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Abstract
Background. In the Americas, endemic cities for Aedes-borne diseases such as chikungunya, Zika and dengue face great challenges particularly since the
recent outbreaks of CHIKV and ZIKV, all transmitted by the same insect vector Aedes aegypti and albopictus. Areas, such as Colombia and Mexico with the
highest incidence and most frequent outbreaks of the three diseases are located in tropical environments due to their favorable eco-epidemiological
conditions for vector breeding. In Colombia, the city of Cúcuta on the border with Venezuela is one of such highly endemic areas. Likewise, in Mexico a
number of municipalities has very similar environmental conditions. This is why these urban areas provide the opportunity to test the Early Warning and
Response System (EWARS), developed originally for dengue outbreaks, also for the other two diseases (Chikungunya and Zika).

Methodology. Through the retrospective analysis of epidemiological, climate and entomological data produced by the national surveillance systems in
Colombia and Mexico, we intended to predict outbreaks with a high sensitivity and positive predictive value (PPV) through alarm signals by using the EWARS
tool. The registered outbreaks of DENV 2012-2016, CHIKV 2014-2016 and ZIKV 2015-2016 were analyzed for 2 years retrospectively (“run in period”) and one
year of analysis (“evaluation period”). Outbreak prediction for dengue and Zika was for both countries but for Chikungunya in Colombia only due to the
availability of surveillance data.

Results. In Mexico, the sensitivity of different alarm signals for correctly predicting an outbreak ranged between 74-92% for dengue, 77–93% for chikungunya
and 78-97% for Zika. Their Positive Predictive Values ranged between 51-68% for dengue, 48-92% for chikungunya and 11-100% for Zika. The lag time
between predictions and start of the outbreak (i.e. the time available for early response activities) was for dengue 3-5 weeks, for chikungunya 10-13 weeks and
for Zika 3-5 weeks.

Conclusion. The implementation of an early warning and response system (EWARS) could substantially reduce the magnitude and occurrence of outbreaks
and the elevated social and economic toll.

Introduction
Dengue, Zika and Chikungunya arboviruses spread to humans through the bite of an infected Aedes aegypti or Ae. albopictus mosquito and present a growing
public health threat to endemic countries. The arbovirus diseases produced by the dengue virus -DENV, chikungunya virus -CHIKV and zika virus -ZIKV, present
risks of transmission in 3.9 billion people living in 128 countries of the tropical and subtropical areas of the world (1,2,3,4). Currently there is no speci�c
pharmacological treatment nor an effective vaccine for public health use. Although these diseases present a high proportion of subclinical cases, they are
characterized by high morbidity and have common symptoms that can affect the clinical diagnosis (5).

These diseases have a high social and economic impact, particularly when they appear as epidemics. An estimate of the economic costs of a chikungunya
outbreak in Colombia 2013 showed an approximate cost of 100 million dollars, equivalent to 4.0% of the national gross domestic product (GDP) (6); estimates
for dengue outbreak costs in 2011 were 12 million US$ in Vietnam, 6.75 million US$ in Indonesia, 4.5 million US$ in Peru and 2.8 million US$ in Dominican
Republic (all in 2012 US$) (7). It was recently estimated that between 2015 and 2017, Zika virus outbreaks caused losses of 7 to 18 Billion dollars, being the
direct and indirect costs associated with microcephaly and Guillain-Barré syndrome the greatest long-term cost (8).

Countries endemic for Aedes-borne viral diseases and countries with low-level or no transmission are threatened by outbreaks which are detected late and
where the response mechanisms are often inadequate. Early detection of outbreaks poses a challenge, since no universally accepted or proven sets of early
warning indicators exist. Although the transmission of Aedes-borne viral diseases could be substantially reduced by effective vector control interventions, late
detection and inadequate response mechanisms are compounding the effects of rapid transmission. A systematic review showed that practically no country
uses outbreak forecast (prediction) (9,10). In contrast, a number of countries uses early outbreak detection tools based on the increase of case numbers above
a pre-established threshold (meaning that the outbreak has started already). With this in view, the Special Program for WHO/TDR initiated together with
European research institutions and national dengue control services and academia in endemic ten partner countries, the development of a web-based Early
Warning and Response System (EWARS) for dengue, with potential uses for other arbovirus disease outbreaks. An initial test was performed in a retrospective
study in �ve endemic countries (Brazil, Mexico, Dominican Republic, Vietnam, Malaysia) (11,12,13). Subsequently, based on user recommendations and inputs
from expert panels, an innovative web-based EWARS tool (dashboard) was developed and tested in three endemic countries (Brazil, Mexico and Malaysia) to
evaluate its qualitative and quantitative performance and user friendliness (14).

