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Introduction

Dengue virus (DENV) is a 
mosquito-borne viral 
infection caused by any of 
four related, but 
antigenically distinct virus 
serotypes (DENV-1, -2, -3, 
and -4)

Dengue virus
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Introduction

The primary vector of 
DENV is Aedes aegypti (the 
yellow-fever mosquito). 
Aedes albopictus (the tiger 
mosquito) is another, less 
competent, vector.

Crucially, Ae. aegypti has a 
limited dispersal distance 
(<100m)

Dengue virus
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Introduction

Recent work has shown 
that the range of these 
mosquitoes has grown in 
the past 40 years.

Dengue virus
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Introduction

Recent work has shown 
that the range of these 
mosquitoes has grown in 
the past 40 years.

These mosquitoes are also 
vectors for chikungunya 
virus and Zika virus

Dengue virus
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Introduction

Not surprisingly (based on 
the increased range of the 
vectors) the burden of 
DENV has also increased 
to include half the world’s 
population with an 
estimated 50-100 million 
infections and 20,000 
deaths yearly

Dengue virus
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Introduction

Over the past decades, 
there has been increased 
interest (and development) 
in vaccines for DENV.

Dengue virus
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Dengue virus
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Dengue virus
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Introduction

Performance has been 
sub-optimal

Dengue virus
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Ecological Complexity

Ecology of DENV
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Ecological Complexity

RecoveredSusceptible

Susceptible

Exposed

Exposed

Infected

Infected

Host

Vector

We found that the vast majority of models haven’t 
changed much from the frameworks of the 1950s

Fewer than 10% incorporated any abiotic temporal 
variation

Almost every DENV-specific models assumed a 
single serotype in spite of crucial empirical evidence 
of complex interactions between serotypes



DSABNS 2016 February 4th, 2016

Ecological Complexity

RecoveredSusceptible

Susceptible

Exposed

Exposed

Infected

Infected

Host

Vector

Given these complexities (and the presence of four 
distinct serotypes), the above model is inadequate
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Ecological Complexity
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Ecological Complexity

ADE



DSABNS 2016 February 4th, 2016

Ecological Complexity

ADE
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Ecological Complexity

Tertiary and quaternary infections 
unlikely to cause severe disease
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Ecological Complexity

TCI / TCP
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Ecological Complexity

Additionally, the force of infection for each serotype (𝜆𝜆𝑖𝑖) 
may be different from each other, and different in time.
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Ecological Complexity

Additionally, the force of infection for each serotype (𝜆𝜆𝑖𝑖) 
may be different from each other, and different in time.

Finally, inapparent infections account for on average 80% 
of all infections masking the vast majority of the 
dynamics.
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Iquitos, Peru

Iquitos, Peru

• Iquitos has a population of 400,000. The 
city, located at the beginning of the 
Amazon river, is relatively isolated from 
other large cities.

• DENV-1 was introduced in 1991, 
DENV-2 in 1995, DENV-3 in 2001 and 
DENV-4 in 2008-2009.

• The Scott lab at UC Davis began 
extensive studies of dengue in Iquitos in 
1999 and thus were able to collect data 
during two `virgin-soil’ invasions
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Iquitos, Peru

• Yearly outbreak size and timing of 
DENV cases vary year-to-year. But 
again, “cases” represent a small 
proportion of dynamics.
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Iquitos, Peru

Iquitos, Peru

• Yearly outbreak size and timing of 
DENV cases vary year-to-year. But 
again, “cases” represent a small 
proportion of dynamics.

• Since 1999, longitudinal cohorts of 
~3,000-4,000 have been maintained. Each 
individual’s serostatus to all four 
serotypes is evaluated every 6-9 months 
they are participants.

• Around 15,000 participant’s serotype-
specific serostatus was measured several 
(2-14) times (over 47,00 blood samples)
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Force of infection
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Force of Infection

‘Key transmission parameters’
• The force of infection (FoI, denoted 𝜆𝜆) is the rate at which susceptible individuals become infected. In the 

simplest ‘catalytic’ model of transmission, if 𝑠𝑠(𝑡𝑡) is the percent of individuals that are susceptible at time 𝑡𝑡, 
then

𝑑𝑑𝑑𝑑 𝑡𝑡
𝑑𝑑𝑑𝑑

= −𝜆𝜆 𝑡𝑡 𝑠𝑠 𝑡𝑡 ⟺
𝑑𝑑𝑑𝑑 𝑡𝑡
𝑑𝑑𝑑𝑑

= 𝜆𝜆(𝑡𝑡)(1 − 𝐹𝐹 𝑡𝑡 )

• We can use our censored data, methods derived from reliability and B-splines to estimate the pdf of infection 
times

𝑓𝑓 𝑡𝑡 =
𝑑𝑑𝑑𝑑 𝑡𝑡
𝑑𝑑𝑑𝑑

which we can then use to estimate the force of infection.



