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Abstract

Dengue is the most prevalent mosquito-borne viral disease of humans and is caused by the

four serotypes of dengue virus. To estimate the incidence of dengue and other arboviruses,

we analyzed the baseline and first year follow-up of a prospective school-based cohort

study and their families in three cities in the state of Yucatan, Mexico. Through enhanced

surveillance activities, acute febrile illnesses in the participants were detected and yearly

blood samples were collected to evaluate dengue infection incidence. A Cox model was fit-

ted to identify hazard ratios of arboviral infections in the first year of follow-up of the cohort.

The incidence of dengue symptomatic infections observed during the first year of follow-up

(2015–2016) was 3.5 cases per 1,000 person-years (95% CI: 1.9, 5.9). The incidence of

dengue infections was 33.9 infections per 1,000 person-years (95% CI: 31.7, 48.0). The

majority of dengue infections and seroconversions were observed in the younger age

groups (� 14 years old). Other arboviruses were circulating in the state of Yucatan during

the study period. The incidence of symptomatic chikungunya infections was 8.6 per 1,000

person-years (95% CI: 5.8, 12.3) and the incidence of symptomatic Zika infections was 2.3

per 1,000 person-years (95% CI: 0.9, 4.5). Our model shows that having a dengue infection

during the first year of follow-up was significantly associated with being female, living in Ticul

or Progreso, and being dengue naïve at baseline. Age was not significantly associated with

the outcome, it was confounded by prior immunity to dengue that increases with age. This is

the first report of a cohort in Latin America that provides incidence estimates of the three

arboviruses co-circulating in all age groups. This study provides important information for
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understanding the epidemiology of dengue and other arboviruses and better informing pub-

lic health policies.

Author summary

Dengue is a major public health problem worldwide. The burden of dengue in Latin

America is been increasing in the last years and Mexico is one of the countries with the

highest burden in this region. To better understand the transmission of dengue in Mexico

we established a school-based prospective cohort study of dengue virus infection in chil-

dren and their families in three cities in the state of Yucatan, Mexico. In this article we

show that around 70% of the cohort population has prior immunity to dengue. Also that

the rate of dengue cases varied among cities and we also confirm the circulation of chi-

kungunya and Zika virus in the cohort participants during the first year of follow-up. We

found evidence that having prior dengue immunity might protect again Zika symptomatic

infections. The results of this study will be useful for the scientific community and policy

makers from Mexico and other countries in Latin America to properly plan and evaluate

control strategies and interventions like vector control and vaccines.

Introduction

Over the past 40 years, dengue virus incidence in human population has increased 30-fold

and the geographic range of the virus expanding to new countries as increasing urbanization,

global human travel and urban to rural migration enable opportunities for transmission [1, 2]

Currently more than 40% of the human population worldwide is at risk of dengue infections,

with approximately 390 million infections estimated to occur globally each year, of which 96

million have clinical manifestations of the virus [3].

Dengue virus (DENV) has four serotypes, each of them can be responsible for dengue epi-

demics and can also be associated with severe disease depending on the sequence and time

between infections, among other factors [4–6]. The clinical spectrum of dengue ranges from

asymptomatic infections to life-threatening severe disease; approximately 50% to 90% of den-

gue infections are asymptomatic [7, 8]. The probability of symptomatic dengue due to dengue

virus infection is altered by the previous dengue immune status [9]. Currently there is no spe-

cific treatment for dengue infection or clinical predictors to prevent severe disease [10].

Surveillance systems based on the monitoring and notification of dengue symptomatic

cases have low sensitivity and rarely detect low or sporadic transmission [11, 12]. The propor-

tion of dengue asymptomatic infections varies widely by populations, geographical areas, and

over different epidemiological periods [13]. Underreporting of dengue cases to national sur-

veillance systems hinders accurate local, regional and global estimation of disease burden [14].

Necessary steps to better understand dengue transmission in at-risk populations include

strengthening passive surveillance systems by incorporating active surveillance methods (e.g.,

house-to-house visits, school absenteeism or self-identification of fever episodes) and improv-

ing the detection of inapparent infections to rectify the underreporting of unspecified febrile

dengue infections.

Vector control remains the core strategy for the prevention of dengue [15, 16]. However,

current approaches that only temporarily affect mosquito populations have not been proven to

be sufficient to prevent dengue transmission [17]. Effective and sustainable dengue prevention
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and control requires innovation, by integrating and making optimal use of the most effective

control tools available like integrated vector management, and also the introduction of new

tools e.g. vaccines and other novel vector control technologies, especially in growing and com-

plex urban environments [18, 19].

Currently five vaccine candidates are in clinical stages of development [20]. Only one vac-

cine has completed two Phase III trials and it is being licensed for introduction in several

countries [21–23]. This vaccine has an estimated efficacy of 64.7% and 56.5% in the Latin

American and Southeast Asian trials, respectively and the efficacy was significantly higher in

participants with pre-existing dengue neutralizing antibodies compared to those who were

seronegative [21, 22, 24].

The availability of a licensed vaccine poses different challenges to current dengue control

programs since it is not expected to vaccinate all the susceptibles and at-risk populations or

even provide complete vaccine coverage in target groups. Vaccine introduction will therefore

be a gradual process. In each of these populations several questions need to be addressed

regarding the clinical spectrum and transmission risks in order to target vaccination to provide

the most benefit [25].

Thus, measuring the burden of disease attributable to dengue infection is imperative for

understanding the potential impact of dengue control interventions and feasibility for vaccine

introduction and evaluation. There are limited number of established longitudinal cohort

studies characterizing dengue infection in Latin America. The aim of this study was to estimate

age-specific attack rates, the proportion of inapparent infections, incidence rate ratios and

assessing the covariates associated with arboviral infections and symptomatic disease in a pro-

spective dengue cohort established in Yucatan, Mexico.

Methods

Settings

The state of Yucatan is located in the southeast peninsula of Mexico, bordering the Gulf of

Mexico and the Caribbean Sea. As described elsewhere, the cities of Merida, Progreso and

Ticul were selected as three settings with different epidemiological dynamics (low, medium,

high dengue transmission) (Table 1), based on their history of dengue outbreaks in the past

and the co-circulation of more than two serotypes in recent years [26]. Incidence rates of sus-

pected and confirmed cases from 1979 to 2013 were estimated for each city. As these three cit-

ies also have different dengue incidence rates, this allowed us to explore possible differences in

dengue transmission scenarios [27].

Merida, the capital city, is the largest urban center in the region with 830,732 inhabitants

(2016). The weather is warm and humid, the mean annual temperature is 25.9˚C (19.5 to 33.6)

and annual precipitation is 1050 (mm). The rainy season is from June to October. Progreso is

the main seaport in the state, 32 km away from Merida, with 54,000 inhabitants. This town has

similar weather conditions and is a weekend and holiday resort (July-August) for people living

Table 1. Characteristics of the study settings of the cohort in Yucatan, Mexico.

Merida Progreso Ticul

Population (inhabitants) 892,363 59,122 40,161

Number of households 257,826 16,020 9,808

Average yearly temperature (˚C) 25.9 25.4 26.4

Precipitation (mm) 1,050 466 1,229

Historical dengue risk High risk Medium risk Low risk

https://doi.org/10.1371/journal.pntd.0006847.t001
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in Merida, as well as a national and international tourist resort. Ticul is a town located 82 km

south of Merida with 34,000 inhabitants whose main economic activity is dedicated to shoe

manufacturing [28].

Selection of risk areas

The primary aim of this study was to characterize the local epidemiology and transmission

dynamics of dengue in the state of Yucatan, using a school-based, prospective cohort in the dif-

ferent transmission district by city, three criteria were adopted: 1) Proportion of epidemiologi-

cal weeks with reported symptomatic dengue cases compared to epidemiological weeks with

no reported cases; 2) Duration of the dengue epidemic waves as a proxy of persistent dengue

transmission; 3) Intensity of transmission measured as the incidence rate during the dengue

season.

The school-based study is defined by a random selection of five extensive geographic areas

(districts) with different dengue transmission risks (high, medium or low). The data obtained

from the epidemiological surveillance system identified those areas where dengue has been

historically higher and persistent and where the transmission risk is defined as high, medium

and low. The sample includes low-risk areas in Merida and Progreso, medium-risk areas in

Merida and Ticul, and a high-risk area in Merida. The sample size was estimated for the

school-children from each transmission risk by city. The sample size was 150 school children

from each transmission risk by city and then expanded to their families.