However, EWARS has never been tested for other emerging Aedes-borne diseases, such as Zika and chikungunya and their epidemiological �ndings against
dengue outputs are yet lacking which hinders important policy making and early response activities during disease outbreaks. This study therefore aimed at
presenting and discussing some epidemiological implications of dengue, chikungunya and zika outbreaks in highly-endemic settings while demonstrating the
use and performance of EWARS for wider arbovirus disease outbreaks.

Method
Description of study sites

In Colombia, Cucuta, the capital of North Santander state (“department”) was selected which has around 750 000 inhabitants, 1176 Km2 in area size and
located 320m above sea level at latitude 07°53´00” N, longitude 72° 30´19” W. The climate is warm and characterized by temperatures ranging between 21
and 36 °C; an average annual rainfall of 655 mm and an annual average relative humidity between 70 and 75% (15). While dengue outbreaks have a longer
history in Cúcuta, outbreaks of CHIKV and ZIKV were reported after 2014 and 2015, respectively.
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In Mexico,137 highly endemic urban municipalities in tropical areas in 28 states of the country with a high incidence of the three arbovirus diseases have been
selected.

Public Health Surveillance system

In Colombia, the National Public Health Surveillance System (SIVIGILA) provides systematic and timely information on the dynamics of dengue, Zika and
Chikungunya. The data reporting units belong to the public and private health system. The data was obtained from SIVIGILA at the IDS (Departmental Health
Institute), with certi�ed authorization

In Mexico, the national surveillance system includes permanent noti�cation of clinical cases of dengue, Chikungunya and Zika, birth defects into the online
platform SINAVE (National Epidemiological Surveillance System) as well as entomological data (ovitrap indexes) and response activities (into the online
entomological platform). Both platforms are fed on a weekly basis with the information from all health centers (public and private).

Data collection of outbreak and alarm indicators

In Cucuta/Colombia, the study has covered the period from January 1, 2012 to December 31, 2017 including all reported cases of dengue where included
using the standardized case-de�nitions by the Ministry of Health (MoH) and the INS. This study analyses part of the total number of cases of the
Chikungunya and Zika outbreak in the urban area of Cúcuta, only those corresponding to the individualized noti�cation of SIVIGILA (16, 17). In Mexico the
data collection started also in January 2012, however, the analysis period lasted until December 2018. The data set has been provided by SINAVE and by the
entomological online platform from the Secretary of Health.

For the application of EWARS, the temporal unit was de�ned as the epidemiological ‘week’ (from Sunday to Saturday) and the spatial unit was based on pre-
existing administrative units (municipalities or districts). At least three years of surveillance data records were retained for the EWARS analysis including a
variable indicating the ‘population size’ of the corresponding district/localities.

Surveillance data on dengue, Zika and chikungunya were recorded as well as the individuals’ place of residence, age, sex, date of onset of symptoms, date of
case registration at the health center or hospital and the type of case (‘probable’, ‘con�rmed’ by laboratory or by clinical symptoms and ‘hospitalized’ cases).

Weekly information of potential key alarm indicators was collected from each study district/municipality and included a candidate list of epidemiological,
entomological and meteorological variables:

Meteorological: mean outdoor air temperature, rainfall and relative humidity

Epidemiological: patients’ age, and probable cases)

Entomological: positive ovitrap, average egg count per trap

Data analysis

Analysis by the EWARS tool:

The general methodological and operational principles of how EWARS processes the calibration and evaluation analysis including the generation of best-�tted
prediction algorithm have been illustrated in details elsewhere (9,12,14). In general, and during the retrospective phase of EWARS, the average number of
cases of an arbovirus disease – within the expected “normal” or seasonal range illustrated in the endemic channel – are calculated for a �xed time period and
with the use of a given z-value (which is the multiplier of the standard deviation of the moving average of weekly case numbers) during the calibration
session, which generate a smoothed Endemic Channel (moving average + (Z*SD)). Weekly cases exceeding this Endemic Channel are said to be an outbreak.
In this retrospective phase, the algorithm and all parametric coe�cients needed for calculating the outbreak probability are computed: these coe�cients
depend primarily on the sensitivity (i.e. the proportion of correctly predicting an outbreak out of all outbreaks) and positive predictive value, PPV (i.e. the
proportion of correct alarms out of all alarms) as direct measures for deciding the best calibrated settings (i.e. those with highest sensitivity and PPV). In the
prospective stage of EWARS, an alarm signal (early prediction) is triggered when the ‘outbreak probability’ crosses the proposed ‘alarm threshold’ once
prospective weekly information on the relevant alarm indicator(s) are fed into the system. Accordingly, instant numerical and graphical demonstration and
interpretation of possible outbreak and its corresponding response plan is illustrated to the user at a given lag week (time between the prediction and an
outbreak to occur).

Based on recommendation from previous reports (14), ‘hospitalized’ cases showed to be best outbreak indicator for the prediction of a forthcoming outbreak
using EWARS. However, where the proportion of “mild” cases is high and patients are rarely hospitalized (such as in chikungunya and zika), ‘probable’ or
‘con�rmed’ cases were used as outbreak indicators. In this study, z-values and alarm thresholds were determined for chikungunya and dengue via both
manual and automatized procedures (which can assess the calibration settings via a 1000 iteration process per district). For zika data only the automatized
version was employed. On the other hand, due to inadequate dengue records and inconsistent outbreak trend observed in the Colombian data, a data
normalization step was performed prior to the application of the EWARS tool.

In Mexico districts with at least three years’ records of at least ≥5 cases per evaluation period were included (N=137). Only districts with no meaningful
parameters and outputs from the �nal results such extreme z-outbreak, thresholds and window sizes or where no convergence was reached or poor calibration
match were dropped. Descriptive presentations of the sensitivity, PPV and lag weeks as well as outbreak parameters derived from the evaluation stage were
calculated and presented. In the case of Mexico, average values obtained from multiple districts were presents in the �nal results after rounding off to 1.0.
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Descriptive statistics, of both graphics and estimates presentations, was sought in this paper. To give an overview of the pattern of chikungunya and Zika
occurrence in Colombia, disease incidences were determined with the cases from the urban area included for this analysis (n cases / 100,000 population).

Ethical aspects:

This study analyzed only secondary data obtained from Colombian and Mexican institutions with the authorization of the Surveillance System (O�cial
Communication 23.02.2018). Ethical endorsement was obtained from the Ethics Committee of the University of Freiburg (N°-145/18) which was approved by
local health authorities.

Results

Epidemiological features of outbreaks
Data sets were analysed to describe outbreaks of dengue, chikungunya and Zika in municipalities in Colombia and Mexico during the period 2012–2018. In
general, dengue records were analysed for the �ve-year period in Colombia and seven years in Mexico. However, chikungunya data taken into account for this
study were three years in Colombia (2014–2016) and �ve years in Mexico (2014–2018). The Zika data included in this analysis correspond to three years in
Colombia (2015–2017) and four years in Mexico (2015–2018).

Dengue
In Colombia, for the urban area of Cucuta 2013 was an epidemic year for dengue, with 5049 cases (819.94 cases per 100,000 population), followed by the
2014 outbreak with 4900 cases (787.82 cases per 100,000 inhabitants). During the period 2014–2016 a decrease in cases was observed, with a slight
increase after the start of the zika outbreak. In Mexico, 2012 and 2013 were epidemic years for dengue with 53029 and 64996 con�rmed cases respectively.
After those epidemic year Mexico has seen a continuous reduction of dengue cases until 2018 with 12706 con�rmed cases.

Chikungunya
Regarding chikungunya during the weeks 44 of 2014 and 5 of 2015 the surveillance system in Colombia recorded the largest number of cases, with attack
rates of 114.96 cases per 100,000 population in 2014 and 20.38 cases per 100,000 population in 2015. The highest peak was observed near the 49th week of
2015. The outbreak ended after week 9 in 2015 but there were still 128 cases in 2016. In Mexico, although the �rst cases appeared during 2014 (222 in the
whole country) the chikungunya outbreak occurred during 2015 with 12,588 con�rmed cases. After 2015 there has been a steady reduction with 759
con�rmed cases in 2016 until only 39 con�rmed cases in 2018. The peak of the 2015 chikungunya outbreak occurred around week 29.

