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Background. Despite the strong association between secondary dengue virus (DENV) infections and dengue
hemorrhagic fever (DHF), the majority of secondary infections are subclinical or mild. The determinants of clinical
severity remain unclear, though studies indicate a titer-dependent and time-dependent role of cross-protective anti-
DENV antibodies.

Methods. Data from 2 sequential prospective cohort studies were analyzed for subclinical and symptomatic
DENV infections in schoolchildren in Kamphaeng Phet, Thailand (1998–2002 and 2004–2007). Children experienc-
ing ≥1 DENV infection were selected as the population for analysis (contributing 2169 person-years of follow-up).

Results. In total, 1696 children had ≥1 DENV infection detected during their enrollment; 268 experienced 2 or
more infections. A shorter time interval between infections was associated with subclinical infection in children sero-
negative for DENV at enrollment, for whom a second-detected DENV infection is more likely to reflect a true second
infection (average of 2.6 years between infections for DHF, 1.9 for DF, and 1.6 for subclinical infections).

Conclusions. These findings support a pathogenesis model where cross-reactive antibodies wane from higher-
titer, protective levels to lower-titer, detrimental levels. This is one of the first studies of human subjects to suggest a
window of cross-protection following DENV infection since Sabin’s challenge studies in the 1940s.
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Dengue viruses (DENV) are a major cause of disease
and death throughout tropical and subtropical regions
of the globe [1]. In the 1960s, studies of the dramatic

increases in dengue hemorrhagic fever (DHF) in
Southeast Asia established a link with secondary
DENV infections [2–3], which has since been con-
firmed in other epidemics and other locales [4–7]. Sec-
ondary DENV infection remains the strongest known
risk factor for DHF, with a relative risk estimated to be
as high as 50–100 compared to primary DENV infec-
tion [5, 8].

Despite this strong association, secondary infection
appears neither sufficient nor necessary for causing DHF.
DHF can be observed in primary DENV infections [9],
suggesting that unknown host and/or viral factors are
sufficient to drive the occurrence of DHF outside of the
setting of preexisting antibodies. Second, only a small
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fraction of secondary infections progress to DHF; the majority of
secondary infections are in fact subclinical [8, 10]. The factors
that predispose one individual to develop DHF over another with
secondary infection remain unclear. Last, tertiary and quaternary
infections with DENV are typically thought to be milder [11],
suggesting that cross-protection may be sufficient by the third in-
fection to mitigate against clinical illness.

The dominant mechanism proposed for the pathogenesis of
DHF is that of antibody-dependent enhancement (ADE) [2].
With ADE, preexisting neutralizing antibodies from a prior
DENV infection are hypothesized to enhance a subsequent in-
fection with a different DENV serotype, resulting in higher
viral load, greater immune activation, and ultimately the pro-
found plasma leakage characteristic of DHF [12]. The ability to
neutralize or enhance heterologous DENV viruses has been
shown to vary by antibody titer [13]. In vitro studies have dem-
onstrated a titer dependence of ADE with peaks in both the
percentage of infected cells and viral output per infected cell at
low-to-intermediate concentrations of antibody [14]. The same
prospective study used for the present analysis also provided
evidence of a possible titer-dependent role of cross-reactive an-
tibodies; higher levels of preexisting (cross reactive) antibodies
to DENV-3 were associated with milder illness upon subse-
quent infection with DENV-3 [15].

An analogy to this titer-dependent function of cross-reactive
antibodies may be found in human infants, who are born with
high levels of maternal antibody and are seemingly protected
from DHF [16]. As maternal antibody wanes, infants are postu-
lated to pass into an “intermediate phase” at approximately 6–8
months where they experience an elevated risk of DHF. As ma-
ternal antibody wanes further and disappears, infants again
pass into a phase with a low risk of DHF. This suggests that
high maternal antibody titers are sufficient to provide some
protection from DENV infection, but that as antibodies wane
to low-intermediate levels, cross-reactive antibodies may facili-
tate the occurrence of DHF.