Each area of transmission included several primary public schools from which the cohort of

children from first to third grade was randomly selected. The randomization was done using

stratified random sampling. First, we stratified the transmission risk of the neighborhoods on

the three cities (Merida, Progreso and Ticul). These included two low-risk areas (one in the

north of Merida and one in Progreso); two medium risk areas (one urban area in central

Merida and one in Ticul); and one high-risk urban area in the south of Merida. The risk was

defined based on historical epidemiological features: 1) the historical dengue cases reported to

the epidemiological surveillance system; 2) the percent of cases reported every year in each set-

ting; and 3) the continuous transmission during 6 to 8 or more weeks every year. Second, after

selecting some areas randomly based on the transmission risk, the field team asked for the list

of all the schools located on the randomized transmission settings and a simple random sam-

pling procedure was done to select the schools. The next step was done with the list of the stu-

dents from 1st to 4th grade from each school that were also randomized.

Recruitment and enrollment

Children were enrolled at the beginning of the academic year from first through third grade (6

to 8 years old) and were eligible to remain in the study until they graduated from sixth grade

(12 years-old). The only exclusion criterion was intent to move outside of the study area dur-

ing the twelve months following enrollment. The students entering elementary school and

those in second and third grade were selected and included in the cohort study with written

consent granted by their parents. Each group of enrolled children and their respective families

were followed-up during their education track for the period of the study. Families were

defined for this study as people living in the same household (with minimum of five nights

sleping in the household) but not necessary that belong to the same family (blood relation).

The strategy of establishing and maintaining a cohort of individuals and their families in a

long-term project requires ongoing effort. Success of such projects requires sharing interim

results, advances in the project, and deep understanding of the community-level protective

measures against dengue epidemics. Therefore, each site had a team of community specialists
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consisting of local physicians, nurses, laboratory technicians, microbiologists, and anthropolo-

gists who gathered information and organized activities directed to sensitize and educate

cohort members and their families about dengue epidemiology and control.

Follow-up visits

We obtained demographic information and blood samples from the entire study population at

baseline and an annual blood sample. The study participants and their families were followed

from January 2015 through October 2016 at 12-month intervals for serological evidence of

dengue infection after the dengue season every year. Blood samples were taken during the sur-

veillance period each year (January-July) right after the typical dengue transmission season.

Participants were considered lost to follow-up if a full year had passed since their previous

blood draw, despite repeated attempts to locate the participant, or if there was a verifiable rea-

son for dropping them from the study (e.g., direct request from the participant, movement

from the study area, or death).

During the follow-up period the infection rates in different age groups were measured as

well as the proportion of inapparent infections or underreporting of febrile cases during the

dengue season. The prospective follow-up of the school cohort and their families also provided

information for the estimation of age group hazards of infection for those represented in this

sample.

Enhanced surveillance. The enhanced surveillance was used to identify dengue acute

febrile cases in the cohort through absentee surveillance at school and its surrounding area,

and also from the Mexican national surveillance system.

In addition to weekly school visits to investigate school absenteeism there was continuous

active surveillance for febrile cases in all the cohort participants using mobile applications and

a dengue toll free phone number (1-800). The mobile application was used by the staff of the

study to collect the socio-demographic and geographic information for each participant at

enrollment and during the periodic visits to the households. The toll free phone was a 24/7

phone line ready to receive reports of febrile cases that met the case definition of dengue for

the protocol. Every call received on this toll free phone that suggested a dengue case triggered

a visit to the family by a physician from the study who activated the procedures described on

the study protocol to detect dengue infections. Also the families were advise to report hospital-

izations and any changes on the address of the participants of the cohort.

The cohort participants were followed closely for all febrile illnesses, and children and their

relatives who also had fever were screened clinically and by laboratory testing, for signs and

symptoms of dengue. The surveillance system identified suspected or probable dengue cases

that were clinically and serologically studied to confirm dengue infection. During school vaca-

tion (July-August and December-March), children were visited or contacted weekly at their

homes. During the annual follow-up visits, the field team collected blood samples from all the

participants of the study who consented to give the blood sample in order to detect inapparent

infections in the cohort.

A person was considered to have an inapparent (subclinical) dengue infection when their

serum sample tested positive for IgM antibody to any dengue serotype without an accompa-

nying febrile illness or school-absence identified during the active surveillance period or if the

cohort participant seroconverted in the annual follow-up samples. Clinical definitions of sero-

logically or virologically confirmed dengue infection were based on evidence of acute dengue

infection, as described below.

Case definitions. Symptomatic dengue infection was classified as symptomatic non-hos-

pitalized or symptomatic hospitalized, based on admission into the hospital as decided by the
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treating physician. Hospitalized symptomatic cases were further defined as either dengue or

severe dengue using the 2009 guidelines from the World Health Organization [1].

Dengue case definition. Dengue cases were classified according to the 2009 WHO Case Clas-

sification [1].

Dengue without warning signs. Dengue without warning signs is defined by acute fever

(� 38.5˚) and two or more of the following symptoms: headache, myalgia, arthralgia, retroor-

bital pain, rash, hemorrhagic manifestations or leukopenia [1].

Dengue with warning signs. Dengue fever with any of the following warning signs: abdomi-

nal pain, persistent vomiting, fluid accumulation, lethargy, mucosal bleeding, fluid accumula-

tion, liver enlargement, or increasing hematocrit with decreasing platelets [1].

Severe dengue. Dengue fever with any of the following: severe bleeding, severe plasma

leakage leading to shock or fluid accumulation with respiratory distress, or organ failure or

involvement as evidenced by liver enzymes� 1, 000, impaired consciousness, failure of the

heart or other organs [1].

Laboratory criteria for confirmation for dengue. Acute dengue case. A symptomatic par-

ticipant with less than 7 days of onset of symptoms who tested positive for dengue evidenced

by: 1) detection of dengue NS1 antigen, 2) detection of IgM antibodies to dengue virus by

ELISA, 3) detection of IgG capture antibodies to dengue virus, or 4) detection of DENV RNA

by Trioplex Real-time RT-PCR [29–34].

Inapparent dengue infection. A participant whose paired annual serum samples demon-

strated seroconversion by four-fold increase on IgG antibodies and who did not experience a

symptomatic dengue infection during the time of follow-up [29, 35–37].

Primary dengue infections. A dengue infection is classified as a primary DENV infection if

seroconversion was observed [38]. First DENV infections were identified by counting the

number of the infections documented in a participant who entered the cohort dengue-naïve,

and whose paired annual sample were positive for anti-DENV IgG antibodies [29, 37, 38].

Dengue prior exposure. Dengue-naïve. A participant who did not have detectable anti-

DENV antibody at enrollment when their sample was tested using a Dengue IgG Indirect

ELISA.

Dengue non-naïve. A participant who had detectable anti-DENV antibody at enrollment

when their sample was tested using a Dengue IgG Indirect ELISA at enrollment [29, 37, 38].

Chikungunya case definition

Acute chikungunya symptomatic infection. A participant with the presence of all these

signs and symptoms: abrupt onset of fever� 38.5˚ accompanied by joint pain, muscle pain,

headache, nausea, fatigue and rash [39].

Laboratory criteria for confirmation for chikungunya. A symptomatic participant who

tested positive for chikungunya evidenced by: 1) detection of CHIKV RNA by RT-PCR or

Real-time RT-PCR, or 2) enzyme-linked immunosorbent assays (ELISA) confirmed anti-chi-

kungunya IgM antibodies [39].

Zika case definition

Zika virus disease. Patient with rash and two or more of the following signs or symptoms:

fever, usually� 38.0˚, conjunctivitis (non-purulent/hyperemic), arthralgia or myalgia [40, 41].

Laboratory criteria for Zika confirmation. Participant who met the criteria for a sus-

pected case AND had laboratory confirmation of Zika virus RNA in serum or urine by Real-

time RT-PCR [42]. For ZIKV diagnosis, serological tests like IgM ELISA were not used in this
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study to confirm ZIKV disease due to the cross-reactivity of the tests available with other flavi-

viruses circulating in the region like DENV [43, 44].

