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            Abstract
As with many pathogens, most dengue infections are subclinical and therefore unobserved1. Coupled with limited understanding of the dynamic behaviour of potential serological markers of infection, this observational problem has wide-ranging implications, including hampering our understanding of individual- and population-level correlates of infection and disease risk and how these change over time, between assay interpretations and with cohort design. Here we develop a framework that simultaneously characterizes antibody dynamics and identifies subclinical infections via Bayesian augmentation from detailed cohort data (3,451 individuals with blood draws every 91 days, 143,548 haemagglutination inhibition assay titre measurements)2,3. We identify 1,149 infections (95% confidence interval, 1,135â€“1,163) that were not detected by active surveillance and estimate that 65% of infections are subclinical. After infection, individuals develop a stable set point antibody load after one year that places them within or outside a risk window. Individuals with pre-existing titres of â‰¤1:40 develop haemorrhagic fever 7.4 (95% confidence interval, 2.5â€“8.2) times more often than naive individuals compared to 0.0 times for individuals with titres >1:40 (95% confidence interval: 0.0â€“1.3). Plaque reduction neutralization test titres â‰¤1:100 were similarly associated with severe disease. Across the population, variability in the size of epidemics results in large-scale temporal changes in infection and disease risk that correlate poorly with age.
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                    Fig. 1: Titre responses following infection.[image: ]


Fig. 2: Probability of infection and disease as a function of titre.[image: ]


Fig. 3: Risk of subsequent infection and disease following an infection event.[image: ]


Fig. 4: Evolution of population risk, implications for vaccine and cohort design.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Comparison of biphasic versus exponential decay.
Biphasic and exponential decay curves fitted to haemagglutination inhibition antibody measurements following observed symptomatic infections.


Extended Data Fig. 2 Variability in titre responses and measurement error and bias by serotype.
a, Variability in titre responses. Violin plots showing median (black square), 25% and 75% quantiles (thick black line) and 95% distribution (in grey) of net titre increases at different time points after infection (nâ€‰=â€‰1,420). b, Estimated underlying differences across serotypes in the measurement of antibody levels by haemagglutination inhibition assay over that attributable to infection (DENV1 is reference (Ref.)) with 95% credible intervals (fitted to data from 140,612 titre measurements). c, Mean estimated error in the haemagglutination inhibition assay estimated with 95% credible intervals using our model results (grey) and empirically derived (blue) results from 795 repeated measurements on the same serum compared to the values from previously empirically derived estimates12 for PRNTs (blue).


Extended Data Fig. 3 Serotype distributions.
a, Distribution of serotypes by year comparing the detected symptomatic infections by PCR and the augmented primary infections for which we could confidently assign the serotype (>50% of model iterations inferring the same serotype). We could confidently assign the serotype in 60% of cases. b, Serotype distribution for detected symptomatic primary infections and augmented subclinical primary infections for which the infecting serotype could be confidently assigned (>50% of model iterations inferring the same serotype). c, Distribution of serotypes by year comparing the detected symptomatic infections by PCR and the augmented primary infections using a more stringent cutoff that >75% of model iterations infer the same serotype. In this scenario, we could confidently assign the serotype in 32% of instances.


Extended Data Fig. 4 Cox proportional hazards model versus logistic regression.
Comparison of results using time varying Cox proportional hazards model (dashed line) with that from logistic regression (solid line) for the annualized probability of infection (a), developing any symptoms (b), being hospitalized (c) and developing DHF (d) as a function of the mean measured antibody titre across all serotypes at the time of exposure using titre data from all study subjects (nâ€‰=â€‰3,451). The open circles on the left represent primary infections (that is, those with no detectable titres for any serotype before exposure). The shaded regions represent 95% bootstrap confidence intervals. To calculate probabilities, the relative hazards from the Cox model are multiplied by the baseline hazard for those with measured titres of 0 (calculated as proportion of person time with an infection time among those with measured titres of 0).


Extended Data Fig. 5 ROC for the identification of DHF infections.
Ability of modelled relationship between measured haemagglutination inhibition titre and risk of DHF to identify those with DHF, using those with DHF compared to randomly selected matched controls from individuals in the cohort who had detectable titres at the same time (nâ€‰=â€‰36 with DHF with the same number of matched controls). AUC, area under the curve.