There is also experimental evidence of a temporal window of
cross-protection with DENV from human challenge studies
conducted by Albert Sabin [17]. Specifically, he found that up
until 2 months post-primary inoculation, subjects were protect-
ed from illness when inoculated with a second heterologous
DENV and were unable to infect mosquitoes (ie, were protected
from infection). Two to three months post-primary infection,
exposure to a heterologous DENV serotype resulted in transient
fever and mild malaise, and the ability to infect mosquitoes was
reestablished. Nine months post-primary infection, heterologous
exposure resulted in 2–3 days of fever and a rash.

A large DENV-1 epidemic passed through Cuba in 1977–
1978 followed by 2 epidemics of DENV-2, in 1981 and in 1997
[18, 19], providing 2 important epidemiological observations
on temporal trends in disease risk. First, individuals that experi-
enced their primary DENV-1 infection in 1977–1978 and their
secondary DENV-2 infection in 1997 (20 years between infec-
tions) had a risk of DHF that was 3–4 times greater than indi-
viduals who experienced their secondary DENV-2 infection in
1981 (with 4 years between infections) [9]. Second, they ob-
served a decline in the proportion of the immune response that
was heterotypic over time and proposed that waning of cross-
reactive antibodies over time may contribute to the increased
risk of DHF with time between infections [20].

Based on these observations, a model of disease risk in sec-
ondary DENV infection is proposed wherein individuals pass
through windows of protection and increased risk of illness
based on the time between infections and the magnitude of
their persistent cross-reactive antibody response to the previous
infection. We hypothesized that exposures occurring within a
shorter interval of time following a primary infection would be
more likely to be subclinical (illustrated schematically in
Figure 1A), whereas for third or fourth DENV infections, accu-
mulation of specific immunity to multiple DENV viruses
would confer cross-protective immunity without a strong influ-
ence of time between infections (illustrated in Figure 1B). We

Figure 1. Illustration of hypothesized shifts in risk of dengue virus (DENV) illness and cross-reactive antibodies over time (theoretical, not based upon data).
A, Schematic of shifts in risk of illness following primary DENV infection. B, Schematic of shifts in risk of illness following secondary DENV infection.

Time to Second-detected Dengue Infection and Clinical Severity • JID 2014:209 (1 February) • 361



tested these hypotheses using data from 2 sequential prospec-
tive cohort studies for symptomatic and subclinical DENV in-
fections in Kamphaeng Phet, Thailand.

METHODS

Study Population
Data were derived from school-based, prospective cohort
studies of DENV infections in children in Northern Thailand.
The studies were conducted from 1998 to 2002 (Kamphaeng
Phet study 1, or “KPS1”) and from 2004 to 2007 (“KPS2”). The
study designs and methods for the 2 studies were similar and
have been described elsewhere [10, 21]. In early 1998 and 2004,
approximately 2000 children were recruited from primary
schools in the community; 12 schools participated for KPS1
and 11 schools for KPS2. KPS1 and KPS2 generally took place
at different schools and in different villages, and no child was
enrolled in both studies. Children aged 5–16 years were eligible
for enrollment in KPS1 and children aged 4–16 years for KPS2.

Active Surveillance for Incident Dengue Cases
Active, fever-based surveillance for dengue illnesses was con-
ducted from June 1 to November 1 (KPS1) or December 1
(KPS2) each year. During the active surveillance period, poten-
tial illnesses in enrolled children were identified based on
school absence, visit to a school nurse or clinic, or hospital ad-
mission, triggering prompt evaluation of the child by a village
health worker. Acute blood samples were obtained from chil-
dren that had had subjective fever within 7 days or oral tem-
perature ≥38°C; 14-day convalescent blood samples were
collected.

Acute and convalescent blood specimens from incident
febrile illnesses were tested using immunoglobulin M (IgM)
and immunoglobulin G (IgG) enzyme immunoassays for
DENV and Japanese encephalitis virus ( JEV). Acute DENV in-
fections were defined serologically as a DENV-specific IgM
level ≥40 units and with DENV-IgM > JEV-IgM. The infecting
DENV serotype was identified from acute blood specimens
using serotype-specific reverse-transcriptase polymerase chain
reaction (RT-PCR) or virus isolation.