Ethics statement

This study was conducted as a collaboration between the Ministry of Health of Yucatan,

Mexico and the Center for Inference and Dynamics of Infectious Diseases in Seattle, WA,

USA. This study was approved by the Institutional Review Boards at Fred Hutchinson Cancer

Research Center, Seattle, WA, USA and the General Hospital Agustin O’Horan, Health Ser-

vices of Yucatan, Mexico. Written consent was obtained from all adult participants (>18 years

old) after providing them with a detailed explanation of the study and procedures. Parents/

guardians of all child participants (� 18 years old) were asked to provide written consent on

their behalf. The analysis using de-identified data was approved at Fred Hutchinson Cancer

Research Center.

Statistical analysis

The age-specific baseline seroprevalence for dengue virus was estimated for the entire cohort.

For the first year of follow-up, the follow-up time was estimated as the time between enroll-

ment and the end of the reported study period (August 2016), or withdrawal from the study.

For those who were lost to follow-up, person-years were calculated as the time between enroll-

ment and the last contact with study personnel, plus one-half the time between the last contact

and the date recorded as lost to follow-up.

The analysis of dengue infections was limited to those participants who completed the year

and contributed a blood sample at the beginning and the end of the year. In order to provide

estimates of dengue infection incidence, since the exact timing of the dengue infection could

not always be ascertained, persons who experienced a dengue infection in the first year of

follow-up contributed person-time for that entire year. For the analysis of dengue infections,

the age of the participant was defined as the age when their annual sample was collected. The

crude incidence per 1,000 person-years was 1,000 times the number of dengue infections

divided by the number of person-years in the dataset as published elsewhere [29, 35, 45].

The incidence rate ratio was also estimated for each arboviral infection comparing dengue

non-naïve and dengue naïves [46–48]. The hazard ratios (HRs) and 95% confidence intervals

(95% CIs) for dengue and other arboviral infections were estimated using a Cox proportional

hazards model and adjusting for potential confounders such as age, gender, city, and prior

exposure to dengue [48, 49]. All the statistical analyses were done in R, version 3.2.1 [50].

Results

Baseline characteristics of the participants

A total of 767 families encompassing 3,400 participants were enrolled from January to June,

2015 across the three sites in Yucatan. The majority of the families and participants were from

Merida (2,021 (59.4%), followed by Ticul (738 (21.7%) and Progreso (641(18.9%) (Fig 1).

Among the participants 1,869 (55.0%) were females, 1,463 (43.0%) were 14 years old or youn-

ger, and 2,970 (87.4%) of them were born in the state of Yucatan (Table 2). These participants

contributed with 3430.87 person-years for the first year of follow-up. The mean participation

time is 1.01 years (368.31 days) per participant (range 0.04–1.94).

A total of 1,096 (32.2%) participants did not complete the first year of follow-up. A total of

320 (29.3%) of the participants were classified as lost to follow-up (the team lost track of the
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participant and the family), 210 (19.2%) moved out of the state of Yucatan and 564 (52.0%)

asked for voluntary withdrawal from the study (Fig 1).

Dengue baseline seroprevalence

The baseline seroprevalence was estimated using samples from 2,853 participants who autho-

rized a blood sample collection at enrollment. The overall baseline dengue seroprevalence in

Fig 1. Flowchart of participants in the dengue cohort, Yucatan, Mexico.

https://doi.org/10.1371/journal.pntd.0006847.g001

Table 2. Demographic characteristics of the enrolled cohort population from Yucatan, Mexico in 2015 (N = 3,400).

Variable Merida (N = 2,021) Progreso (N = 641) Ticul (N = 738) Total

Age (Years)

<8 593 (29.3%) 188 (29.3%) 198 (26.8%) 979 (28.8%)

9–14 289 (14.3%) 86 (13.4%) 109 (14.8%) 484 (14.2%)

15–19 85 (4.2%) 33 (5.2%) 40 (5.4%) 158 (4.7%)

20–49 842 (41.7%) 277 (43.2%) 337 (45.7%) 1456 (42.8%)

>50 212 (10.5%) 57 (8.9%) 54 (7.3%) 323 (9.5%)

Gender

Male 917 (45.4%) 286 (44.6%) 328 (44.4%) 1531(45.0%)

Female 1104 (54.6%) 355 (55.4%) 410 (55.6%) 1869 (55.0%)

Number of families 463 (60.3%) 153 (20.0%) 151 (19.7%) 767 (100%)

Average number of people per family (Range) 4.36 (2,11) 4.18 (2,11) 4.88 (2,16) 4.43

Born in Yucatan

Yes 1775 (87.8%) 550 (85.8%) 645 (87.4%) 2970 (87.4%)

No 129 (6.4%) 52 (8.1%) 46 (6.2%) 227 (6.7%)

No information 117 (5.8%) 39 (6.1%) 47 (6.4%) 203 (6.0%)

Withdrawn (No follow-up)

Yes 778 (38.5%) 123 (19.2%) 195 (26.4%) 1096 (32.2%)

No 1243 (61.5%) 518 (80.8%) 543 (73.6%) 2304 (67.8%)

https://doi.org/10.1371/journal.pntd.0006847.t002
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the cohort was 70.28% (95% CI 68.6%–72%) indicating that most of the population had

already been exposed to at least one dengue infection (Fig 2).

The cohort from Ticul had the highest seroprevalence (81.1%), followed by Merida (70.2%)

and Progreso (57.9%). The differences in seroprevalence estimates by city were statistically sig-

nificant (p<0.001). Dengue seroprevalence increased with age, and females in the cohort had

significantly higher seroprevalence estimates compared with males (p = 0.04) (Table 3).

Suspected symptomatic arboviral cases

In the time period after enrollment and the collection of the baseline blood sample to

the first annual follow-up of the cohort, 199 suspected arbovirus infection cases or

Fig 2. Age-specific baseline dengue seroprevalence in the cohort, Yucatan, Mexico. A. Overall dengue

seroprevalence of the cohort by age. B. Dengue seroprevalence of the cohort in Merida by age. C. Dengue

seroprevalence of the cohort in Progreso by age. D. Dengue seroprevalence of the cohort in Ticul by age.

https://doi.org/10.1371/journal.pntd.0006847.g002

Table 3. Baseline dengue seroprevalence of enrolled cohort of participants from Yucatan, Mexico, in 2015, by city, age and gender (n = 2,853).

Baseline exposure Dengue-naïve (n = 829) Dengue non-naïve (n = 2005) Indeterminate (n = 19) Total

City

Merida 490 (29.2%) 1178 (70.2%) 10 (0.6%) 1678

Progreso 226 (41.7%) 313 (57.9%) 2 (0.4%) 541

Ticul 113 (17.8%) 514 (81.1%) 7 (1.1%) 634

Age (Years)

� 8 484 (59.0%) 329 (40.1%) 8 (1.0%) 821

9–14 184 (41.7%) 253 (57.4%) 4 (0.9%) 441

15–19 37 (29.8%) 86 (69.4%) 1 (0.8%) 124

20–49 109 (8.6%) 1149 (90.9%) 6 (0.5%) 1264

� 50 15 (7.4%) 188 (92.6%) 0 (0%) 203

Gender

Male 416 (34.0%) 792 (64.8%) 14 (1.2%) 1222

Female 413 (25.3%) 1213 (74.4%) 5 (0.3%) 1631

https://doi.org/10.1371/journal.pntd.0006847.t003
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undifferentiated febrile illnesses were identified in the study population of 3,400. The most

common clinical diagnosis was undifferentiated fever (105 cases (52.76%)), followed by 76

(38.19%) suspected dengue cases, 17 (8.54%) suspected chikungunya cases and one suspected

case of Zika. (Table 4). The dengue incidence rate for suspected cases was 21.86 per 1,000

person-years. From the 199 samples tested, 148 (74.4%) were negative for dengue, chikungu-

nya y Zika.

All the consultations were in the outpatient clinic. The most common symptoms presented

by the cohort population were: fever, headache, myalgia, arthralgia, rash and conjunctivitis.

No significant differences in symptoms were found among all the arboviral clinical diagnoses

(p = 0.560). No severe symptoms were identified in the study population.

As the symptoms were non-specific across the different arboviral infections, we estimated

the incidence of arbovirus suspected cases to be 58.02 per 1,000 person years.