Extended Data Fig. 6 Probability of disease as a function of haemagglutination inhibition and PRNT titre.
Probability of disease as a function of mean titre across the four serotypes at the time of infection. a, For those infected during the surveillance windows, the probability of developing any symptoms as a function of mean titre (nâ€‰=â€‰781). b, For those infected during the surveillance windows, the probability of being hospitalized (nâ€‰=â€‰781). c, For those infected during the surveillance windows, the probability of developing DHF as a function of mean titre (nâ€‰=â€‰781). d, For those infected during the surveillance windows (nâ€‰=â€‰781), the probability of developing any symptoms as a function of mean PRNT titre. e, For those infected, the probability of being hospitalized as a function of mean PRNT titre. f, For those infected, the probability of developing DHF as a function of mean PRNT titre. In each panel, the open circles on the left represent primary infections. The shaded region represents 95% confidence intervals.


Extended Data Fig. 7 Population-level distribution of titres by birth cohort and age.
a, Proportion of each cohort who are naive as a function of time. b, Proportion of each cohort who are naive as a function of age. c, d, Proportion of each cohort with titres above risk zone (that is, greater than 3) as a function of time (c) and age (d).


Extended Data Fig. 8 ROC for infection detection using different testing protocols.
The ROC for different assay approaches and time between blood draws calculated from 100,000 simulated titre responses. a, Single serotype assayâ€”when haemagglutination inhibition tests are conducted for only a single serotype at two time points. b, Haemagglutination inhibition tests conducted against all four serotypes. Infections are considered to occur when the ratio of any of the four titres at time point 2 versus time point 1 is greater than the threshold value. c, Haemagglutination inhibition tests conducted against all four serotypes. Infections are considered to occur when the ratio of the mean of the four titres at time point 2 versus the mean at time point 1 is greater than the threshold value.


Extended Data Fig. 9 Performance of assay is dependent on time between blood draws and measurement error.
Optimization of assays for the detection of events in which the specificity is maintained at >95%. aâ€“c, We explore the performance of three different assay testing protocols: current practice for which infection events are defined as a rise above a cutoff point in any serotype across two blood draws (a), a â€˜mean approachâ€™ for which the mean across all serotypes is first calculated before comparing the means across time points (b), a â€˜mean approachâ€™ for which titres are available on a continuous scale (c). For each protocol, we identify the optimal cutoff point for a range of assay measurement errors from 100,000 simulated titres based on the fitted titre responses from infections in our study population, that maintains a specificity of >95% (top row). We then calculate the sensitivity of the approach for different time intervals between blood draws using 50% held-out data (bottom row). dâ€“f, Same as aâ€“c but using a more stringent cutoff of 99%.


Extended Data Fig. 10 Clustering of symptomatic (nâ€‰=â€‰274) and subclinical cases (mean nâ€‰=â€‰507 across 100 reconstructed datasets) by school by time and serotype.
a, Probability of observing an augmented subclinical infection (irrespective of serotype) occurs at different time intervals within the same school of a detected symptomatic case relative to the probability of observing an augmented subclinical infection occurring in a different school in that same time interval. b, For augmented primary infections that are consistently of the same serotype (defined as >50% of augmented datasets having a primary infection in the same individual caused by the same serotype in the same six-month time window). Probability that an augmented primary infection that occurs within a fixed time window of a PCR-confirmed case and in the same school is of the same serotype relative to the probability that an augmented primary infection that occurs within the same time window in a different school is of the same serotype. Note that the modelling framework can only allow differentiation of serotypes for primary infections. Cross-reaction prevents differentiation in subsequent infections. Overall, 60% of primary infections have a consistent serotype for a primary infection across augmented datasets. Each box plot presents the 2.5%, 25%, 75% and the 97.5% quantiles of the distribution as well as the mean.
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Supplementary Table
This file contains the Titer Database titled Hemagglutination Inhibition titer data.Â For each individual, the days since recruitment for each blood draw and the Hemagglutination Inhibition titers to each of the four serotypes at that blood draw.


Supplementary Table
This file contains the Case Database titled Disease event data. For each individual who experienced symptomatic dengueÂ during the surveillance windows, the day since recruitment of the onset of symptoms, the serotype of the infection (where known), whether the case was hospitalized and whether the case developed dengue hemorrhagic fever.
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