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inferred through the estimates generated by this model, we further
derived the provincial FoI time series and found them to be
declining country wide at least up until 2005. The decline was
primarily attributable to reductions in infections due to changes
in host demography, while there were minor (−2.8%) changes in
transmission efficiency.

As in other studies (22, 23), we found that second infections
were most associated with DHF at all times. Third and fourth
infections were more likely to be associated with DHF than first
infections. Our results supported changes in clinical detectability
of third and fourth infections over time but not first and second
infections. We propose three hypotheses driving this change. First,
the postponed infections were correlated with greater comor-
bidities in older age categories. Although this should have been
absorbed by age-specific reporting rates in our models, there may
remain effects that were dependent on the immunological status
of individuals. Second, effects of immunopathogenesis may be
exacerbated by longer waiting times between infections. Third,
DENV may have evolved sufficiently to escape cross-protection
against disease conferred by multiheterotypic immunity.

Age-specific reporting rates were estimated to be higher in
older individuals (>60) than other age groups in all provinces,
irrespective of time. The high consistency in these independent
estimates implies the existence of common influencing factors.
Older individuals are associated with more comorbidities, making
infections at later ages more severe/detectable (14). Care-seeking
tendencies may also be higher in this age class.

Another interesting pattern that emerged from independent
estimates across provinces is high infection hazards in individuals
aged 12 to 15. This is coupled with low reporting rates for that
same age band. This consistent signal across provinces may reflect
common age-dependent risks of exposure [e.g., schooling and
changes in contact network patterns with age (24)] and/or height-
ened susceptibility to infection following their first infection (22,
23), as well as other behavioral or physiological changes. The lower
reporting rate may have resulted from care-seeking behaviors
and/or disease severity. Both infection hazard and reporting rate
were estimated to be high at ages over 60. Increased hours spent
around homes by older individuals may increase their risk of
infection as female Aedes aegypti with blood meals were more
frequently found indoors than outdoors (25). Immune senescence
(26) may also be associated with increased risk.

In attempting to delineate the contributions of factors driving
the observed age shift, we found that shifts in the age distribution
of susceptibility alone, even without variations in per-serotype
infection hazard and reporting, were able to explain 58% of
the continuing age increase of DHF cases (0.28 of the 0.48-
y annual increase). In fact, they explained all of the increases
prior to year 2000. The shift was later exacerbated by delayed
occurrence of infections in life and higher reporting tendencies in
older individuals. With more partially/fully immune individuals
against the four dengue serotypes sustained in the population, the
average infection hazard in the population would still be reduced.

Consistent with serological studies (3, 4), we found both per-
serotype [τ̄(t)] and overall infection hazards (FoI) to be declining
up to 2005 before plateauing, although neither contributed to the
age increase of DHF cases in the early period. Paradoxically, the
presence of temporal changes in τ̄(t) (and demographic structure)
but nothing else led to a less prominent increase in this early
period than without (Fig. 4D). This contradicts the expectations
from simulations where declines in τ̄(t) were coupled with age
increases of cases (SI Appendix, Fig. S15B). Summing the isolated
effects of age-varying reporting rates and age-structured infection
hazard was insufficient to offset this discrepancy. These findings

imply that the effects were synergistic and cannot be considered
in isolation.

In this study, we sought to explain drivers of the age shift
where we found the reduction in infection hazard to be part of it,
particularly in the later years where the age increase accelerated.
Our findings that changes in transmission efficiencies during the
study period were variable across provinces, tending the average
change toward zero (despite a vast amount of environmental,
socioeconomic, and vector control changes over the study period),
left most of the reduction in FoI attributable to the decline
in infectious proportions. The finding is less consistent with
nonimmune-mediated factors, such as reduced mosquito densities
and development of housing, and more consistent with elevated
shielding of susceptible individuals by immune individuals due to
the longer life expectancy. Other immune-mediated factors may
include the roles of cross-reactive immunity due to infection by
other Flaviviruses [such as Zika (27) or Japanese encephalitis (JE)]
or due to vaccination [JE (28)]. Regardless of whether these influ-
ences exist/persist, with the projected population age structure in
Thailand, our theoretical simulations suggest that the age of DHF
cases will continue to increase until birth rates of the Thai pop-
ulation reach a new equilibrium (SI Appendix, Fig. S15D). This
shift of infections toward older individuals with more prevalence
of comorbidities will likely complicate the clinical management of
dengue cases (29).

We found consistent trends among provinces, despite parame-
ters being estimated independently. The strength of the evidence
can be reduced with spatial dependence between provinces, a cor-
relation structure not accounted for in our analyses. Nonetheless,
modest decay in correlation between estimates of all parameters
across space [except for temporal infection intensity, which is
known to be spatially focal for dengue (30)] suggests limited
effects of spatial dependence on our inferences. Our models were
formulated to capture effects of factors varying over age or time,
modulating either rates at which individuals acquire infections or
the detection/reporting of infections. Correlation among coeffi-
cients not included in our models may reduce the precision of our
parameter estimates.

