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Section I

Individual-Based Model for Dengue Hemorrhagic Fever
This section describes the Individual-Based Model simulation software in detail.  We did not invent a new disease model, rather, we translated a recently proposed mathematical model [1] into this individual-based model, so that the effects of cross-immunity and age-dependency can be compared on the same platform and because the original mathematical model did not take into account the effect of age.  In addition, in this supplementary file, we examined the responses of the individual-based model to changes in input parameters in order to confirm that it faithfully reproduced the behavior of the original mathematical model.
Model

Transmission intensity
Since we treated four serotypes symmetrically, transmission intensity was expressed as the basic reproductive number (R0) [2,3].  The R0 of dengue is defined as the number of new viremic subjects produced from one viremic subject in a hypothetical population consisting only of naïve subjects.  If an individual virus serotype possesses distinct affinities toward vector mosquitoes (most importantly, Aedes aegypti) or human hosts, expressing the transmission intensity with this single scalar variable may be inadequate.  However, to our knowledge, there is no definitive information that supports using serotype-specific R0s.
Assumptions regarding the immunology of DHF
The model incorporated the following assumptions into immunological state transition diagram (Figure S1 A).  To account for the immunology of DHF parsimoniously, the model software surmised two antigens/epitopes (or groups of antigens/epitopes): a protective antigen and an enhancing antigen.  When an individual is inoculated with a virus, he/she acquires antibodies to the protective antigen of this serotype, as well as to the enhancing antigen shared by all serotypes.  Based upon a previous report, we assumed that the protective antigen is serotype-specific, while the enhancing antigen is shared by serotypes [4].  The protective antigen of a serotype induces life-long sterile immunity to this serotype (i.e. direct protection), and transient immunity to other serotypes that lasts for "C" years from the most recent inoculation (i.e. cross-reactive protection).  If an individual in the "cross-protected state" is inoculated with a virus, the individual will seroconvert, but will not develop DHF.  C years after the most recent exposure to protective antigen, protective antibodies wane, and antibodies to the enhancing antigen predispose the individual to DHF.  When this individual in the "DHF-predisposed state" is inoculated with a virus serotype against which he/she is not protected directly or cross-reactively, this individual will develop DHF according to a probability that is dependent upon age (mentioned later under Assumptions regarding age-dependency).  
Viremia has been reported to be elevated during DHF 
 ADDIN EN.CITE 
[5]
.  A previous modeling study predicted that, if the transmissibility is elevated, four serotypes can co-exist without excluding each other 
 ADDIN EN.CITE 
[6,7]
.  Considering these studies, our model expressed the elevation of transmissibility in an individual manifesting DHF as a factor of "E", and assumed three possibilities of E = 1 (i.e., no transmissibility enhancement), 2 (i.e., double-fold increase in transmissibility), and 20.
We selected parameter values similar to those that were adopted elsewhere [1].  We generalized that infections with as many as “L” serotypes (L = 2, 3, or 4) are sufficient to confer life-long immunity against the manifestation of DHF resulting from inoculation with the remaining serotypes.  There has been no agreement about whether "L" is 2 (as was advocated in ref. [8]) or more than 2 (as in ref. 
 ADDIN EN.CITE 
[9]
).  As a sensitivity analysis, we considered six possibilities for the length of cross-protection (C = 0, 0.5, 1, 2, 3, and 4 years).  In our model, DHF also could occur during primary infection.  The age-independent probability of DHF in primary infections was assigned 0.002, which corresponds to approximately one-twentieth of that in secondary infections 
 ADDIN EN.CITE 
[10,11]
.  We treated infants similarly to people of other ages.  To our knowledge, no previous DHF models specifically addressed infants.