Symptomatic infections were defined as a febrile illness with
virologic or serologic evidence of acute DENV infection. Charts
of hospitalized children were independently reviewed and clas-
sified as DHF and assigned a severity grade following 1997
World Health Organization (WHO) criteria [22]. If a child ex-
perienced a febrile DENV illness but did not meet the criteria
for DHF, they were characterized as having dengue fever (DF).
The sensitive nature of the active fever surveillance system
meant that the symptomatic infections captured in the cohort
studies covered a wide range of clinical severities, from a single
day of transient fever to dengue shock syndrome (DSS).

Routine Blood Specimens and Detection of Seroconversions
Routine blood specimens were drawn from all enrollees 4 times
a year for KPS1 ( January, June, August, and November) and 2
times a year for KPS2 ( January and June). All routine speci-
mens were tested for hemagglutination inhibition (HI) anti-
bodies against all 4 DENV serotypes and JEV using the
standard method of Clark and Casals [23]. Subclinical serocon-
versions were defined according to WHO criteria as a 4-fold or
greater rise in HI titers for any of the 4 DENV serotypes
between 2 consecutive routine serum samples in the absence of
a concurrent 4-fold rise in JEV HI titers, or in the presence of a
4-fold rise in JEV HI titers but with higher HI titers for any
DENV serotype than for JEV, and in the absence of a con-
firmed acute symptomatic DENV infection in that individual
for the active surveillance period in that year.

Characterization of First-detected and Second-detected
Infections
In this analysis, DENV infections are designated “first-detect-
ed” and “second-detected” infections, irrespective of enroll-
ment antibody profile. The ability to characterize the clinical
severity of these infections was dependent on when an infection
occurred. Infections occurring during the active surveillance
period were classified as subclinical, DF, or DHF. Outside of
the active surveillance period, subclinical and nonhospitalized
illnesses were solely detected as seroconversions. Therefore,
second-detected infections occurring outside of the active sur-
veillance window were excluded from this analysis. Time to
second infection was calculated as 1-year intervals from the
first infection since date of infection was not known for sub-
clinical infections and a finer temporal resolution was not
possible.

Defining Baseline DENV Immunity and Other Immunological
Parameters
Using routine HI data, children were classified upon enroll-
ment as HI-negative (enrollment HI antibody titers ≤10 for all
4 DENV serotypes), HI-monotypic (HI >10 for 1 serotype),
and HI-multitypic (HIs >10 for 2 or more serotypes). Total se-
ropositivity was defined as the summed number of DENV sero-
types with HI titer >20. Rise in HI titers was calculated as the
summed increase in HI titers for all 4 DENV serotypes com-
paring the HI titers in routine blood specimens pre- and post-
first-detected infection. Decay rate was calculated as the percent
decline in summed HI titers from after the first-detected infec-
tion to just prior to the second-detected infection divided by
the years between infections.

Statistical Analyses
For univariate analyses, Wilcoxon rank ( nonparametric) tests
were used to compare the time to infection between groups,
using SAS’ NPAR1WAY. Exact χ2 testing was performed for
categorical variables.
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For multivariate analysis, a conditional logistic regression es-
timated the odds of symptomatic second infection, given that a
second infection was detected. We evaluated the association
between time between infections and severity of symptomatic
second infection, controlling for HI enrollment profile and
conditioning on subdistrict of residence, age, and study period
(KPS1 or KPS2). Age in years at first infection was split into
equally divided tertiles. Immunological factors (summed HI
titers, seropositivity, and decay rate) were dichotomized as
higher or lower than the mean for each variable. All immuno-
logical factors, and their interactions, were initially incorporated
into the model and were removed using backward elimination
until only significant variables remained in the model. Both
models used the EXACT statement in proc logistic and condi-
tional regression was specific using the STRATA statement.

Analyses were performed using SAS (SAS Institute, Cary,
North Carolina), SPSS (SPSS Inc., Chicago, Illinois), and R
software (R Foundation for Statistical Computing, Vienna,
Austria).

Human Subjects Research Approval
The study protocol for KPS1 was approved by the Office of the
Army Surgeon General, University of the Massachusetts
Medical School, and the Ministry of Public Health, Thailand.
The protocol for KPS2 was additionally approved by the Uni-
versity of California–Davis and San Diego State University.