DSABNS 2016 February 4th, 2016

Force of Infection

‘Key transmission parameters’
• Left Censored (L)

LIKELIHOOD = �
−∞

𝑡𝑡1
𝑓𝑓 𝑡𝑡 𝑑𝑑𝑑𝑑

where 𝑡𝑡1 was the time of the first test (which in these cases was positive)

• Interval Censored (C)

LIKELIHOOD = �
𝑡𝑡1

𝑡𝑡2
𝑓𝑓 𝑡𝑡 𝑑𝑑𝑑𝑑

where 𝑡𝑡1 was the time of the last negative test and 𝑡𝑡2 was the time of the first positive test

• Right Censored (R)

LIKELIHOOD = 1 −�
−∞

𝑡𝑡2
𝑓𝑓 𝑡𝑡 𝑑𝑑𝑑𝑑

where 𝑡𝑡2 was the time of the last test (which in these cases was negative)
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Force of Infection

‘Key transmission parameters’

We cannot estimate 𝑓𝑓 before 1999. However, since infections that occurred before 1999 will appear as left censored 
infections, we can estimate the percent of the population that was exposed previous to 1999. With 𝑡𝑡0 representing 
the beginning of the study, we write:

𝜅𝜅 = �
−∞

𝑡𝑡0
𝑓𝑓 𝑠𝑠 𝑑𝑑𝑠𝑠

Combining this with the equations above, the log-likelihood of the data for a given serotype is

𝑙𝑙 𝑓𝑓, 𝜅𝜅 = �
𝑗𝑗∈𝐿𝐿

log 𝜅𝜅 + �
𝑡𝑡0

𝑡𝑡𝑗𝑗,1
𝑓𝑓 𝑠𝑠 𝑑𝑑𝑑𝑑 + �

𝑘𝑘∈𝐶𝐶

log �
𝑡𝑡𝑘𝑘,1

𝑡𝑡𝑘𝑘,2
𝑓𝑓 𝑠𝑠 𝑑𝑑𝑑𝑑

+�
𝑙𝑙∈𝑅𝑅

log 1 − 𝜅𝜅 − �
𝑡𝑡0

𝑡𝑡𝑗𝑗,2
𝑓𝑓 𝑠𝑠 𝑑𝑑𝑑𝑑
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Force of Infection

‘Key transmission parameters’
The basic reproductive number (denoted 𝑅𝑅0) is the number of secondary infections which one infection would 
produce in a completely susceptible population. Once the pathogen has invaded and some individuals have 
been infected and become immune, the expected number of secondary infections from a single infection is 
called the effective reproductive rate (denoted 𝑅𝑅(𝑡𝑡)) and

𝑅𝑅0 =
𝑅𝑅 𝑡𝑡
𝑠𝑠 𝑡𝑡

.

Using the mean time between successive DENV infections (i.e., serial interval) of 15-17 days, and letting 𝑠𝑠𝑃𝑃(𝑡𝑡)
be the fraction of the entire population susceptible at time 𝑡𝑡, we approximate the effective reproductive rate as:

𝑅𝑅 𝑑𝑑 ≈ �𝑅𝑅 𝑑𝑑 =
∫𝑑𝑑+15
𝑑𝑑+18 𝑠𝑠𝑃𝑃 𝑢𝑢 𝜆𝜆 𝑢𝑢 𝑑𝑑𝑑𝑑

3 ∗ ∫𝑑𝑑
𝑑𝑑+1 𝑠𝑠𝑃𝑃 𝑢𝑢 𝜆𝜆 𝑢𝑢 𝑑𝑑𝑑𝑑
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Force of Infection

FoI
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FoI
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Force of Infection

𝑹𝑹𝟎𝟎
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Force of Infection

Force of infection
• Novel serotypes appear to disrupt previous FoI patterns.

• There appear to be some serotype-independent dynamics

• Synchronization appears to be able to occur between any subsets of 
serotypes.

• R0 vary through time and across serotypes from 1 up to 5
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Temporary Cross Protection

Temporary Cross-Immunity/Cross-Protection
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Temporary Cross Protection

In the 1950’s, Albert Sabin identified the existence of short term 
heterologous protection for dengue virus.

When challenged with a different serotype 2-3 months after already 
being infected by a first, individuals who were infected with one virus 
did develop viremia. However they did not develop severe symptoms.