Assumptions regarding age-dependency
The age-dependent probability of manifesting DHF is a matter of debate.  While there have been numerous reports suggesting that the younger population is at the highest risk for DHF 
 ADDIN EN.CITE 
[12-14]
, an even higher risk has been observed in the elderly 
 ADDIN EN.CITE 
[15-17]
.  Here, these two opposing scenarios were classified as “higher probability of DHF manifestation in younger individuals (A = 1)” and “higher probability of DHF manifestation in older individuals (A = 2)”, respectively.  However, the age-dependency of DHF manifestation may not be so simple.  The risk of DHF manifestation reportedly peaks at six years of age, with the risk being lower in younger children and in adults 
 ADDIN EN.CITE 
[18]
.  This age-dependency was incorporated as "complex age-dependency (A = 3)."  As a control, we also allowed for the possibility that "no age-dependency exists (A = 0)."  In total, we considered four possible scenarios regarding the age-dependency of DHF (Figure S1 B).
Simulations
For each simulation, 100,000 naïve individuals were created.  Each individual was assigned randomly to an initial age between 0 and 70 years.  Initially, each serotype was introduced into the simulation at a very low inoculation rate (0.0001 per person per time step).  The age and immunological state of each individual then were updated at discrete time steps of a half-month, which approximates the incubation and infectious period in a human host 
 ADDIN EN.CITE 
[5,19-21]
.  When an individual reached the 70-year life expectancy, they were replaced with a single new naive subject.  Death occurred only by aging, in accordance with the very low level of mortality from DHF at present [22].  We assumed so-called homogeneous mixing as the contact structure: that is, at each time step, an individual was stochastically inoculated with each of the four serotypes according to a probability that was obtained from multiplication of R0 and the number of viremic individuals in the preceding time step.  The R0 varied sinusoidally to mimic seasonality (minimum and maximum were 80% and 120% of average R0, respectively).  The annual average of R0 was kept constant throughout each simulation.  When extinction of a virus serotype occurred, the extinct serotype was reintroduced immediately at a very low probability (0.0001 per person per time step), following a widely accepted convention [6].  An individual developed transmissible viremia if he/she was not protected, directly or cross-reactively, to the inoculating virus, regardless of manifesting illness.  
Each combination of "L", "C", "A", "E" and "R0" (Table S1) was repeated in eight simulations, and each simulation was run for 150 years, modeling the time elapsed from the emergence of the four serotypes from non-human transmission cycles [23].  We averaged the last 40 years from each 150-year simulation. 
The source code of the simulation software can be obtained at http://www.vector-borne-diseases.org/dhf_simulation_plos_ntd.  This software can be modified for future studies without notification of the authors.

Results
Effect of cross-immunity ("C")
In accordance with the above mentioned mathematical model, cross-serotype immunity generated a non-monotonic relationship between the incidence of DHF and transmission intensity, R0 (Figure S2).  This was explained by the fact that, under higher transmission intensity, an increasing number of individuals in the cross-protected state directly entered the totally immune state by bypassing the DHF-predisposed state.  
Effect of age dependency ("A")
We investigated the effects of different age-dependencies in manifesting DHF in secondary infections.  As a result, “higher probability of DHF manifestation in older individuals (A=2)” and "complex age-dependency (A=3)" generated non-monotonic relationships (Figure S3).

Effect of transmission enhancement ("E")

Transmission enhancement did not result in non-monotonic relationship between incidence of DHF and transmission intensity (Figure S4).
Temporal pattern of serotype-specific DHF incidence
The four serotypes exhibited alternating temporal pattern  (Figure S5).  The periodicity was affected by input parameters, such as duration of cross-protective period, transmission enhancement, and transmission intensity.
Mean age of DHF cases and dengue transmission intensity
The mean age of DHF cases was negatively correlated with transmission intensity under any combination of cross-immunity and age-dependency (an example is shown in Figure S6).  This result supports the use of a high mean age of DHF cases as a surrogate for low transmission intensity.
Conclusion

The individual based model simulation led to non-monotonic relationship between transmission intensity and incidence of DHF in the presence of cross-immunity.  This was consistent with the mathematical model on which the individual based model was based.  In addition, the individual based model revealed that some forms of age-dependencies in the probability to manifest DHF also can generate such non-monotonic relationship.

Section II

Variation in incidence and duration for averaging.

