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SUPPLEMENTARY METHODS 

BUILDING THE CONTINUOUS MODELS 

Let 𝐸𝐸𝑖𝑖  denote the number of dengue serotypes by which individual 𝑖𝑖 has been challenged. 
According to the catalytic model (Ferguson, Donnelly and Anderson 1999), the probability that 
the individual is still naïve to dengue – given his age, 𝑎𝑎 – is 𝑃𝑃(𝐸𝐸𝑖𝑖 = 0|𝑎𝑎𝑖𝑖) = exp(−𝐸𝐸�𝑖𝑖), in which 
𝐸𝐸�𝑖𝑖 is calculated as follows: 

𝐸𝐸�𝑖𝑖 = �𝟏𝟏[𝜅𝜅𝑢𝑢 < 𝑎𝑎𝑖𝑖] × (𝜅𝜅𝑢𝑢 − 𝜅𝜅𝑢𝑢−1) × 𝜆𝜆𝜅𝜅𝑢𝑢−1,𝜅𝜅𝑢𝑢

𝑝𝑝

𝑢𝑢=1

+ �𝑎𝑎𝑖𝑖 − max
𝜅𝜅𝑣𝑣

(𝜅𝜅𝑣𝑣 < 𝑎𝑎𝑖𝑖)� × 𝜆𝜆𝜅𝜅𝑣𝑣,𝜅𝜅𝑣𝑣+1  

where: 

𝑎𝑎𝑖𝑖 is the age (in years) of individual 𝑖𝑖; 

𝜆𝜆𝜅𝜅𝑢𝑢−1,𝜅𝜅𝑢𝑢 is the total annual FOI of all the four serotypes of dengue that the age group 
between 𝜅𝜅𝑢𝑢−1 and 𝜅𝜅𝑢𝑢 years are exposed to; 

𝜅𝜅𝑢𝑢, 𝜅𝜅𝑢𝑢−1 are age cut-offs (𝜅𝜅0 = 0 and 𝜅𝜅𝑝𝑝 = ∞); 

𝑝𝑝 ∈ {1, 2, 3} is the number of age-specific FOIs in the considered model; 

𝟏𝟏[𝜅𝜅𝑢𝑢 < 𝑎𝑎𝑖𝑖] is an indicator function, i.e. 𝟏𝟏[𝜅𝜅𝑢𝑢 < 𝑎𝑎𝑖𝑖] = �1 if 𝜅𝜅𝑢𝑢 < 𝑎𝑎𝑖𝑖
0 otherwise

. 

The probability that individual 𝑖𝑖 has experienced at least one dengue infection is: 

𝑃𝑃(𝐸𝐸𝑖𝑖 ≥ 1|𝑎𝑎𝑖𝑖) = 1 − 𝑃𝑃(𝐸𝐸𝑖𝑖 = 0|𝑎𝑎𝑖𝑖) = 1 − exp(−𝐸𝐸�𝑖𝑖  ) 

If we assume that all four dengue serotypes have equal FOIs (i.e. 𝜆𝜆
4
), the probability that an 

individual has been challenged by one of the four serotypes but is still naïve to the other 
serotypes can be calculated as follows: 

𝑃𝑃(𝐸𝐸𝑖𝑖 = 1|𝑎𝑎𝑖𝑖) = 4 × exp �−
3
4
𝐸𝐸�𝑖𝑖� × �1 − exp �−

1
4
𝐸𝐸�𝑖𝑖�� 
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where �1 − exp �− 1
4
𝐸𝐸�𝑖𝑖�� is the probability that the individual has experienced one dengue 

serotype, and exp �− 3
4
𝐸𝐸�𝑖𝑖� corresponds to the chance that the individual has escaped the other 

three serotypes. 

The probability that an individual has been exposed to more than one dengue serotype is: 

𝑃𝑃(𝐸𝐸𝑖𝑖 ≥ 2|𝑎𝑎𝑖𝑖) = 1 − 𝑃𝑃(𝐸𝐸𝑖𝑖 = 0|𝑎𝑎𝑖𝑖) − 𝑃𝑃(𝐸𝐸𝑖𝑖 = 1|𝑎𝑎𝑖𝑖) = 1 − 𝑒𝑒−𝐸𝐸�𝑖𝑖 − 4𝑒𝑒−
3
4𝐸𝐸�𝑖𝑖 �1 − 𝑒𝑒−

1
4𝐸𝐸�𝑖𝑖� 

Assume that the IgG antibody level of each individual, 𝑌𝑌𝑖𝑖, follows a gamma distribution that is 
conditional on the number of dengue exposures (𝐸𝐸𝑖𝑖). In models with two distributions of IgG 
levels (i.e. 𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0 and 𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 1), the binomial likelihoods of the models were calculated as 
follows: 

ℒ(𝜽𝜽|𝒀𝒀) ∝�[𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0) × 𝑃𝑃(𝐸𝐸𝑖𝑖 = 0|𝑎𝑎𝑖𝑖) + 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 1) × 𝑃𝑃(𝐸𝐸𝑖𝑖 ≥ 1|𝑎𝑎𝑖𝑖)]
𝑛𝑛

𝑖𝑖=1

= ��𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0) × 𝑒𝑒−𝐸𝐸�𝑖𝑖 + 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 1) × �1 − 𝑒𝑒−𝐸𝐸�𝑖𝑖��
𝑛𝑛

𝑖𝑖=1

 

where 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0)  and 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 1)  are the probability density functions of IgG levels of 
seronegative and seropositive individuals, respectively. 