These results, cross-protection from severe illness, lasted at least 9 
months in his samples.

Temporary Cross-Immunity/Cross-Protection
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Temporary Cross Protection

Much more recently, Reich et al quantified temporary cross-
protection to disease using 38 years of case data from 
Bangkok. They fit a TSIR model 

𝑆𝑆𝑡𝑡,𝑖𝑖 = 𝐵𝐵𝑡𝑡−𝑑𝑑 + 𝑆𝑆𝑡𝑡−1,𝑖𝑖 − 𝐼𝐼𝑡𝑡,𝑖𝑖 − 𝛿𝛿𝑄𝑄𝑡𝑡,𝐿𝐿,−𝑖𝑖

where the form of the temporary cross-protection was 
either:

1. Fixed duration for all individuals with an imperfect 
protection

2. Exponential duration where protection was perfect
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Temporary Cross Protection

Much more recently, Reich et al quantified temporary cross-
protection to disease using 38 years of case data from 
Bangkok. They fit a TSIR model 

𝑆𝑆𝑡𝑡,𝑖𝑖 = 𝐵𝐵𝑡𝑡−𝑑𝑑 + 𝑆𝑆𝑡𝑡−1,𝑖𝑖 − 𝐼𝐼𝑡𝑡,𝑖𝑖 − 𝛿𝛿𝑄𝑄𝑡𝑡,𝐿𝐿,−𝑖𝑖

where the form of the temporary cross-protection was 
either:

1. Fixed duration for all individuals with an imperfect 
protection

2. Exponential duration where protection was perfect

Their model found that serotype-specific 
dynamics were not significantly better than a 
model that only adjusted for seasonality

The best fixed duration and exponential duration 
models indicated heterologous disease protection 
lasted 2.00 and 1.88 years respectively
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Temporary Cross Protection

Model Assumptions
• Since there were only 3 serotypes 

circulating in Iquitos before 2007 
we can simplify the model.
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Temporary Cross Protection

Model Assumptions
• Since there were only 3 serotypes 

circulating in Iquitos before 2007 
we can simplify the model.

• The model allows for different 
serotypes to impart more or less (or 
longer or shorter) protection to 
subsequent infections

• It also allows serotypes to “break 
through” protection at different 
levels and rates

• An individual’s serostatus isn’t 
necessarily the only information 
required to evaluate future risk

• Force of infections are functions of 
time and are fit simultaneously to 
𝜉𝜉 and 𝜓𝜓
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Temporary Cross Protection

One serotype

𝑃𝑃 𝑡𝑡11 < 𝑋𝑋1 < 𝑡𝑡12 = �
𝑡𝑡11

𝑡𝑡12

𝑓𝑓1 𝑠𝑠 𝑑𝑑𝑑𝑑

We essentially have two types of censored data: interval censored and right 
censored

Interval Censored

Model fitting
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Temporary Cross Protection

One serotype

𝑃𝑃 𝑡𝑡11 < 𝑋𝑋1 < 𝑡𝑡12 = �
𝑡𝑡11

𝑡𝑡12

𝑓𝑓1 𝑠𝑠 𝑑𝑑𝑑𝑑

Two serotypes

𝑃𝑃 𝑡𝑡11 < 𝑋𝑋1 < 𝑡𝑡12, 𝑡𝑡21 < 𝑋𝑋2 < 𝑡𝑡22 = �
𝑡𝑡11

𝑡𝑡12

�
𝑡𝑡21

𝑡𝑡22

𝛿𝛿(𝑠𝑠1, 𝑠𝑠2) 𝑓𝑓1 𝑠𝑠1 𝑓𝑓2 𝑠𝑠2 𝑑𝑑𝑠𝑠2𝑑𝑑𝑠𝑠1

where 𝛿𝛿 𝑠𝑠1, 𝑠𝑠2 = �
1 if 𝑠𝑠1 − 𝑠𝑠2 > 𝜓𝜓

𝜉𝜉 if 𝑠𝑠1 − 𝑠𝑠2 ≤ 𝜓𝜓

We essentially have two types of censored data: interval censored and right 
censored

Interval Censored

Model fitting
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Temporary Cross Protection