Zika
The Zika outbreak in the municipality of Colombia presented an increase from week 51 of 2015 until week 10 in 2016 (12 weeks). The peak of cases occurred
in week 1 of 2016 (753 cases), and a total of 4576 cases during the years 2015 and 2016. The highest attack rate was 691.14 cases per 100,000 population.
In Mexico the Zika outbreak, after some sporadic cases in 2015, occurred during 2016 with 8,588 con�rmed cases. 2017 also presented a Zika outbreak but
considerably smaller, 3,260 con�rmed cases. During 2018 the trend continued and there were only 881 con�rmed cases.

Variations of incidence rates occurred when dengue was the only arbovirus but after the arrival of CHIKV and ZIKV this changed. In the 2013 dengue outbreak,
the highest attack rates in the city were 819.94 cases per 100,000 population. When two of those arboviruses occurred simultaneously, dengue rates
decreased to 215.19 cases per 100,000 population. With the dataset from individualized noti�cation only, chikungunya rates were the lowest, while Zika
reached a rate of 691.14 cases per 100,000 population.

Findings from the EWARS application
The datasets of all three arbovirus disease outbreaks were processed using the EWARS tool. The summary of the model calibrations, parameters including the
sensitivity, PPV and lag weeks for each disease per country are presented in tables 1–3. Number of ‘outbreaks’ and ‘alarms’, from which the sensitivity and
PPV values were derived, are displayed in tables of results. Furthermore, the alarm thresholds were also illustrated to inform of expected ranges to use during
the calibration process, independently for each disease and per each alarm indicator.

Dengue
A value of z = 1.0 was found to be best to de�ne the upper limit of the endemic channel using the hospitalized dengue cases as the outbreak indicator. The
sensitivity to correctly predict a dengue outbreak varied between 74–92% whereas the PPV ranged between 50–68%, including both single and multiple alarm
prediction analysis whereby the multiple alarm prediction enhanced the prediction model. The lag time ranged from 3 to 5 weeks ahead of an outbreak.
Table 1 illustrates more detailed results.

Chikungunya
Unlike the Colombian dengue data, the chikungunya data did not require any normalization treatment prior to the EWARS analysis. Due to insu�cient
hospitalized cases found in the Colombian surveillance dataset, the ‘probable cases’ were used as the outbreak indicator instead, which revealed a sensitivity
range of 77–93% and PPV �uctuation of 48–92%. The lag time between positive alarm and start of the outbreak was 10 to 13 weeks, much higher than that
observed with dengue (Table 1).

Zika
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Estimates of both sensitivity and PPV were derived which ranged between 50% − 100% and 11%-100% in Colombia and between 78% − 97% and 77%-100% in
Mexico, respectively (Table 3). In general, the alarm indicators in Mexico outperformed those in Colombia of which both ‘rainfall’ and ‘humidity’ indicators
ranked top in the list to predict an outbreak, whereas average egg factor was the lowest in the rank. Although the alarm and outbreak window sizes were
comparable between both countries and across all alarm indicators, higher number of de�ned outbreaks and alarm thresholds were observed in Mexico in
relation to Colombia. In contrast, broader lag times were shown in the Colombian data which ranged from 6 to 10 weeks compared to 4 to 5 weeks in Mexico.

Discussion
Outbreak patterns

As contextual information for the need of early outbreak warning, the outbreak pattern of the three diseases in Colombia and Mexico is shown in Figure.1. It
illustrates that outbreaks of dengue, chikungunya and Zika are not independent in time, although they present differences in transmission peaks. During the
�rst weeks of the chikungunya outbreak in Colombia, there was an unusual increase of dengue cases with 172 cases in week 44 of 2014. After week 45
chikungunya exhibited the highest transmission peak and dengue cases descended rapidly. This can be explained by possible mis-diagnoses, taking into
account that during the �rst phase of the chikungunya outbreak the presence of the virus in the city was not con�rmed. In Colombia the samples of suspected
patients were sent at the central level. Approximately two weeks later, con�rmation of the presence of CHIKV in Cucuta and dissemination to all case reporting
units was achieved. After that the increase of the correct chikungunya diagnosis started.