Confirmed arboviral symptomatic infections

A total of 199 participants with suspected arbovirus symptomatic infections or undifferenti-

ated febrile illnesses were identified in the 2935 participants of the cohort. These participants

contributed with 3236.48 person- years in the first annual follow-up. Among the symptomatic

arboviral infections 12 (6.0%) were laboratory-confirmed as dengue-positive, 30 (15.1%) as

chikungunya-positive, 8 (4.0%) as Zika-positive, and 148 (74.4%) were classified as fever of

unknown origin (Table 4). The overall incidence rate of arbovirus confirmed symptomatic

infections was 14.57 per 1,000 person-years (95% CI: 10.82, 19.21).

The incidence rate of confirmed symptomatic dengue was 3.45 cases per 1,000 person-years

(95% CI: 1.87, 5.86). In the first year of the study, 12 symptomatic acute dengue cases were ser-

otyped; DENV1 (52%) was the most isolated serotype, followed by serotype DENV4 (33.3%)

and DENV2 (16.7%). DENV3 was not isolated during the analyzed period. No hospitalizations

or deaths resulting from symptomatic dengue infection were reported during the first year of

the cohort. The highest incidence of dengue was observed in the participants in the following

groups: participants that were 15-19 years of age (IR: 6.88 per 1,000 person-years), females (IR:

6.3 per 1,000 person-years), and participants from Merida (IR: 4.2 per 1,000 person-years)

(Table 5). The incidence rate of confirmed symptomatic chikungunya was 8.62 cases per 1,000

person-years (95% CI: 5.81, 12.30). The highest incidence of chikungunya was observed in the

participants in the group 50 years old or older, females and in Ticul. (Table 5). The incidence

rate of confirmed symptomatic Zika was 2.33 cases per 1,000 person-years (95% CI: 0.99,

4.53). The highest incidence rate estimated for Zika was also in Ticul (7.32 per 1,000 person-

years). One case of co-infection of dengue and chikungunya was also identified. The majority

of cases occurred from August to December 2015 which is historically considered the dengue

season in Yucatan, Mexico. We explored the presence of clustering at the family level on this

Table 4. Arbovirus suspected cases by etiology in cohort participants in Yucatan, Mexico (N = 199).

Dengue Zika Chikungunya Indeterminate Negative Total

Probable symptomatic cases

Dengue 7 (58.3%) 1 (12.5%) 11 (36.7%) 1 (100%) 56 (37.8%) 76 (38.2%)

Chikungunya 1 (8.3%) 6 (75%) 0 0 10 (6.8%) 17 (8.5%)

Zika 1 (8.3%) 0 0 0 0 1 (0.5%)

Undifferentiated fever 3 (25%) 1 (12.5%) 19 (63.3%) 0 82 (55.4%) 105 (55.4%)

Total confirmed 12 8 30 1 148 199

https://doi.org/10.1371/journal.pntd.0006847.t004
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cohort but during this first year of follow-up in just one household were detected two dengue

cases so the adjustment for clustering was not needed.

Total dengue infections

For the analysis of dengue infections, we included only the participants who completed the

first year of follow-up and contributed with a blood sample at the beginning of the study (start-

ing in January 2015 through out 2015) and at the end of the first year of follow-up depending

on the day of enrollment (up to October 2016). Of these 1,890 participants, 1,037 (54.8%) were

from Merida, 379 (20.1%) were from Progreso and 474 (25.1%) were from Ticul. In total, these

1,890 participants contributed 2271.14 person-years and had 83 confirmed dengue infections,

for an incidence rate of 36.55 infections per 1,000 person-years (95%CI 29.29, 45.07) (Table 6).

From the total confirmed dengue infections, 14.5% (12/83) were confirmed using RT-PCR for

dengue and the rest 85.5% (71/86) were confirmed by serology according to the protocol. The

overall ratio of dengue infections to symptomatic cases was 8.22 dengue infections per dengue

symptomatic case. The highest incidence of dengue was observed in the participants in the

group of 15-19 years of age followed by the� 8 year olds. High incidence rates were also

observed in participants from Merida, females, and in the population of naïves (Table 6). The

lowest rates of symptomatic cases were in the oldest age group(� 50 years-old) and the 9 to 14

years-old group with a rate of 6.66 cases per 100 infections (Additional tables by age and city

can be found on the supplemental material S1 Table).

Primary dengue infections in the naïve population

Among the 829 participants who entered the cohort as dengue-naïve, 555 dengue-naïve par-

ticipants completed the first annual of follow-up and provided a blood sample. These partici-

pants contributed 560.5 person-years of time. Over the first year of follow-up, 74 dengue-

naïve participants experienced a primary dengue infection. The overall percent of serocon-

verting naïve individuals was 13.3%. The incidence rate of primary dengue infections was

132.0 infections per 1,000 person-years (95% CI: 104.4, 164.8). There were twice as many

seroconverting naïve individuals in Progreso (14.8%) and Merida (14.2%), as compared to

Ticul (7.7%) (Table 7).

Table 5. Incidence rates (IR) per 1,000 person-years of arbovirus confirmed symptomatic infections in the cohort in Yucatan, Mexico by age, gender, and city.

Person-years at risk (N) Dengue IR (95%CI) Chikungunya IR (95%CI) Zika IR (95%CI)

All participants 3430.9 (3400) 12 3.5 (1.9, 5.9) 30 8.6 (5.8, 12.3) 8 2.3 (0.9, 4.5)

Age groups (years)

� 8 1001.4 (991) 3 2.9 (0.6, 8.8) 10 9.9 (4.8, 18.4) 4 3.99 (1.1, 10.2)

9–14 502.5 (484) 1 1.9 (0.03, 11.1) 4 7.9 (2.1, 20.4) 2 3.9 (0.5, 14.4)

15–19 145.3 (146) 1 6.88 (0.1, 38.3) 1 6.9 (0.1, 38.3) 0 0)

20–49 1490.1 (1456) 7 4.7 (1.9, 9.7) 11 7.4 (3.7, 13.2) 2 1.3 (0.2, 4.9)

� 50 291.5 (323) 0 0 4 13.7 (3.7, 35.1) 0 0

Gender

Male 1511.7 (1531) 0 0 9 5.9 (5.8, 12.3) 3 1.9 (0.4, 5.8)

Female 1919.2 (1869) 12 6.3 (3.2,10.9) 21 10.9 (6.8, 16.7) 5 2.6 (0.8, 6.1)

City

Merida 2164.3 (2021) 9 4.2 (1.9, 7.9) 18 8.3 (4.9, 13.1) 2 0.9 (0.1, 3.3)

Progreso 601.8 (641) 2 3.3 (0.4, 12.0) 5 8.3 (2.7,19.3) 1 1.7 (0.02, 2.3)

Ticul 682.9 (738) 1 1.5 (0.02, 8.2) 7 10.3 (4.1, 21.1) 5 7.3 (2.4, 17.1)

https://doi.org/10.1371/journal.pntd.0006847.t005
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Incidence rate ratios of arbovirus confirmed symptomatic cases and

dengue infections

For the IRR estimations, we assumed as exposed group the population that was naïve at base-

line and the unexposed the non-naïves. The IRRs were estimated for confirmed dengue symp-

tomatic cases, confirmed chikungunya symptomatic cases, confirmed Zika cases and overall

dengue infections. The IRR for total dengue infections and symptomatic Zika cases were sig-

nificant using the Logrank test (Table 8). More confirmed Zika cases were detected in dengue

naïves and more confirmed chikungunya cases were detected in dengue non-naïves (Table 8).

Table 6. Incidence rates (IR) per 1,000 person-years of dengue infections in the cohort in Yucatan, Mexico by age,

gender, and city (N = 1,890).

Person-years at risk (N) Dengue infections IR (95%CI)

All participants 2271(1890) 83 36.55 (29.3, 45.1)

Age (Years)

� 8 692.84 (624) 35 50.5 (35.7, 69.5)

9–14 359.74 (305) 17 47.3 (28.5, 74.1)

15–19 92.91 (76) 9 96.9 (47.2, 177.8)

20–49 959.68 (757) 23 23.9 (15.6, 35.4)

� 50 166.11 (128) 5 30.1 (11.0, 66.7)

Gender

Male 984.49 (882) 27 27.4 (18.4, 39.4)

Female 1286.79 (1008) 62 48.2 (37.3, 61.4)

City

Merida 1248.14 (1032) 51 40.9 (30.7, 53.3)

Progreso 481.76 (401) 27 56.1 (37.7, 80.4)

Ticul 540.38 (457) 11 20.4 (10.7, 35.4)

Prior exposure to dengue

Naïve 645.80 (542) 74 114.6 (90.6, 143)

Non-naïve 1625.20 (1348) 9 5.5 (2.7, 10.1)

https://doi.org/10.1371/journal.pntd.0006847.t006

Table 7. Seroconversion in the dengue-naïve participants at baseline in the first annual follow-up of the cohort in

Yucatan, Mexico (n = 555).