In the present study, the variation in incidence of Dengue Hemorrhagic Fever (DHF) at any given value of House Index may seem excessively large.  However, the simulations suggested that this level of wide variation could arise from averaging only a three-year duration, even when an ideal measurement of transmission intensity (i.e.  basic reproductive number) is available (Figure 6 in the main text).  Particularly, simulations that assumed cross-immunity generated a largest variation.  Interestingly, the deviance in the predictive model for incidence responded to the duration of window for averaging, in a complex manner both in actual data and in data generated by simulations with cross-immunity (Figure 8 in the main text).  We explored explanations for these findings in this section.
Periodicity and Cross-immunity
We applied spectrum analysis to the monthly incidence generated from our simulations described in the main text.  As a sensitivity analysis, results were compared between diverse durations of cross-immunity, 0, 0.5, 1, 2, 3 and 4 years (Figure S7).  Notably, simulations with cross-immunity (≥ two years) resulted in prominent supra-annual periodicities (Figure S7 G – O).  This finding is consistent with a previous report that a periodicity of 3-year cycle has been dominant in the incidence of DHF, in Bangkok 
 ADDIN EN.CITE 
[24,25]
.  Especially, within the estimated range of R0 values in Bangkok (i.e., R0 = 3 – 8 [26]), cross-immunity of two years reproduced this 3-year cycle (Figure S7, G, H).  Indeed, there was a  remarkable similarity between the spectrum profile generated from the simulation with cross-immunity of 2-year duration (Figure S7 G, H) and that obtained from the actual epidemiological data in Bangkok (Fig. 1 d of ref. 
 ADDIN EN.CITE 
[24]
 ).  Therefore, we selected two years as the duration of cross-immunity, in the main text.  
We are aware that not only intrinsic (i.e. immunologic) but also extrinsic (i.e. climatic) factors affect periodicity in the incidence of an infectious disease [27].  Since our analysis did not consider the latter, future studies are warranted to disentangle the roles of these factors in the origin of periodicity of DHF.
Periodicity of Incidence and Variation at Different Windows for Averaging

Next, we made an attempt to explore how the duration for averaging incidence affected the variation in incidence at a given transmission intensity.  We generated a one hundred time-series, in each of which the incidence followed a sinusoidal curve of a fixed amplitude of 100.  The baseline of the sinusoidal curve was set to 100.  These time-series emulated one hundred districts under the same transmission intensity.  The cycle of periodicity ("T") was assumed to be (i) one year or (ii) three years.  As a result, in d th time-series, the incidence at the time-point of t (year) would be:

I(t, d) = 100 + 100 × sin (2π × (t + θd)/T )

where θd denotes the displacement in phase at d th time-series.  The sinusoidal curves were generated for durations of W years (W=3, 4, ....40).  Annual incidence at d th time-series averaged for W years was obtained, as in:  
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Among the hundred time-series, we measured the standard deviation (SD) in M(d,w).  The resultant SD represents the SD at a given transmission intensity.  We randomly selected θd at each time-series.  Under this assumption of random phases, the SD would respond to W, as shown in Figure S8 A.  This figure implies that, if W is a multiple of T, the SD will be 0 regardless the value of W; otherwise, the SD will decrease as W increases.  This finding is explained as follows.  If W is a multiple of T, W will contain an equal count of the each phase (e.g., 1st, 2nd and 3rd year for T=3), in any time-series.  Therefore, the average will be equal in any time-series (i.e., SD=0).  On the other hand, if the residue of W to base T is greater than 0 (for example, residue = 1 for T=3), W will contain an extra count of 1st phase in some time-series, 2nd phase in other time-series, or 3rd phase in the remaining time-series.  This random selection of an extra phase generates variation (i.e., SD>0).  However, as W increases, the relative contribution of the extra phase to the numerator for averaging will decrease.   Therefore, the SD decreases.
Since the actual districts are spatially auto-correlated, the assumption of independent phases is not completely true [25].  To the contrary, if all the time-series are synchronized (i.e., if θd  is identical for any d), the SD would be 0, regardless of W.  The reality should be between these two extreme assumptions.

Furthermore, we introduced noises to the periodicities, by randomly selecting the cycle at each time-series, between 0.8 and 1.2 years for T=1, or between 2.6 and 3.4 years for T=3.  This generated a more blunt relationship between SD and W, as in Figure S8 B.  The similarity between Figure S8 B and Figure 8 B in the main manuscript should be noted.  

Conclusion

Collectively, cross-immunity contributes to generating the supra-annual periodicity in the incidence of DHF.  Due to this supra-annual periodicity, which is more dominant than the annual periodicity, the variation in incidence of DHF becomes large and remains high even after the duration for averaging (W) is taken considerably long.
Supplementary Figures
Section I
Figure S1.  Individual-Based Model for Dengue Hemorrhagic Fever (DHF)  

A. Diagram of the transition between immunological states caused by infections with wild type virus.  The transition between immunological states was a result of either viral inoculation (solid arrow) or expiration of time from the most recent inoculation (broken arrow).  The serotype(s) that an individual has experienced is recorded as the existence of protective antibodies to this serotype(s).