 Figure 1. Time series of dengue, chikungunya and Zika in the urban area of Cúcuta, Colombia 2012-2016

Figure 1. Time series of analysed cases of Dengue, Chikungunya and Zika in the urban area of Cúcuta, Colombia during the period 2012-2016. Dengue is in
blue bars; yellow line is Chikungunya and red line is Zika. The cases of dengue are quanti�ed on the right. (*) Week of the �rst case of Chikungunya; (+) Week
of the �rst case of Zika).

The same happened when the Zika outbreak occurred. Two weeks before the highest peak of Zika cases, there was an increase in “dengue cases”. Many of
these may have been Zika. It seems that after the laboratory con�rmation of the Zika virus in the city, the correct diagnoses and the number of cases
increased.

A similar but less pronounced phenomenon was observed in Mexico in 2014/15: At the beginning of the chikungunya outbreak there was an increased dengue
activity probably because the laboratory con�rmation of CHIKV was not yet well established. The same happened with the Zika outbreak in 2016 when �rst
dengue case numbers increased and subsequently Zika was detected (Figure 2). The delay in the con�rmation of cases can lead to the silent spread of the
disease in the different areas which makes control di�cult. Therefore, the need for an improved surveillance system and for early outbreaks warning.

Figure 2. Time series 2009-2019 of cases reported weekly in Mexico: dengue, chikungunya and Zika

Figure 2. Time series of cases reported weekly in Mexico, of cases of dengue, chikungunya and Zika during the period 2009-2019. Dengue is in blue bars;
yellow line is chikungunya and red line is Zika. The cases of Zika are quanti�ed on the right. (*) Week of the �rst case of chikungunya; (+) Week of the �rst
case of Zika)

Early Warning and Response System (EWARS)

With the purpose of contributing to mitigate the effects of arbovirus outbreaks the   EWARS applied in our study proved to be an adequate tool to predict
dengue outbreaks 3 to 5 weeks, chikungunya outbreaks 10 to 13 and Zika outbreaks with 4 to 10 weeks ahead of the outbreak. This will allow the public
health service to respond more e�ciently through the timely allocation of resources and particularly vector control.

In the case of dengue, the sensitivity of alarm indicators to correctly predict an outbreak varied in both countries from 74 to 92%, being the combination of
meteorological indicators the alarm signal with the highest sensitivity. This is similar to that of other countries that are using EWARS for outbreak detection
(83-99% in Brazil, 50-99% in Malaysia and 79-100% in Mexico) (14). Likewise, the PPV of 50-68% was similar to those reported in the other countries (40-88%
in Brazil, 71-80% in Malaysia and 50-83% in Mexico) (14). Therefore, the EWARS would detect, about 9 out of 10 outbreaks and 7 out of 10 alarms will be
correct alarms.

In the case of chikungunya, the sensitivity to correctly predict an outbreak varied among alarm indicator from 77 to 93%, being the rain fall and the
combination of meteorological indicator the alarm signals with the highest sensitivity. Likewise, the PPV of 48-85% was similar to those reported with dengue
in other countries (14). Therefore, the EWARS would detect outbreaks 10 to 13 weeks in advance, providing adequate time to activate response actions.

In the case of Zika, the sensitivity (50-100%) and PPV (11-100%) was similar to the prediction of dengue and chikungunya when using alarm indicators with
the highest sensitivity and PPV-values.

It is the �rst time that EWARS has been evaluated with chikungunya datasets, and the results were optimal to recommend the implementation. Although only
data for three years were analyzed, these results show that EWARS is applicable to Aedes borne arbovirus diseases. As the user-friendliness of the application
has already been established (14), the next step is to bring it to practical use in endemic countries and monitor its ability to predict outbreaks and trigger
effective response.

Limitations of the study
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This study was based on the cases registered by the public health surveillance system in Colombia, which classi�es the cases as probable, con�rmed and
hospitalized (17). However, some differences are detected with the de�nitions suggested by the WHO in relation to con�rmed cases. All con�rmed cases
should present a positive laboratory test, but in the current database the con�rmed cases were sometimes based on clinical criteria only. This reduces the
reliability of the case de�nition.