RESULTS

The baseline characteristics of enrolled children have been pre-
sented elsewhere [10, 21]. In total, 1696 individuals experienced
at least one DENV infection during the 2 cohort studies com-
bined; 268 experienced a second infection during their enroll-
ment; and 123 of second infections occurred during the active
surveillance period and were eligible for inclusion in the analy-
sis. The mean ages of first- and second-detected infections were
9.7 and 10.9, respectively. The distribution of ages and HI posi-
tivity at enrollment did not differ significantly by whether the
second infection occurred within the active surveillance period
(data not shown). School of attendance and epidemic year did
differ, reflecting observed temporal and spatial clustering of in-
fections in the region [21]. All 4 dengue serotypes were detected
in both studies, with DENV-2 and DENV-3 dominant in KPS1
(48% and 32% of PCR positive cases, respectively) and DENV-
1 and DENV-4 dominant in KPS2 (46% and 39%; data not
shown).

Time From First to Second-detected Infection and Clinical
Severity
Second infections detected during active surveillance for all 9
years of the studies consisted of a total of 89 subclinical infec-
tions, 27 cases of DF, and 7 cases of DHF. Figure 2 outlines the

numbers of children remaining at risk for a second infection by
each year interval from the first infection. In unstratified analy-
sis, there was no significant difference in time between infec-
tions by clinical severity (Table 1). There was a significant trend
among children that were HI-negative at enrollment: subclini-
cal individuals had the shortest mean time between infections
(1.41 years), then DF cases (1.92 years), then DHF (2.60 years;

Figure 2. Flowchart of the children that experienced at least one
dengue virus (DENV) infection, detailing the numbers remaining at risk for
a second infection each year, the numbers of cases, and their severities.
* Withdrawals may represent (1) children that “graduated” out of the
study by turning 16 years of age, (2) children that were no longer at risk for
a second infection because the study ended (eg, if a child’s first detected
infection occurred in 2002, the study period [spanning 1998–2002 and
2004–2007] would have ended before a second infection could be detect-
ed), and (3) children that “dropped out” while still eligible for enrollment
in an ongoing study. Abbreviations: Asx, Subclinical/asymptomatic; Sx,
Symptomatic; DF, Dengue fever; DHF, Dengue hemorrhagic fever.
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P = .010). This pattern was not observed among those with
some DENV-HI immunity at enrollment.

Given the low number of second-detected infections that
were DHF, DF, and DHF cases were combined as “sympto-
matic” dengue infections for remaining analyses. The probabili-
ty of subclinical infection decreased each year for children that
were HI-negative at enrollment, from 79% at 1 year post-first
infection, to 38% at 2 years, to 33% at 3 years (P = .042 by χ2,
Figure 3). There was no significant change in the probability of
subclinical infection over time in those children with some HI
immunity at enrollment.

Predictors of the Time to Infection and the Severity of Second-
detected Infection
Age at first-detected infection was not associated with the clinical
severity of second-detected infection in bivariate analysis but
younger children experienced a longer time interval between in-
fections (P < .01, Table 2). This is likely an artifact of the study
design as older children would have had less time to experience a
second-detected infection before graduating from the study. En-
rollment HI profile was associated with clinical severity; children
that were HI-negative at enrollment were more likely to be symp-
tomatic with their second-detected infection (43.6% sympto-
matic vs 10% for HI-monotypics and 21.6% for HI-multitypics;
P = .020). Enrollment HI profile was not associated with time to
second infection. Second infections were more likely to be symp-
tomatic in KPS2 than KPS1 (41.4% vs 23.4%, P = .058). Finally,
the severity of the first infection was not associated with the se-
verity of the second infection or time to infection.

Immunological Predictors of Subclinical Infection
The summed HI response following first-detected infection as
well as the summed HI titer prior to second-detected infection
was not significantly associated with subclinical second infec-
tion in crude or stratified analysis, nor was the total seropos-
itivity (number of DENV serotypes with HI > 20) following
first-detected infection (Table 3). Total seropositivity prior to
second-detected infection was positively associated with the

Table 1. Mean and Median Time Between First and Second Detected Infections, by Subclinical Infection, DF or DHF

2nd-detected Infection N Mean Time to 2nd Infection in Years (SD) Median Time to 2nd Infection in Years (range) P*

Subclinical 89 1.61 (0.76) 1 (1–2) .31

DF 27 1.78 (0.80) 2 (1–2)
DHF 7 2.14 (1.21) 2 (1–3)

By enrollment HI Titer:

HI- Negative
Subclinical 22 1.41 (0.67) 1 (1–2) .01

DF 12 1.92 (0.67) 2 (1–2)

DHF 5 2.60 (1.14) 3 (2–3)
HI- Monotypic

Subclinical 9 2.11 (0.93) 2 (1–3) .29

DF 2 1.00 (0.00) 1 (1–1)
DHF . . . . . . . . .