Similarly, in models with three IgG-level distributions (i.e. 𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0, 𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 1, and 𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 2), 
the multinomial likelihoods were calculated as follows: 

ℒ(𝜽𝜽|𝒀𝒀) ∝�[𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0) × 𝑃𝑃(𝐸𝐸𝑖𝑖 = 0|𝑎𝑎𝑖𝑖) + 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 1) × 𝑃𝑃(𝐸𝐸𝑖𝑖 = 1|𝑎𝑎𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
+ 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 2) × 𝑃𝑃(𝐸𝐸𝑖𝑖 ≥ 2|𝑎𝑎𝑖𝑖)]

= ��𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0) × 𝑒𝑒−𝐸𝐸�𝑖𝑖 + 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 1) × 4𝑒𝑒−
3
4𝐸𝐸�𝑖𝑖 �1 − 𝑒𝑒−

1
4𝐸𝐸�𝑖𝑖�

𝑛𝑛

𝑖𝑖=1

+ 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 2) × �1 − 𝑒𝑒−𝐸𝐸�𝑖𝑖 − 4𝑒𝑒−
3
4𝐸𝐸�𝑖𝑖 �1 − 𝑒𝑒−

1
4𝐸𝐸�𝑖𝑖��� 

where 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 0), 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 = 1) and 𝑓𝑓(𝑌𝑌𝑖𝑖|𝐸𝐸𝑖𝑖 ≥ 2) are the probability density functions of IgG 
levels of individuals given that they were estimated to be seronegative (naïve to dengue), 
primary-seropositive (having experienced only primary infections), or secondary-seropositive 
(having experienced secondary infections), respectively. 

In these models, monotypic re-exposure was assumed not to alter IgG antibody levels.  
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SUPPLEMENTARY RESULTS 

Table S1: Fifteen binary models that were fitted to the data of An Giang, Ho Chi Minh City, and 
Quang Ngai separately. Models are arranged by their deviance information criterion (DIC) in 
ascending order. DIC scores and median estimates of the force of infection (with 95% credible 
intervals) are only shown for converged models. 

 MODEL 
NO. 
FREE 

PARAM. 

AGE GROUPS 
FORCE OF INFECTION2 DIC 

COUNT CUT-OFFS1 

AN
 G

IA
N

G 

AgiBin02 2 2 6 0.06 
(0.04; 0.09) 

0.17 
(0.13; 0.21) 206 

AgiBin01 1 1 - 0.11 
(0.09; 0.13) 218 

AgiBin03 3 2 est. - - 

AgiBin04 3 3 6 and 18 - - 

AgiBin05 5 3 est. - - 

H
O

 C
H

I M
IN

H
 C

IT
Y 

HcmBin01 1 1 - 0.07 
(0.06; 0.09) 387 

HcmBin02 2 2 6 0.08 
(0.05; 0.12) 

0.07 
(0.05; 0.10) 389 

HcmBin04 3 3 6 & 18 0.07 
(0.04; 0.12) 

0.08 
(0.05; 0.12) 

0.05 
(0.00; 0.12) 390 

HcmBin03 3 2 est. - - 

HcmBin05 5 3 est. - - 

Q
UA

N
G 

N
GA

I 

QngBin01 1 1 - 0.03 
(0.02; 0.04) 331 

QngBin02 2 2 6 0.04 
(0.02; 0.07) 

0.02 
(0.01; 0.03) 331 

QngBin04 3 3 6 & 18 0.05 
(0.03; 0.07) 

0.02 
(0.00; 0.04) 

0.03 
(0.01; 0.05) 332 

QngBin03 3 2 est. - - 

QngBin05 5 3 est. - - 

1 “est.” indicates that the parameters were left to be estimated by the MCMC runs, but the chains did not converge. 

2 The number of FOI estimates in each model corresponds to the number of age groups in the model, with the first 
estimate corresponding to the youngest age group. 
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Table S2: Configuration of the IgG-level distributions in the four continuous models that were 
fitted to the whole Vietnamese data set. In these models, we assumed constant FOIs for Ho Chi 
Minh City and Quang Ngai, and an age-varying FOI for An Giang (with two age groups). Models 
are arranged by their deviance information criterion (DIC) in ascending order. 