Merida (n = 302) Progreso (n = 162) Ticul (n = 91) Total

Seroconversion in naïves

Yes 43 (14.2%) 24 (14.8%) 7 (7.7%) 74 (13.3%)

No 259 (85.8%) 138 (85.2%) 84 (92.3%) 481 (86.7%)

https://doi.org/10.1371/journal.pntd.0006847.t007

Table 8. Incidence rate ratios for all arbovirus infections in the first annual follow-up of the cohort in Yucatan,

Mexico.

Event IRR (95%CI) Logrank

Dengue confirmed cases 1.4 (0.47, 4.14) p = 0.539

Dengue total infections 22.2 (11.13, 44.18) p = 0.001

Chikungunya confirmed cases 0.5 (0.21,1.24) p = 0.114

Zika confirmed cases 3.7 (1.06, 13.26) p = 0.041

Any arboviral infection 0.9 (0.49, 1.61) p = 0.625

https://doi.org/10.1371/journal.pntd.0006847.t008
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Confirmed Zika cases were 3.7 times more likely in dengue naïve compared to non-naïve

people. Also, for dengue total infections were 22.2 times more likely in dengue naïves com-

pared to non-naïves. The incidence rate ratios by city and age can be found in the supplemen-

tal materials.

Survival model for dengue infections

A Cox proportional hazard model was fitted for total dengue infections. The variables included

in the model were: age, prior exposure to dengue, gender, city, household size of five or more

people, and one or more infections in the same household. In the univariate analysis, age as a

continuous variable was significant as a protective factor for dengue infections (HR = 0.98,

95%CI: 0.96, 0.99). There was no significant association between total dengue infections and

overcrowding in the household but the remaining variables were significantly associated with

having a dengue infection. The highest hazard ratios were estimated for baseline exposure to

dengue (HR = 20.5, 95%CI: 10.30, 40.91) and having more people infected with dengue in the

household (HR = 57.9, 95%CI:37.21, 90.08). Those two variables were included in the final

model as potential confounders. In the final model, having a dengue infection during the first

year of follow-up was significantly associated with female gender, living in Ticul or Progreso,

and being dengue naïve at baseline. Age was not significantly associated with the outcome, as

it was confounded by prior immunity to dengue that increases with age. (Table 9).

Discussion

To our knowledge this is the first prospective cohort study to describe the incidence rates of

laboratory confirmed acute dengue and other arboviral infections in a population of healthy

individuals in the state of Yucatan, Mexico. Our results confirm sustained dengue transmis-

sion and also the emergence of other arbovirus (chikungunya virus and Zika virus) since 2015

in the state of Yucatan. This cohort enrolled 767 families (3,400 participants) from three cities

of the state of Yucatan, Mexico. The 3,400 participants contributed 3,480 person-years during

the first year of follow-up. The estimated dengue baseline seroprevalence of the cohort was

Table 9. Hazard ratios for total dengue infections in the first year of follow-up of the cohort in Yucatan, Mexico.

Variable Hazard ratio (95%CI)

Age

� 8 Ref Ref

9–14 1.06 0.59, 1.89

15–19 1.77 0.79, 3.96

20–49 1.27 0.72, 2.24

� 50 1.17 0.44,3.09

Gender

Males Ref Ref

Females 1.65 1.04, 2.62

City

Merida Ref Ref

Ticul 7.17 3.12, 16.49

Progreso 2.04 1.12, 3.76

Baseline status

Dengue non-naïve Ref Ref

Dengue naïve 15.35 7.19, 33.08

https://doi.org/10.1371/journal.pntd.0006847.t009
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70.28%. The city with the higher seroprevalence was Ticul (81.07%), followed by Merida and

Progreso and these seroprevalences increased with age as expected for dengue endemic trans-

mission settings. It is important to highlight that the seroprevalence in the age group from

9–14 years old in the three study settings were� 70% and these findings could be relevant for

the Mexican government to guide policies for dengue vaccine introduction.

Most of the dengue cohorts in Latin America and South East Asia are pediatric cohorts [29,

35, 37, 38, 45, 51–54]. Our cohort and the cohort from Iquitos, Peru have similar design, both

have participants from all age groups and active surveillance was done at schools [55, 56]. Our

cohort provides the opportunity to collect prospective data in all ages to understand better the

full burden of dengue and other arboviruses that have emerged in the region.

The symptoms from the arboviral infections detected during the first year of follow-up

were very similar which is why the clinical diagnosis might not be accurate. It is necessary to

confirm the suspected cases in order to know which viruses are circulating in these endemic

areas. The incidence rate of arboviral suspected cases was 58.2 per 1,000 person years. The den-

gue incidence rate for suspected cases was 21.86 per 1,000 person-years (95%CI 17.32, 27.25)

and falls in the confidence interval of incidence rates estimated in the Nicaraguan dengue

cohort [29, 57, 58].

The incidence rates of confirmed symptomatic Zika and confirmed chikungunya were

2.33 cases per 1,000 person-years and 8.74 cases per 1,000 person-years respectively. One case

with co-infection of dengue and chikungunya was also detected as in some other endemic

countries with co-circulation of multiple arbovirus [59]. The incidence rate of confirmed

symptomatic dengue infections was 3.49 per 1,000 person-years. This proportion of confirma-

tion and the incidence were lower than these estimates in other dengue cohorts [29, 35, 37, 38,

45, 51–54, 60].

One explanation is that during the first year of follow-up chikungunya virus was introduced

in the state of Yucatan and these arboviruses that are transmitted by Aedes aegypti compete in

the mosquito causing lower circulation of the other arbovirus in this case dengue. [61–64]

From the original cohort a total of 1,096 (32.2%) participants did not complete the activities

of the first year of follow-up but 2,304 are still being followed from the original cohort. The

mobility on the population in Yucatan was higher than we anticipated so assessing potential

mobility will be important for the future of the cohort.

The analysis of the dengue infections was done in 1,890 participants who had a baseline and

completed the first year of follow-up. The incidence rate for dengue infections was 36.55 infec-

tions per 1,000 person-years. This incidence rate is lower compared with other cohorts around

the world but it concurs with the low transmission of dengue during this first-year of follow-

up and the emergence of chikungunya in the state of Yucatan [29, 35, 37, 38, 45, 51–54, 60].

The highest incidence of dengue was observed in the participants in the group from 15-19

years of age followed by the� 8 year-olds. The group from 15-19 years of age is just 4.65% of

the cohort and only 25.64% of them were naïve at baseline. More participants from this age

group have been enrolled in the last months so it is expected to have better denominators for

the next years of follow-up.

Among 829 participants who were naïve at baseline, 555 (66.94%) completed the first year

of follow-up. In the naïves, there were 74 confirmed dengue infections for an overall serocon-

version rate of 13.33%. The incidence rate on primary infections was 114.59 per 1,000 person-

years. This rate is very similar to estimates from other dengue prospective cohorts in endemic

areas [29, 35].

Confirmed Zika cases were 3.7 times more likely in dengue naïve compared to non-naïve

people. Also, dengue total infections were 22.2 times more likely in dengue naïves compared

to non-naïves, this could be a reflection of inapparent infections that were missed in the
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population, and/or secondary infections that were not detected. The other incidence rate ratios

estimated were not significant. This is a very interesting finding given the current interest in

potential cross protection of dengue and Zika antibodies. It may be that recent, within two

years, dengue infection may be protective against symptomatic Zika. Our results are consistent

with recent publications available on this topic but do not prove the cross-protection and

more research needs to be done [65, 66].

The hazard ratios estimated for dengue infections during the first year of follow-up were

significant for females, participants living in Ticul or Progreso, one or more infections con-

firmed in the household, and being dengue naïve at baseline. In the final model after control-

ling for baseline dengue status age was not significantly associated with the outcome. To our

knowledge, this is the first dengue cohort study that uses survival analysis as a tool to better

understand the transmission dynamics of dengue and other arbovirus.

