

Don’t worry about
symptoms and disease!

Infection
Assume immediate

infectiousness after
Infectivity = 1 exposure...
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Onset of shedding




A slightly more realistic model

Infection Onset of symptoms

_

Infectivity = 1

(everyone exposed becomes infected)

Clinical disease

Onset of shedding




A slightly more realistic model

-~ . . .




SEIR Model
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SEIR Model
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SEIR Model

a- VTN v
dE  BSI U
=" _GE — uE
ic N 7 F

)
dl
a=aE—y1—,uI Y
dR /&4
— =yl — uR

birth rate

mortality rate

1 / latent period

1 / infectious period

transmission coefficient



SEIR Model

ds __BSI_
it '~ N H
dE _pSI_ .
it N °TH
dl— E I I
ac vV TR
dR

— =yl — UR

Assume constant
population size

v = uN



SEIR Model

ds BSI
—_— =Y —— — _
dt N * Ry =
dE ,BSI Rate at which an infected individual
— = —— —0oF — ,LLE produces new infections in a naive
dt N population

X
dl
—=oF —yl — ul Proportion of new infections that
dt become infectious

X
dR
— =yl — uR Average duration of infectiousness

dt



SEIR Model

ds __BSI_
it ' N H

dE _pSI_ .

it N °FTH

dI— E I I

ac vV TR

dR Ry = (
a®R_ 0 =B




SEIR Model

ds __BSL_ .
aic '~ N H Equilibria. .
d_E — @ — oE — ,uE Disease free
dt N equilibrium

dl . _
= oE —v] — ul Endemic equilibrium
dt o vi— U

dR

— =yl — uR



Back to the SIR:
When does a disease fade out?

# hosts

time / |

In simple “SIR” models of epidemics, # of infected
hosts never goes to zero... What allows a fadeout?



Fadeouts do occur!

Fadeouts per year
VS

Population Size

e Critical Community Size
The (=) threshold
population size at
which a disease can
persist.

Grenfell and Harwood, 1997

e Stochasticity in epidemic
troughs causes disease
fadeout in small
populations.




What accounts for epidemic cycles?

London, 1950-1969

2 year cycles! WHY?

From: Earn et al. 2000 Science




Seasonal SEIR Model

dS pSI
E -V T B 'US YV = ‘Ll,N individuals/year
dE_pSI_ .o @=002 e
dt N

0O = 1/8 days?
dl
E_UE_YI_“I )/=1/5 days*

nal

R R g oo



Seasonal SEIR Model

| average contact rate

i i i i i
1 2 3 4 5
time (years)



Susceptible Replenishment &
Periodicity

11111

Life Expectancy of 40 years



Susceptible Replenishment &
Periodicity

11111

Life Expectancy of 40 years



Susceptible Replenishment &
Periodicity

11111

Life Expectancy of 40 years



Susceptible Replenishment &
Periodicity

11111

Life Expectancy of 50 years



Susceptible Replenishment &
Periodicity

11111

Life Expectancy of 60 years