The predominant and long-standing effect of demographic
transition on increases in mean age has implications beyond
Thailand. Aging populations are a global phenomenon first expe-
rienced in Europe and Japan (31). Africa, Asia, and Latin America,
all of which are hyperendemic areas for dengue, are still in a period
of transition (32). As such, we anticipate similar observations to
emerge in other regions. Awareness of these changes is necessary
for clinical preparedness. Further, the declining FoI implies that
the timing of infections becomes less synchronous within each
birth cohort. This asynchrony could lead to lower predictability
of immune status by age and higher variability in the history of
strain-specific exposure of individual cohorts. This may, in turn,
change the selection landscape and may have implications for
vaccines.

Materials and Methods

Data. Dengue has been a notifiable illness in the national surveillance system
of Thailand since 1972. Provincial age-stratified case counts are given annually
through aggregation of dengue case counts reported to health facilities within
its boundaries. Data in 1981 to 2005 were digitized with double data entry for a
previous study (5). Data for 2003 to 2017, split by severity, are publicly available
from the Department of Disease Control, Thai Ministry of Public Health website
(33). The severity levels include dengue fever, DHF, and DSS as per the World
Health Organization 1997 guidelines (34). DHF counts were used in this study to
maintain consistency across time.
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Population age censuses for 1994 to 2017 were acquired from the Depart-
ment of Provincial Administration, Ministry of the Interior through the Official
Statistics Registration Systems (35). The censuses of 1980, 1990, and 2000, taken
from the same system, were available from archived data of the previous study (5).
Populations in the noncensus years were interpolated using fitted birth cohort
population trajectories from census years.

During the study period from 1981 to 2017, 4 of the 72 provinces were
segregated, resulting in 76 provinces in later years for both datasets. To account
for the segregation, case counts and census data of the segregated provinces were
combined to form the original provinces.

Model Parameters and Their Estimation. Following the approach of a previ-
ous study (5), τx(t) represents the infection hazard of serotype x in the province
at time t. Because case counts in the Thai national surveillance dataset are not
serotype specific, only the average hazard of the four cocirculating serotypes
at time t could be estimated, denoted τ̄(t). To capture possible variability of
infection hazard by age a, τ̄(a, t) was estimated as the product of the age-
specific time-invariant modifiers κ(a) and τ̄(t) (i.e., the hazards experienced
are scaled by age-specific constants). Here, we extend the previous model by
allowing the reporting rate, φ, to be time varying, φ(t); age varying, φ(a); or
both. The variations in both time and age were estimated to be either the product
of their independent variations φ(t)× φ(a) or freely variable across those two
dimensions, φ(a, t). Furthermore, the observed cases were not presumed to be
the result of individuals’ second dengue infections. Clinical detectability of the
ith infection Q(i), taking values between zero and one, was estimated for the four
infection indices i ∈ {1, 2, 3, 4}. These fractions aimed to capture the biological
symptomatic and care-seeking tendencies of the infections. To assess whether
Q(i) was time varying, Q(i, t) was alternatively estimated to be piecewise con-
stant in time. Combining the three model components yielded 20 nested models
(SI Appendix, Fig. S3). Parameters κ(a),φ(t), and φ(a) were each estimated as
16 piecewise constant intervals to keep models utilizing different components
comparable. Each Q(i, t) was estimated for four time intervals (16 free parame-
ters). To keep the degrees of freedom df the same as the φ(t)× φ(a) variation,
φ(a, t) was estimated for four time intervals and eight age intervals (32 free
parameters). Mathematical formulations of the models and the fitting procedures
are detailed in SI Appendix, Supplementary Methods.

Model parameters were estimated from the data of each province using
Rstan v2.21.2 (36) with three independent chains, each of length 15,000 (3,000
discarded as warm-up). Posteriors of all chains combined were considered con-
verged when R̂ < 1.1 and effective sample size > 300 for all parameters. Good-
ness of fits to the annual age-stratified DHF counts were compared through
their ELPD computed from approximate leave-one-out cross-validation by the R
package loo (37). Nonoverlapping 95% CIs of the ELPDs (calculated as ±2 SE
from the mean) indicate significant superiority of the model with higher ELPD
in predicting unobserved data. Models with ELPD superior to all other models

constitute the best-fitting models of each province. The country-wide best-fitting
model was then determined by identifying the model that received the highest
sum of votes from provinces (inverse weighted by the number of ties if multiple
models performed equivalently). We also evaluated the negative log likelihood,
the Bayesian information criterion, and the root-mean-squared error of the case
counts in SI Appendix, Supplementary Model Evaluations.

Reconstructing Infection and Transmission Histories. Fractions of individ-
uals in each birth cohort who had experienced i infections (i ∈ {0, 1, 2, 3, 4})
at the end of each year were calculated from the estimated infection hazards.
These piecewise constant infection hazards reflect the averages within each year.
As serial intervals of dengue are approximately 2 wk (38, 39), we converted
the estimates to the scale of biweeks by dividing by 26. Biweekly FoIs λ(t) in
the population were computed as weighted averages of hazards across ages
and the number of infections that individuals had experienced. The frequency-
dependent transmission efficiencies β(t) were derived by solving the equation
λ(t) = β(t) I(t), where I(t) is the fraction of individuals who were infectious at
time t. Average rates of changes over time for these quantities were summarized
by linearly regressing each of the quantities on the year using the glm function
in R. Rates were considered increasing/decreasing when the 95% CI of the slope
estimates excluded zero.

Data Availability. Data and code for all analyses have been deposited in
Zenodo (40).
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