The limitations of this study include ascertainment of cases through enhanced passive sur-

veillance. Thus, some dengue cases may not have been detected due to participants not seeking

healthcare. Another limitation is that serum samples for cohort-wide serological testing are

only available for participants once per year so it will be better to have more seroprevalence

data points in time but logistically this is difficult to manage. We did not test the yearly samples

for inapparent infections for CHIKV and ZIKV given that it was not planned on the original

protocol and also due to the cross-reactivity of DENV and ZIKV with the currently available

serological assays. Also we did not use paired samples in all the symptomatic arboviral cases;

this decision was made with the advise of the arbovirus State Laboratory of Yucatan. This

study relies on Inhibition ELISA to assess inapparent infections. The gold standard to assess

DENV infection is the plaque reduction neutralization test (PRNT) but it is very labor inten-

sive and expensive so testing all the participants was not feasible.

Over the last five decades, dengue has emerged as a major health problem in the tropical

regions worldwide including Latin America and the Caribbean [2, 10, 22, 36]. More recently

chikungunya and Zika virus emerged in the Americas causing significant epidemics in

most of the countries infested with Aedes aegypti [67–70]. Mexico is considered one of the

endemic dengue countries in the region and since 2015 with the emergence of chikungunya

and Zika virus, the three arboviruses have been co-circulating in many areas of the country

[71–73].

In summary, this study reported baseline seroprevalence, incidence of dengue infections,

dengue cases and other arboviral cases in a community-based cohort from three settings in

Yucatan, Mexico using analytic methods. This is the first report of the results from this pro-

spective cohort that allowed to determine the incidence of arboviral infections and to estimate

the true rate of disease, which is usually underestimated by passive surveillance. These data

will be used to estimate disease burden. The incidence estimates will be useful for policy mak-

ers and to evaluate interventions like vector control strategies and vaccines. Future analysis of

household transmission, cluster analysis and effectiveness of interventions are planned.
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2. San Martı́n JL, Brathwaite O, Zambrano B, Solórzano JO, Bouckenooghe A, Dayan GH, et al. The epi-

demiology of dengue in the Americas over the last three decades: A worrisome reality. American Jour-

nal of Tropical Medicine and Hygiene. 2010; 82(1):128–135. https://doi.org/10.4269/ajtmh.2010.09-

0346 PMID: 20065008

3. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global distribution and

burden of dengue. Nature. 2013; 496(7446):504–507. https://doi.org/10.1038/nature12060 PMID:

23563266

Baseline and first year follow-up in a dengue cohort in Yucatan, Mexico

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006847 November 21, 2018 16 / 20

https://doi.org/10.4269/ajtmh.2010.09-0346
https://doi.org/10.4269/ajtmh.2010.09-0346
http://www.ncbi.nlm.nih.gov/pubmed/20065008
https://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
https://doi.org/10.1371/journal.pntd.0006847


4. de Alwis R, Williams KL, Schmid MA, Lai CY, Patel B, Smith SA, et al. Dengue Viruses Are Enhanced

by Distinct Populations of Serotype Cross-Reactive Antibodies in Human Immune Sera. PLoS Pathog.

2014; 10(10):e1004386. https://doi.org/10.1371/journal.ppat.1004386 PMID: 25275316

5. Wilder-Smith A, Ooi EE, Vasudevan S, Gubler D. Update on Dengue: Epidemiology, Virus Evolution,

Antiviral Drugs, and Vaccine Development. Current Infectious Disease Reports. 2010; 12(3):157–164.

https://doi.org/10.1007/s11908-010-0102-7 PMID: 21308524

6. Reich NG, Shrestha S, King AA, Rohani P, Lessler J, Kalayanarooj S, et al. Interactions between sero-

types of dengue highlight epidemiological impact of cross-immunity. Journal of The Royal Society Inter-

face. 2013; 10(86):20130414. https://doi.org/10.1098/rsif.2013.0414

7. Grange L, Simon-Loriere E, Sakuntabhai A, Gresh L, Paul R, Harris E. Epidemiological Risk Factors

Associated with High Global Frequency of Inapparent Dengue Virus Infections. Frontiers in Immunol-

ogy. 2014; 5:280. https://doi.org/10.3389/fimmu.2014.00280 PMID: 24966859

8. Rothman AL. Immunity to dengue virus: a tale of original antigenic sin and tropical cytokine storms. Nat

Rev Immunol. 2011; 11(8):532–543. https://doi.org/10.1038/nri3014 PMID: 21760609

9. Clapham HE, Cummings DAT, Johansson MA. Immune status alters the probability of apparent illness

due to dengue virus infection: Evidence from a pooled analysis across multiple cohort and cluster stud-

ies. PLOS Neglected Tropical Diseases. 2017; 11(9):e0005926. https://doi.org/10.1371/journal.pntd.

0005926 PMID: 28953902

10. Guzman MG, Halstead SB, Artsob H, Buchy P, Farrar J, Gubler DJ, et al. Dengue: a continuing global

threat. Nat Rev Micro. 2010; 8(12 Suppl):S7–16. https://doi.org/10.1038/nrmicro2460

11. Horstick O, Morrison AC. Dengue Disease Surveillance: Improving Data for Dengue Control. PLoS

Negl Trop Dis. 2014; 8(11):e3311. https://doi.org/10.1371/journal.pntd.0003311 PMID: 25375232

12. Runge-Ranzinger S, Horstick O, Marx M, Kroeger A. What does dengue disease surveillance con-

tribute to predicting and detecting outbreaks and describing trends? Tropical Medicine and Interna-

tional Health. 2008; 13(8):1022–1041. https://doi.org/10.1111/j.1365-3156.2008.02112.x PMID:

18768080

13. Thai KTD, Nagelkerke N, Phuong HL, Nga TTT, Giao PT, Hung LQ, et al. Geographical heterogeneity

of dengue transmission in two villages in southern Vietnam. Epidemiology and Infection. 2010;

138:585–591. https://doi.org/10.1017/S095026880999046X PMID: 19653925

14. Toan NT, Rossi S, Prisco G, Nante N, Viviani S. Dengue epidemiology in selected endemic countries:

factors influencing expansion factors as estimates of underreporting. Tropical Medicine and Interna-

tional Health. 2015; 20(7):840–863. https://doi.org/10.1111/tmi.12498 PMID: 25753454

15. Lambrechts L, Scott TW, Gubler DJ. Consequences of the Expanding Global Distribution of Aedes albo-

pictus for Dengue Virus Transmission. PLoS Negl Trop Dis. 2010; 4(5):e646. https://doi.org/10.1371/

journal.pntd.0000646 PMID: 20520794

16. Achee NL, Gould F, Perkins TA, Reiner RC Jr, Morrison AC, Ritchie SA, et al. A Critical Assessment of

Vector Control for Dengue Prevention. PLoS Negl Trop Dis. 2015; 9(5):e0003655. https://doi.org/10.

1371/journal.pntd.0003655 PMID: 25951103

17. Kyle JL, Harris E. Global Spread and Persistence of Dengue. Annual Review of Microbiology. 2008; 62

(1):71–92. https://doi.org/10.1146/annurev.micro.62.081307.163005 PMID: 18429680

18. Bowman LR, Donegan S, McCall PJ. Is Dengue Vector Control Deficient in Effectiveness or Evidence:

Systematic Review and Meta-analysis. PLoS Negl Trop Dis. 2016; 10(3):1–24. https://doi.org/10.1371/

journal.pntd.0004551

19. Horstick O, Runge-Ranzinger S, Nathan MB, Kroeger A. Dengue vector-control services: how do they

work? A systematic literature review and country case studies. Transactions of The Royal Society of

Tropical Medicine and Hygiene. 2010; 104(6):379–386. https://doi.org/10.1016/j.trstmh.2009.07.027

PMID: 20400169

20. Schwartz LM, Halloran ME, Durbin AP, Longini IM. The dengue vaccine pipeline: Implications for the

future of dengue control. Vaccine. 2015; 33(29):3293–3298. https://doi.org/10.1016/j.vaccine.2015.05.