For these reasons, in some periods there was a greater number of con�rmed cases than of hospitalized cases, showing that the con�rmed cases correspond
often to outpatients. For dengue, the use of hospitalized cases as outbreak indicator was feasible, but due to the low proportion of “hospitalized cases” in
chikungunya and Zika this was hardly the case; therefore, some authors suggest the use of probable and con�rmed cases outbreak indicators (14, 18). The
limitations described above were overcome by taking into account the sum of probable and con�rmed cases outbreak indicator.  The chikungunya cases
included in this analysis come from the Individual Epidemiological Noti�cation, so they are not the total of cases that occurred during the outbreak (16). For
Zika, individual noti�cation was performed on many more patients therefore a higher proportion of cases were included in the analysis.

Conclusions
In conclusion, despite certain drawbacks in the registration of cases in the surveillance systems, the datasets were good enough to demonstrate the main
epidemiological features of arboviruses outbreaks and encourage the application of the EWARS in order to mitigate their effects. The implementation of
EWARS could reduce the magnitude of an outbreak and the resources invested in outbreak control.
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Tables

Dengue outbreak detection in Colombia and Mexico.

Country Alarm Indicators Sensitivity (%) PPV (%) No. of outbreaks No. of Alarms Alarm threshold Lag week

Colombia

 

Mean temp 86 61 76 106 0.69 3

Rainfall 74 51 76 110 0.70 3

Humidity 80 60 76 102 0.65 3

Probable cases 91 50 77 141 0.75 5

Multiple indicators* 92 68 50 68 0.70 3

Mexico** Mean temp 81 72 - - - -

Rainfall 87 65 - - - -

Humidity 94 50 - - - -

Probable cases 100 83 - - - -

Multiple indicators* 84 77 - - - -

*Multiple indicators; temperature, precipitation & humidity, PPV; Positive Predictive Value

** Values from Mexico taken from a previous period (see Hussain Alkhateeb et al. 2018)

Table 1. Sensitivity and PPV for Dengue outbreak detection using hospitalized dengue cases as outbreak indicator in relation to earlier

changes in alarm indicators in Colombia and Mexico.
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https://www.minsalud.gov.co/Documentos%20y%20Publicaciones/Gu%C3%ADa%20para%20la%20atenci%C3%B3n%20cl%C3%ADnica%20integral%20del%20paciente%20con%20dengue.pdf
https://dx.doi.org/10.2807%2F1560-7917.ES.2017.22.44.17-00685
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Chikungunya outbreak detection in Colombia.

Alarm Indicator Sensitivity (%) PPV (%) No. of outbreaks No. of Alarms Alarm threshold Lag week

Mean temp 77 71 13 14 0.80 10

Rainfall 93 48 14 27 0.45 12

Humidity 92 85 15 13 0.75 12

Multiple indicators* 92 92 12 12 0.74 13

*Multiple indicators; temperature, precipitation & humidity, PPV; Positive Predictive Value

Table 2. Sensitivity and PPV for Chikungunya outbreak detection using probable chikungunya cases as outbreak indicator in relation to

earlier changes in alarm indicators in Colombia.

 

Zika outbreak detection in Colombia and Mexico.

Country Alarm Indicator Sensitivity (%) PPV (%) No. of outbreaks No. of Alarms Alarm threshold Lag week

Colombia

 

Mean temp 100 11 2 19 0.05 10

Rainfall 50 54 2 7 0.05 6

Humidity 50 11 2 9 0.06 10

Multiple indicators* 100 14 2 14 0.05 10

Mexico Mean temp 92 100 36 33 0.50 4

Rainfall 97 94 28 28 0.40 4

Humidity (daylight) 88 86 53 52 0.50 5

Humidity (night) 97 98 29 29 0.50 5

Positive ovitrap 92 97 25 25 0.40 5

Average Egg counts 78 77 22 22 0.40 4

*Multiple indicators; temperature, precipitation & humidity, PPV; Positive Predictive Value

Table 3. Sensitivity and PPV for zika outbreak detection using defined and probable cases as outbreak indicators in relation to earlier

changes in alarm indicators in Colombia and Mexico, respectively.