HI- Multitypic

Subclinical 58 1.60 (0.75) 1 (1–3) .41
DF 13 1.77 (0.93) 2 (1–4)

DHF 2 1.00 (0.00) 1 (1–1)

Abbreviations: DF, dengue fever; DHF, dengue hemorrhagic fever; HI, hemagglutination inhibition; SD, standard deviation.

*P values were obtained using nonparametric Wilcoxon tests with SAS’ NPAR1WAY procedure.

Figure 3. Probability of asymptomatic infection by year since the first-
detected infection in the cohort studies, by whether a child had detectable
hemagglutination inhibition (HI) antibodies at enrollment (HI-positive) or
was negative by HI at enrollment (HI-negative). Error bars indicate the
95% confidence intervals for the proportions.
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probability of a subclinical infection. Antibody decay rate was
not significantly associated with subclinical infection in crude
or stratified analysis. A separate crude analysis was performed
comparing immunological response patterns by enrollment HI
profile: children that were HI negative had significantly higher
summed antibody titers following first-detected infection,
lower summed titers and lower seropositivity prior to second-
detected infection, and a faster antibody decay rate compared
to individuals that were HI positive on enrollment.

Multivariate Model of the Odds of Symptomatic Infection Over
Time
The final multivariate model evaluated the association between
time between infections and symptomatic DENV infection,
controlling for enrollment DENV immunity (by HI) with an
interaction term for DENV immunity and time between infec-
tions, and conditioning on the subdistrict, age, and study
period (see appendix detailing model construction and output).
Time to second infection was independently associated with

Table 2. Predictors of the Severity of Second Detected Infections and Predictors of the Mean Time From First to Second Detected
Infection

n Sub-clinical Symptomatica P Time (years) Pb

Age at 1st-detected infection

7–8 42 32 (76.2%) 10 (23.8%) .715 7–8 1.93 <.001
9–10 58 40 (69.0%) 18 (31.0%) 9–10 1.71

11–15 23 17 (73.9%) 6 (26.1%) 11–15 1.13

Enrollment DENV antibody status (by HI)
HI-Negative 39 22 (56.4%) 17 (43.6%) .020 HI-Negative 1.72 .56

HI-Monotypic 10 9 (90.0%) 1 (10.0%) HI-Monotypic 1.91

HI-Multitypic 74 58 (78.4%) 16 (21.6%) HI-Multitypic 1.62
Study phase

Kps1 (1998–2002) 94 72 (76.6%) 22 (23.4%) .058 Kps1 1.70 .69

Kps2 (2004–2007) 29 17 (58.6%) 12 (41.4%) Kps2 1.59
Severity of 1st-detected infection

Asx 33 29 (87.9%) 4 (12.1%) .267 Asx 1.73 .46

DF 25 18 (72.0%) 7 (28.0%) DF 1.72
DHF 3 2 (66.7%) 1 (33.3%) DHF 1.33

Abbreviations: DENV,dengue virus; DF,dengue fever; DHF, dengue hemorrhagic fever; HI,hemagglutination inhibition; SD, standard deviation.
a
“Symptomatic” DENV infection was defined as a documented history of febrile illness with virologic or serologic evidence of acute DENV infection, combining

DHF and non-DHF cases.
b P values were obtained using exact χ2 methods for categorical variables and NPAR1WAY for continuous variables.