010 PMID: 25989449

21. Capeding MR, Tran NH, Hadinegoro SRS, Ismail HIHM, Chotpitayasunondh T, Chua MN, et al. Clinical

efficacy and safety of a novel tetravalent dengue vaccine in healthy children in Asia: a phase 3, rando-

mised, observer-masked, placebo-controlled trial. The Lancet. 2014; 384(9951):1358–1365. https://doi.

org/10.1016/S0140-6736(14)61060-6

22. Villar LA, Rojas DP, Besada-Lombana S, Sarti E. Epidemiological Trends of Dengue Disease in Colom-

bia (2000-2011): A Systematic Review. PLoS Neglected Tropical Diseases. 2015; 9(3). https://doi.org/

10.1371/journal.pntd.0003499 PMID: 25790245

23. Sanofi Pasteur. Dengue vaccine registration; 2017. Available from: http://dengue.info/dengue-vaccine-

registered-in-17-countries/ [cited August 1, 2017].

Baseline and first year follow-up in a dengue cohort in Yucatan, Mexico

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006847 November 21, 2018 17 / 20

https://doi.org/10.1371/journal.ppat.1004386
http://www.ncbi.nlm.nih.gov/pubmed/25275316
https://doi.org/10.1007/s11908-010-0102-7
http://www.ncbi.nlm.nih.gov/pubmed/21308524
https://doi.org/10.1098/rsif.2013.0414
https://doi.org/10.3389/fimmu.2014.00280
http://www.ncbi.nlm.nih.gov/pubmed/24966859
https://doi.org/10.1038/nri3014
http://www.ncbi.nlm.nih.gov/pubmed/21760609
https://doi.org/10.1371/journal.pntd.0005926
https://doi.org/10.1371/journal.pntd.0005926
http://www.ncbi.nlm.nih.gov/pubmed/28953902
https://doi.org/10.1038/nrmicro2460
https://doi.org/10.1371/journal.pntd.0003311
http://www.ncbi.nlm.nih.gov/pubmed/25375232
https://doi.org/10.1111/j.1365-3156.2008.02112.x
http://www.ncbi.nlm.nih.gov/pubmed/18768080
https://doi.org/10.1017/S095026880999046X
http://www.ncbi.nlm.nih.gov/pubmed/19653925
https://doi.org/10.1111/tmi.12498
http://www.ncbi.nlm.nih.gov/pubmed/25753454
https://doi.org/10.1371/journal.pntd.0000646
https://doi.org/10.1371/journal.pntd.0000646
http://www.ncbi.nlm.nih.gov/pubmed/20520794
https://doi.org/10.1371/journal.pntd.0003655
https://doi.org/10.1371/journal.pntd.0003655
http://www.ncbi.nlm.nih.gov/pubmed/25951103
https://doi.org/10.1146/annurev.micro.62.081307.163005
http://www.ncbi.nlm.nih.gov/pubmed/18429680
https://doi.org/10.1371/journal.pntd.0004551
https://doi.org/10.1371/journal.pntd.0004551
https://doi.org/10.1016/j.trstmh.2009.07.027
http://www.ncbi.nlm.nih.gov/pubmed/20400169
https://doi.org/10.1016/j.vaccine.2015.05.010
https://doi.org/10.1016/j.vaccine.2015.05.010
http://www.ncbi.nlm.nih.gov/pubmed/25989449
https://doi.org/10.1016/S0140-6736(14)61060-6
https://doi.org/10.1016/S0140-6736(14)61060-6
https://doi.org/10.1371/journal.pntd.0003499
https://doi.org/10.1371/journal.pntd.0003499
http://www.ncbi.nlm.nih.gov/pubmed/25790245
http://dengue.info/dengue-vaccine-registered-in-17-countries/
http://dengue.info/dengue-vaccine-registered-in-17-countries/
https://doi.org/10.1371/journal.pntd.0006847


24. Hadinegoro SR, Arredondo-Garcı́a JL, Capeding MR, Deseda C, Chotpitayasunondh T, Dietze R, et al.

Efficacy and Long-Term Safety of a Dengue Vaccine in Regions of Endemic Disease. New England

Journal of Medicine. 2015; 373(13):1195–1206. https://doi.org/10.1056/NEJMoa1506223 PMID:

26214039

25. Lee JS, Mogasale V, Lim JK, Carabali M, Sirivichayakul C, Anh DD, et al. A Multi-country Study of the

Household Willingness-to-Pay for Dengue Vaccines: Household Surveys in Vietnam, Thailand, and

Colombia. PLoS Negl Trop Dis. 2015; 9(6):e0003810. https://doi.org/10.1371/journal.pntd.0003810

PMID: 26030922

26. Pavı́a-Ruz N, Rojas DP, Villanueva S, Granja P, Balam-May A, Longini IM, et al. Seroprevalence of

Dengue Antibodies in Three Urban Settings in Yucatan, Mexico. The American Journal of Tropical Med-

icine and Hygiene. 2018; p. –. https://doi.org/10.4269/ajtmh.17-0382 PMID: 29460714

27. Instituto Nacional de Estadistica y Geografia. type; 2016 [cited June 12, 2016]. Available from: http://

www3.inegi.org.mx/sistemas/mexicocifras/default.aspx.

28. Secretaria de Salud de Mexico. Epidemiologic Information of Dengue in Mexico; 2016. Available from:

http://www.epidemiologia.salud.gob.mx/dgae/panodengue/intd_dengue.html.

29. Gordon A, Kuan G, Mercado JC, Gresh L, Avilés W, Balmaseda A, et al. The Nicaraguan Pediatric Den-

gue Cohort Study: Incidence of Inapparent and Symptomatic Dengue Virus Infections, 2004-2010.

PLoS Neglected Tropical Diseases. 2013; 7(9):2004–2010. https://doi.org/10.1371/journal.pntd.

0002462

30. Peeling RW, Artsob H, Pelegrino JL, Buchy P, Cardosa MJ, Devi S, et al. Evaluation of diagnostic tests:

dengue. Nature Reviews Microbiology. 2010; 8(12):S30–S37. https://doi.org/10.1038/nrmicro2459

PMID: 21548185

31. Guzman MG, Jaenisch T, Gaczkowski R, Ty Hang VT, Sekaran SD, Kroeger A, et al. Multi-Country

Evaluation of the Sensitivity and Specificity of Two Commercially-Available NS1 ELISA Assays for Den-

gue Diagnosis. PLoS Neglected Tropical Diseases. 2010; 4(8):e811. https://doi.org/10.1371/journal.

pntd.0000811 PMID: 20824173

32. Hunsperger EA, Yoksan S, Buchy P, Nguyen VC, Sekaran SD, Enria DA, et al. Evaluation of Commer-

cially Available Anti–Dengue Virus Immunoglobulin M Tests. Emerging Infectious Diseases. 2009; 15

(3):436–439. https://doi.org/10.3201/eid1503.080923 PMID: 19239758

33. Chaterji S, Leo YS, Chow A, Ooi EE, Allen JC. Evaluation of the NS1 Rapid Test and the WHO Dengue

Classification Schemes for Use as Bedside Diagnosis of Acute Dengue Fever in Adults. The American

Journal of Tropical Medicine and Hygiene. 2011; 84(2):224–228. https://doi.org/10.4269/ajtmh.2011.

10-0316 PMID: 21292888

34. Bessoff K, Delorey M, Sun W, Hunsperger E. Comparison of two commercially available dengue virus

(DENV) NS1 capture enzyme-linked immunosorbent assays using a single clinical sample for diagnosis

of acute DENV infection. Clinical and vaccine immunology. 2008; 15(10):1513–1518. https://doi.org/10.

1128/CVI.00140-08 PMID: 18685015

35. Balmaseda A, Standish K, Mercado JC, Matute JC, Tellez Y, Saborı́o S, et al. Trends in patterns of den-

gue transmission over 4 years in a pediatric cohort study in Nicaragua. The Journal of infectious dis-

eases. 2010; 201(1):5–14. https://doi.org/10.1086/648592 PMID: 19929380

36. Guzman MG, Harris E. Dengue. The Lancet. 2014; 385(9966):453–465. https://doi.org/10.1016/S0140-

6736(14)60572-9

37. Tissera H, Amarasinghe A, De Silva AD, Kariyawasam P, Corbett KS, Katzelnick L, et al. Burden of den-

gue infection and disease in a pediatric cohort in urban Sri Lanka. American Journal of Tropical Medi-

cine and Hygiene. 2014; 91(1):132–137. https://doi.org/10.4269/ajtmh.13-0540 PMID: 24865684

38. Tien NTK, Luxemburger C, Toan NT, Pollissard-Gadroy L, Huong VTQ, Van Be P, et al. A prospective

cohort study of dengue infection in schoolchildren in Long Xuyen, Viet Nam. Transactions of the Royal

Society of Tropical Medicine and Hygiene. 2010; 104(9):592–600. https://doi.org/10.1016/j.trstmh.