MODEL 

CONFIGURATION OF THE IGG-LEVEL DISTRIBUTIONS 
NO. FREE 
PARAM. DIC 

SERONEGATIVE PRIMARY-SEROPOSITIVE & 
SECONDARY-SEROPOSITIVE 

VnmCon01 population-specific population-specific 20 6095 

VnmCon02 shared across populations population-specific 18 6140 

VnmCon03 population-specific shared across populations 12 6175 

VnmCon04 shared across populations shared across populations 10 6196 
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Table S3: Six continuous-titre models that were fitted to the Chennai dataset. The posteriors of the IgG-level distributions of seronegative and 
primary-seropositive cases of An Giang (inferred from the AgiCon33 model) were used as strong priors for the corresponding IgG-level distributions 
in these models of Chennai. The models are arranged by their deviance information criterion (DIC) in ascending order; the last models in the list did 
not converge. Estimated parameters are shown by the median values and their 95% credible intervals (in parentheses). Fixed parameters are 
presented as a single number. The heterogeneity of the FOI (if it exists) is interpreted as being time-dependent as suggested by the original paper. 

MODEL 
(DIC) 

NO. 
FREE 

PARAM. 

TIME PERIODS  FORCE OF INFECTION2 MEAN & 
STD. DEV. 
OF SERO-
NEGATIVE 

PRIMARY-SEROPOSITIVE  SECONDARY-SEROPOSITIVE 

COUNT CUT-OFFS1  1ST TIME 
PERIOD 

2ND TIME 
PERIOD 

3RD TIME 
PERIOD MEAN STD. DEV.  MEAN STD. DEV. 

CheCon32e 
(5,565) 7 2 7 

 0.28 
(0.23; 0.33) 

0.06 
(0.04; 0.08) - 4.8 

(3.7; 6.1) 
32.3 

(30.0; 34.4) 
9.2 

(7.9; 10.8)  41.4 
(40.9; 41.9) 

4.6 
(4.3; 5.0) 

CheCon33 
(5,565) 8 2 9.4 

(6.4; 13.3) 
 0.24 

(0.19; 0.31) 
0.05 

(0.02; 0.07) - 4.7 
(3.7; 6.1) 

32.3 
(30.0; 34.3) 

9.2 
(7.9; 10.8)  41.4 

(40.9; 41.9) 
4.6 

(4.3; 5.0) 

CheCon32 
(5,568) 7 2 6 

 0.30 
(0.25; 0.36) 

0.06 
(0.04; 0.08) - 4.8 

(3.7; 6.1) 
32.4 

(30.0; 34.4) 
9.3 

(8.0; 10.8)  41.4 
(40.9; 41.9) 

4.6 
(4.3; 5.0) 

CheCon34 
(5,568) 8 3 6 & 18 

 0.28 
(0.22; 0.35) 

0.09 
(0.04; 0.14) 

0.05 
(0.01; 0.08) 

4.7 
(3.7; 6.1) 

32.3 
(29.9; 34.3) 

9.3 
(7.9; 10.8)  41.4 

(40.9; 41.9) 
4.7 

(4.3; 5.0) 

CheCon31 
(5,621) 6 1 - 

 0.14 
(0.12; 0.15) - - 5.0 

(3.9; 6.5) 
33.5 

(31.2; 35.3) 
9.5 

(8.2; 11.0)  41.2 
(40.7; 41.7) 

4.8 
(4.4; 5.3) 

CheCon35 
(N/A) 10 3 est. 

 
- - - - - -  - - 

1 “est.” indicates that the time cut-offs were left to be estimated by the MCMC runs, but the chains did not converge. 

2 The number of FOI estimates in each model corresponds to the number of time periods in the model, with the first estimate corresponding to the most recent time period before 
the year of sample collection (2011). 
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Figure S1: The ages and the IgG titres of the samples used in this analysis. Teal, orange, and red 
points represent seronegative (IgG titre < 9), equivocal (9 ≤ IgG titre ≤ 11), and seropositive (IgG 

titre > 11) samples, respectively. 
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Figure S2: The probability of a given sample in Ho Chi Minh City being primary-seropositive. This 
probability table was built based on the IgG-level distributions and the median FOI estimate of Ho 

Chi Minh City, inferred from the HcmCon31 model. The blue area on the left side of the table 
represents individuals who are likely to be seronegative. Meanwhile, individuals falling into the 

blue area on the right side are likely to be secondary-seropositive. 
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Figure S3: The probability of a given sample in Quang Ngai being primary-seropositive. This 
probability table was built based on the IgG-level distributions and the median FOI estimate of 

Quang Ngai, inferred from the HcmCon31 model. The blue area on the left side of the table 
represents individuals who are likely to be seronegative. Meanwhile, individuals falling into the 

blue area on the right side are likely to be secondary-seropositive. 
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Figure S4: The seroprevalence of dengue in Chennai, India. The bars represent the proportion 
(with 95% confidence intervals) of samples for each 4-year age group with IgG levels above 10 

Panbio units. The lines show the estimates of seroprevalence from 1,000 simulations, of which the 
parameters were drawn from the posteriors of the CheCon32e model. 

 

 

Figure S5: The histogram of the measured IgG levels (bars), and the inferred IgG-level distributions 
(lines) of the three exposure classes (seronegative, primary-seropositive, secondary-seropositive) in 

Chennai. The IgG-level distributions were simulated 1,000 times based on the posteriors of the 
CheCon32e model. 
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