Table 3. Immunological Predictors of Clinical Severity for the Second Detected Infection

Unstratified Analysis for
Enrollment HI Profile

Unstratified Analysis
for Symptomatic or
Subclinical Infection

HI-negative at
Enrollment

Some Immunity at
Enrollment

HI-neg HI-pos Pa Asx Sx P Asx Sx P Asx Sx P

(N) (39) (84) (89) (33) (22) (16) (67) (17)

Post-1st-detected infection

Rise in summed HAI titers (Log10) 2.86 2.59 .051 2.70 2.59 .381 2.96 2.73 .288 2.62 2.46 .311
Total seropositivity (no. serotypes) 3.72 3.87 .138 3.88 3.67 .163 3.77 3.64 .689 3.91 3.71 .283

Pre-2nd-detected infection

Summed HAI titers (Log10) 2.10 2.40 <.01 2.31 2.24 .254 2.10 2.09 .642 2.37 2.50 .730
Total seropositivity (# serotypes) 3.10 3.67 <.01 3.61 3.14 .014 3.27 2.88 .223 3.73 3.41 .397

Decay rate

% decrease in summed titers
from post-1st to pre-2nd
detected infection by year

54.7% 26.1% <.01 38.7% 25.7% .125 72.9% 31.1% .097 27.5% 20.0% .747

Abbreviations: DENV, dengue virus; HAI,hemagglutination inhibition assay; HI,hemagglutination inhibition; Asx, Asymptomatic (subclinical) second-detected DENV
infection; Sx, symptomatic second-detected DENV infection.
a P values were obtained using non parametric Wilcoxon tests with SAS’ NPAR1WAY procedure.
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symptomatic infection, as was enrollment DENV immunity.
The summed rise in titers following first-detected infection was
inversely associated with the odds of symptomatic second-de-
tected infection (Figure 4); this effect was most pronounced for
children who were HI negative on enrollment, who were more
likely to be symptomatic with a low HI response to their first-
detected infection. For each time point, children that were HI
positive on enrollment were less likely to experience sympto-
matic infection than HI-negative children.

DISCUSSION

The strong association between DHF and secondary DENV in-
fection has been repeatedly demonstrated. However, the majori-
ty of secondary infections are mild or subclinical, and the
factors determining severity within secondary infections remain
poorly understood. In this study, we used longitudinal data on
the occurrence of subclinical, mild, and severe DENV infections
in school-children in Thailand to evaluate whether the time in-
terval between infections is associated with the clinical severity
of second-detected DENV infections within the cohort.

The time interval between infections was an important pre-
dictor of the severity of second-detected DENV infections in
children that were HI antibody-negative at enrollment, with
subclinical infections occurring at shorter time intervals (mean,
1.41 years) and DF and DHF occurring at longer intervals
(mean, 1.92 and 2.60 years, respectively). The presence of this

trend in HI-negative children is noteworthy because for most
of these children, their second-detected infection may be more
likely to reflect a true second DENV infection.

Additionally, this study found evidence of both short-term
(as above) and long-term effects of cross-reactive immunity.
That is, while the effects of temporary cross-protection were
evident for HI-negative children, no temporal trends in disease
risk were observed in HI-positive children, who were also less
likely to be symptomatic at each time point than HI-negative
children. This is consistent with suggestions that the cross-pro-
tection afforded by the accumulation of immune responses to
multiple DENV infections may attenuate the clinical severity of
a third or fourth infection [11]. These short-term and long-
term effects may lend insight into the complicated dynamics of
DENV epidemics, as population-level shifts in cross-protection
may underlie observed and unpredictable fluctuations in epi-
demic incidence and severity [24–26]

Controlling for time to infection, higher antibody response
to the first infection was independently associated with subclin-
ical second infection. This is consistent with a model of risk
where antibodies decay over time; a higher peak in the response
to infection may allow antibodies to persist longer at high titers
and thereby increase the duration of cross-protection. Alter-
nately, the magnitude of the antibody response to infection
may serve as a marker of the child’s underlying immune state
with unmeasured factors influencing the risk of illness (eg,
prior immunization against Japanese encephalitis virus). It is
interesting that time to second infection was significant after
controlling for antibody response, suggesting that time to infec-
tion itself may be associated with some shifts in disease risk,
perhaps through shifts in antibody specificity.

The presumed protective capability of high-titer cross-reac-
tive antibodies is an important finding in this study. As DENV
vaccine development efforts intensify, there is concern that
some antibody responses to vaccination may reflect cross-reac-
tivity and that these antibodies may have unintended disease-
enhancing effects [27]. The evidence that cross-reactive anti-
bodies provide some protection against DENV illness is en-
couraging. However, this analysis also found that cross-
protection appeared to decline over time; it may be that boost-
ing by intermittent virus exposure (or vaccination) is critical to
maintaining the high-titer responses necessary for a protective
immune profile. Our findings caution that some vaccine pro-
grams might increase the proportion of unvaccinated individu-
als experiencing symptomatic infections by lengthening the
interval between sequential infections. Future studies should
investigate the importance of natural boosting in contributing
to individual cross-protective immunity.