Three serotypes

𝑃𝑃 𝑡𝑡11 < 𝑋𝑋1 < 𝑡𝑡12, 𝑡𝑡21 < 𝑋𝑋2 < 𝑡𝑡22, 𝑡𝑡31 < 𝑋𝑋3 < 𝑡𝑡32

= �
𝑡𝑡11

𝑡𝑡12

�
𝑡𝑡21

𝑡𝑡22

�
𝑡𝑡31

𝑡𝑡32

𝛿𝛿(𝑠𝑠1, 𝑠𝑠2)𝛿𝛿(𝑠𝑠1, 𝑠𝑠3) 𝛿𝛿(𝑠𝑠2, 𝑠𝑠3) 𝑓𝑓1 𝑠𝑠1 𝑓𝑓2 𝑠𝑠2 𝑓𝑓3 𝑠𝑠3 𝑑𝑑𝑠𝑠3𝑑𝑑𝑠𝑠2𝑑𝑑𝑠𝑠1

We essentially have two types of censored data: interval censored and right 
censored

Interval Censored

Model fitting
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Temporary Cross Protection

One serotype

𝑃𝑃 𝑋𝑋1 > 𝑡𝑡12 = 1 −�
𝑡𝑡10

𝑡𝑡12

𝑓𝑓1 𝑠𝑠 𝑑𝑑𝑑𝑑

Right Censored

Model fitting
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Temporary Cross Protection

Right Censored
Two serotypes One interval censored, one right censored

𝑃𝑃 𝑡𝑡11 < 𝑋𝑋1 < 𝑡𝑡12,𝑋𝑋2 > 𝑡𝑡22 = �
𝑡𝑡11

𝑡𝑡12

𝑓𝑓1 𝑠𝑠 𝑑𝑑𝑑𝑑 − �
𝑡𝑡11

𝑡𝑡12

�
𝑡𝑡20

𝑡𝑡22

𝛿𝛿(𝑠𝑠1, 𝑠𝑠2)𝑓𝑓1 𝑠𝑠1 𝑓𝑓2 𝑠𝑠2 𝑑𝑑𝑠𝑠2𝑑𝑑𝑠𝑠1

Model fitting
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Temporary Cross Protection

Right Censored
Two serotypes One interval censored, one right censored

𝑃𝑃 𝑡𝑡11 < 𝑋𝑋1 < 𝑡𝑡12,𝑋𝑋2 > 𝑡𝑡22 = �
𝑡𝑡11

𝑡𝑡12

𝑓𝑓1 𝑠𝑠 𝑑𝑑𝑑𝑑 − �
𝑡𝑡11

𝑡𝑡12

�
𝑡𝑡20

𝑡𝑡22

𝛿𝛿(𝑠𝑠1, 𝑠𝑠2)𝑓𝑓1 𝑠𝑠1 𝑓𝑓2 𝑠𝑠2 𝑑𝑑𝑠𝑠2𝑑𝑑𝑠𝑠1

Two right censored

𝑃𝑃 𝑋𝑋1 > 𝑡𝑡12,𝑋𝑋2 > 𝑡𝑡22 = 1 − �
𝑡𝑡10

𝑡𝑡12

𝑓𝑓1 𝑠𝑠 𝑑𝑑𝑑𝑑 − �
𝑡𝑡10

𝑡𝑡12

�
𝑡𝑡20

𝑡𝑡22

𝛿𝛿(𝑠𝑠1, 𝑠𝑠2)𝑓𝑓1 𝑠𝑠1 𝑓𝑓2 𝑠𝑠2 𝑑𝑑𝑠𝑠2𝑑𝑑𝑠𝑠1

Model fitting
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Temporary Cross Protection

Right Censored
Three serotypes

Math omitted

Model fitting
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Temporary Cross Protection

Right Censored
Three serotypes

Math omitted

We use adaptive Gibbs-within-Metropolis MCMC to estimate the parameters governing 
durations and strengths of temporary cross-protection for each serotype/serotype combination 
as well as the temporally varying serotype-specific forces of infection

Model fitting
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Temporary Cross Protection

Force of Infection
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Temporary Cross Protection

Force of Infection
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Temporary Cross Protection

Temporary Cross-Protection
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• There is some evidence of differences in the duration of cross-protection by serotype combination. 
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Conclusions and Future Work

Conclusions
• There is some evidence of differences in the duration of cross-protection by serotype combination. 

Cross protection (to infection) appears to last between 3 and 15 months.

• The level of cross-protection appears to be sensitive to serotype/serotype combination. For example, a 
past DENV-2 infection provides almost no protection to DENV-1 while it conveys some protection to 
a DENV-3 infection.

Next Steps
• Use values to simulate populations

• Evaluate statistical significance versus practical importance
• Interpretation of results in context of vaccination protection

• Explore sub-models with greedy algorithms
• Add DENV-4 (include data from 2008)
• Add Asian-American DENV-2 (include data from 2011)
• Antibody-dependent enhancement may increase infectability
• Evaluate functional form of TCI
• Incorporate finer scale of FoI
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Obrigado!!!

Questions?
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