 B. Age-dependent probability for a secondary infection to manifest as DHF in a DHF-predisposed individual.  Four hypothetical possibilities of age-dependency are defined: no age-dependency (A = 0), higher probability in younger individuals (A = 1), higher probability in older individuals (A = 2), and complex age-dependent DHF manifestation (A = 3).  

Figure S2.  Relationship between DHF incidence and transmission intensity (R0) generated by cross-serotype immunity
Results from simulations, which assumed the cross-protective period ("C") to be (A) 0 year, (B) 1 year, or (C) 2 years, are presented.  No age-dependency was assumed for DHF manifestation (i.e., A = 0).  Infection with four serotypes was required to confer life-long resistance to DHF (L = 4 serotypes).  Transmission enhancement was not assumed (E=1).  Qualitatively similar results were obtained with L = 2 or 3 and with E = 2 or 20.  
Figure S3.  Relationship between DHF incidence and transmission intensity generated by age-dependent manifestation of DHF  

The results of simulation are presented for four age-dependencies (A) of DHF manifestation.  No cross-protection was assumed (i.e., C = 0 year).  Infection with four serotypes was required to confer life-long immunity (L = 4 serotypes).  Transmission enhancement was not assumed (E = 1).  Qualitatively similar results were obtained with L = 2 or 3, and with E = 2 or 20.  

Figure S4.  Relationship between DHF incidence and transmission intensity generated by transmission enhancement  

Transmission enhancement (E) during manifesting DHF was assumed to be 1 (no enhancement), 2 or 20.  No age-dependency or cross-protection was assumed (i.e., A = 0, C = 0 year).  Infection with four serotypes was required to confer life-long immunity (L = 4 serotypes).  Qualitatively similar results were obtained with L = 2 or 3.  

Figure S5.  Temporal pattern of alternating serotypes in the presence of cross immunity and effects of a sudden drop in transmission intensity
Examples of serotype-specific incidence of DHF are presented.  The last 40 years are presented. 
Figure S6.  Relationship between mean age of DHF cases and Dengue transmission intensity (R0)
Mean age of DHF cases is plotted against transmission intensity (R0).  The result for a parameter setting (C = 2 years, L = 4 serotypes, A = no age-dependency, E = 1) is presented.  All other parameter combinations examined generated similarly negative correlations between mean age of DHF cases and R0. 

Section II
Figure S7.  Periodicity profile (periodogram) for incidence generated by simulations for Dengue Hemorrhagic Fever (DHF).  Individual-based simulation for DHF (described in the accompanying manuscript) was executed for 150 years, from which monthly incidence for the last 40 years was analyzed by fast Fourier transform with Daniell smoothing (provided in R 2.6.2).  Parameters for simulations are as follows: cross-immunity of 0.5 year (A – C), one year (D – F), two years (G – I), three years (J – L), and four years (M – O); age-dependency, which attributes a higher probability of manifesting DHF to the older population [defined as A=2 in the accompanying manuscript] (P – R); control (i.e., no cross-immunity, no age-dependency) (S – U).  Transmission intensity inputted to simulations were R0 = 3 (A, D, G, J, M, P, S), R0=6 (B, E, H, K, N, Q, T), or R0=12 (C, F, I, L, O, R, U).  We executed each parameter setting in duplicate, and confirmed that the resulting periodograms were very similar.  The highest spectrum intensity was presented as 1, for each parameter setting.

Figure S8.  Standard deviation in the asynchronous sinusoidal incidences.  One hundred sinusoidal curves, with asynchronous phases, were generated, to emulate the incidence of DHF.  The sinusoidal incidence was averaged for diverse window lengths ("W"), and standard deviation was measured among these averaged incidences.  A.  Each sinusoidal time-series follows cycles of exactly one year (diamond) or three years (x).  B.  To add noise to the cycles, the cycle at each time-series was selected randomly between 0.8 and 1.2 years (diamond), or between 2.6 and 3.4 years (x).
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