There were several limitations to this analysis. The first is the
relatively limited timescale of the studies: 1998–2002 and 2004–
2007. There is a significant yearly variability in the incidence of
DENV infection, with large epidemics occurring approximately

Figure 4. Odds ratios (ORs) for experiencing a symptomatic versus an
subclinical second infection, given that a second infection occurred.
Results are stratified by hemagglutination inhibition (HI) antibody profile at
enrollment (HI positive [Pos] or HI negative [Neg]) and whether the total HI
antibody response to the first infection was higher than the mean (High
rise) or lower than the mean (Low rise). ORs compare the odds of sympto-
matic infection for years 2 and 3 in each stratum to the odds of sympto-
matic infection in year 1 for the reference stratum (children who were HI-
positive and demonstrated a high antibody response to infection).
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every 3–5 years [24]. There is also yearly variability in the clini-
cal severity of DENV epidemics [26] and the relative dominance
of DENV serotypes in circulation [28].We attempted to control
for this variation by incorporating study period into the models,
but it is possible that there was residual confounding. A second
important constraint is the limited number of second-detected
infections available for analysis, made more limited by the large
number of cases occurring outside of the active surveillance
period (approximately one-half). It is well known that DENV
transmission occurs year-round in tropical endemic regions;
however, the fact that such a high degree of transmission was
occurring throughout the year is perhaps reflective of climate
change and warmer winter months in tropical countries [29].
Third, for reasons of cost and time it was not possible to
perform assays for neutralizing antibodies on all routine speci-
mens. Although HI assays are not specific for neutralizing anti-
body, they have been used extensively in field studies to
efficiently detect primary and secondary DENV infections.
Fourth, as acute specimens could not be collected for subclinical
infections, the infecting serotype and viremia are not known for
the majority of these cases. This would be of interest as studies
have demonstrated increasing virus titer with duration of time
between the first and second doses of live attenuated DENV vac-
cines [30]. Finally, these findings may not be translatable to
other regions where transmission rates are not as high as in
Thailand and where this temporary cross-protection may not be
a significant aspect of the epidemiology of DENV.

The prospective characterization of individuals as protected
from DENV illness or at risk of enhanced disease with DENV
infection remains an unsolved problem and one that looms
large as DENV vaccines approach licensure and implementa-
tion. In this analysis we provide evidence that for secondary
DENV infections, individuals are more likely to be subclinically
infected with a shorter interval between infections and with a
more robust antibody response to the previous infection. This
study suggests that there may exist a temporary period of cross-
protection following DENV infection, using data on natural
human infections on the individual level.
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Appendix. Multivariate Logistic Model Output

Parameter Coding Coefficient Standard Error P Value**

Outcome: Symptomatic Infection 1 = Symptomatic infection in
active surveillance
window (n = 34)

. . . . . . . . .

0 = Subclinical infection in active
surveillance
window (n = 89)

Enrollment antibody profile
(“Some_imm”)

1 = HI-negative 1.593 0.467 <.001

0 = HI-negative

Two years post-1st infection†

(“Time2”)
1 = Infected in year 2 0.193 0.305 .379

0 = Infected in year 1 or 3

Three years post-1st infection
(“Time3”)

1 = Infected in year 3 0.195 0.391 .734

0 = Infected in year 1 or 2

Some_imm*Time2 Interaction term for 2 years post-
1st infection and immunity

0.651 0.317 .065

Some_imm*Time3 Interaction term for 3 years post-
1st infection and immunity

0.921 0.385 .011

Rise in summed HI titers following
the 1st infection

1 = Less than or equal to the mean 0.643 0.317 .040

0 = Greater than the mean

Abbreviation: HI, hemagglutination inhibition.

* Conditioned on subdistrict of residence and study period of enrollment (KPS1 or KPS2).

** Exact P values were calculated.
† Year 4 was not assessed in this model because no subclinical infections occurred 4 years after the first.
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