2010.06.003 PMID: 20630553

39. Pan-American Health Organization, Centers for Disease Control. Preparedness and response for chi-

kungunya virus introduction in the Americas. PAHO Washington, D.C; 2011.

40. Hennessey M, Fischer M, Staples JE. Zika virus spreads to new areas—region of the Americas, May

2015–January 2016. American Journal of Transplantation. 2016; 16(3):1031–1034. https://doi.org/10.

1111/ajt.13743

41. Petersen LR, Jamieson DJ, Powers AM, Honein MA. Zika virus. New England Journal of Medicine.

2016; 374(16):1552–1563. https://doi.org/10.1056/NEJMra1602113 PMID: 27028561

42. Lazear HM, Diamond MS. Zika virus: new clinical syndromes and its emergence in the western hemi-

sphere. Journal of virology. 2016; 90(10):4864–4875. https://doi.org/10.1128/JVI.00252-16 PMID:

26962217

Baseline and first year follow-up in a dengue cohort in Yucatan, Mexico

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006847 November 21, 2018 18 / 20

https://doi.org/10.1056/NEJMoa1506223
http://www.ncbi.nlm.nih.gov/pubmed/26214039
https://doi.org/10.1371/journal.pntd.0003810
http://www.ncbi.nlm.nih.gov/pubmed/26030922
https://doi.org/10.4269/ajtmh.17-0382
http://www.ncbi.nlm.nih.gov/pubmed/29460714
http://www3.inegi.org.mx/sistemas/mexicocifras/default.aspx
http://www3.inegi.org.mx/sistemas/mexicocifras/default.aspx
http://www.epidemiologia.salud.gob.mx/dgae/panodengue/intd_dengue.html
https://doi.org/10.1371/journal.pntd.0002462
https://doi.org/10.1371/journal.pntd.0002462
https://doi.org/10.1038/nrmicro2459
http://www.ncbi.nlm.nih.gov/pubmed/21548185
https://doi.org/10.1371/journal.pntd.0000811
https://doi.org/10.1371/journal.pntd.0000811
http://www.ncbi.nlm.nih.gov/pubmed/20824173
https://doi.org/10.3201/eid1503.080923
http://www.ncbi.nlm.nih.gov/pubmed/19239758
https://doi.org/10.4269/ajtmh.2011.10-0316
https://doi.org/10.4269/ajtmh.2011.10-0316
http://www.ncbi.nlm.nih.gov/pubmed/21292888
https://doi.org/10.1128/CVI.00140-08
https://doi.org/10.1128/CVI.00140-08
http://www.ncbi.nlm.nih.gov/pubmed/18685015
https://doi.org/10.1086/648592
http://www.ncbi.nlm.nih.gov/pubmed/19929380
https://doi.org/10.1016/S0140-6736(14)60572-9
https://doi.org/10.1016/S0140-6736(14)60572-9
https://doi.org/10.4269/ajtmh.13-0540
http://www.ncbi.nlm.nih.gov/pubmed/24865684
https://doi.org/10.1016/j.trstmh.2010.06.003
https://doi.org/10.1016/j.trstmh.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20630553
https://doi.org/10.1111/ajt.13743
https://doi.org/10.1111/ajt.13743
https://doi.org/10.1056/NEJMra1602113
http://www.ncbi.nlm.nih.gov/pubmed/27028561
https://doi.org/10.1128/JVI.00252-16
http://www.ncbi.nlm.nih.gov/pubmed/26962217
https://doi.org/10.1371/journal.pntd.0006847


43. Cruz MM, Puerta-Guardo HN, Schildhauer S, Katzeltnick L, Balmaseda AL, Harris E. Immune cross-

reactivity between Dengue and Zika viruses in two pediatric studies in Nicaragua. The Journal of Immu-

nology. 2017; 198(1 Supplement):210.5–210.5.

44. Priyamvada L, Quicke KM, Hudson WH, Onlamoon N, Sewatanon J, Edupuganti S, et al. Human anti-

body responses after dengue virus infection are highly cross-reactive to Zika virus. Proceedings of the

National Academy of Sciences. 2016; 113(28):7852–7857. https://doi.org/10.1073/pnas.1607931113

45. Balmaseda A, Hammond SN, Tellez Y, Imhoff L, Rodriguez Y, Sabor??o SI, et al. High seroprevalence

of antibodies against dengue virus in a prospective study of schoolchildren in Managua, Nicaragua.

Tropical Medicine and International Health. 2006; 11(6):935–942. https://doi.org/10.1111/j.1365-3156.

2006.01641.x PMID: 16772016

46. Fleming TR, Harrington DP. Counting processes and survival analysis. John Wiley and Sons, Inc;

2011.

47. Allison PD. Event history and survival analysis: Regression for longitudinal event data. vol. 46. SAGE

publications; 2014.

48. Kalbfleisch JD, Prentice RL. The statistical analysis of failure time data. vol. 360. John Wiley and Sons,

Inc; 2011.

49. Fisher LD, Lin DY. Time-dependent covariates in the Cox proportional-hazards regression model.

Annual review of public health. 1999; 20(1):145–157. https://doi.org/10.1146/annurev.publhealth.20.1.

145 PMID: 10352854

50. R Core Team. R: A Language and Environment for Statistical Computing; 2015.

51. Standish K, Kuan G, Avilés W, Balmaseda A, Harris E. High dengue case capture rate in four years of a

cohort study in Nicaragua compared to national surveillance data. PLoS Negl Trop Dis. 2010; 4(3):

e633. https://doi.org/10.1371/journal.pntd.0000633 PMID: 20300515

52. Stoddard ST, Forshey BM, Morrison AC, Paz-Soldan VA, Vazquez-Prokopec GM, Astete H, et al.

House-to-house human movement drives dengue virus transmission. Proceedings of the National

Academy of Sciences of the United States of America. 2013; 110(3):994–999. https://doi.org/10.1073/

pnas.1213349110 PMID: 23277539

53. Sabchareon A, Sirivichayakul C, Limkittikul K, Chanthavanich P, Suvannadabba S, Jiwariyavej V, et al.

Dengue Infection in Children in Ratchaburi, Thailand: A Cohort Study. I. Epidemiology of Symptomatic

Acute Dengue Infection in Children, 2006–2009. PLoS Negl Trop Dis. 2012; 6(7):e1732. https://doi.org/

10.1371/journal.pntd.0001732 PMID: 22860141

54. Thai KTD, Nishiura H, Hoang PL, Tran NTT, Phan GT, Le HQ, et al. Age-Specificity of Clinical Dengue

during Primary and Secondary Infections. PLoS Negl Trop Dis. 2011; 5(6):1–9. https://doi.org/10.1371/

journal.pntd.0001180

55. Morrison AC, Minnick SL, Rocha C, Forshey BM, Stoddard ST, Getis A, et al. Epidemiology of Dengue

Virus in Iquitos, Peru 1999 to 2005: Interepidemic and Epidemic Patterns of Transmission. PLoS Neglected

Tropical Diseases. 2010; 4(5):e670. https://doi.org/10.1371/journal.pntd.0000670 PMID: 20454609

56. Rocha C, Morrison AC, Forshey BM, Blair PJ, Olson JG, Stancil JD, et al. Comparison of two active sur-

veillance programs for the detection of clinical dengue cases in Iquitos, Peru. The American journal of

tropical medicine and hygiene. 2009; 80(4):656–660. https://doi.org/10.4269/ajtmh.2009.80.656 PMID:

19346395

57. Biswas HH, Ortega O, Gordon A, Standish K, Balmaseda A, Kuan G, et al. Early clinical features of den-

gue virus infection in Nicaraguan children: A longitudinal analysis. PLoS Neglected Tropical Diseases.

2012; 6(3). https://doi.org/10.1371/journal.pntd.0001562 PMID: 22413033

58. Kuan G, Gordon A, Avilés W Williams, Ortega O, Hammond SN, Elizondo D, et al. The Nicaraguan

pediatric dengue cohort study: Study design, methods, use of information technology, and extension to

other infectious diseases. American Journal of Epidemiology. 2009; 170(1):120–129. https://doi.org/10.

1093/aje/kwp092 PMID: 19435864
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