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Chikungunya fever (CHIKV), a viral disease transmit-
ted by mosquitoes, is currently affecting several areas
in the Caribbean. The vector is found in the Americas
from southern Florida to Brazil, and the Caribbean
is a highly connected region in terms of popula-
tion movements. There is therefore a significant risk
for the epidemic to quickly expand to a wide area in
the Americas. Here, we describe the spread of CHIKV
in the first three areas to report cases and between
areas in the region. Local transmission of CHIKV in
the Caribbean is very effective, the mean number of
cases generated by a human case ranging from two to
four. There is a strong spatial signature in the regional
epidemic, with the risk of transmission between areas
estimated to be inversely proportional to the distance
rather than driven by air transportation. So far, this
simple distance-based model has successfully pre-
dicted observed patterns of spread. The spatial struc-
ture allows ranking areas according to their risk of
invasion. This characterisation may help national and
international agencies to optimise resource allocation
for monitoring and control and encourage areas with
elevated risks to act.

Introduction

Chikungunya fever is caused by the chikungunya virus,
an alphavirus that is transmitted by several species of
mosquitoes, including Aedes albopictus and Ae. aegypti
[1]. In the last decade, large outbreaks of chikungunya
fever have been reported in the Indian Ocean region
[2], with millions of people experiencing incapacitating
arthralgia, fever and rashes [3,4]. Transmission was
sustained even in places with high standards of sani-
tary organisation [5].
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An outbreak of chikungunya fever is currently affecting
an increasing number of areas in the Caribbean [6-8].
Figure 1 shows areas that reported at least one autoch-
thonous case by 15 June 2014. The figure also shows
the timeline of reporting. The first area reporting cases
was Saint Martin (9 December 2013) with symptom
onset of the first documented case on 5 October 2013.
Further reports quickly followed from two other French
territories, Martinique on 19 December 2013 and
Guadeloupe on 28 December 2013. By 15 June 2014, 16
areas had reported at least one autochthonous case.

This rapid expansion constitutes a source of concern
for public health in the Americas [8]. The mosquito vec-
tor is found in a wide geographical zone that goes from
South Florida to Brazil [10]. The potential for geograph-
ical expansion is therefore considerable and extends
far beyond the areas currently affected. Moreover, the
Caribbean is a highly connected area with frequent
exchanges among the islands in the region, with main-
land America and with Europe: more than 10 million
international visits are reported each year by the World
Tourism Organization, including 25% from Europe [11].
These important connections increase the risk of the
current epidemic expanding quickly to a wider area in
the Americas. Furthermore, the epidemic generates
importations of cases into Europe, where the mosquito
species Ae. albopictus is well established in many coun-
tries, primarily around the Mediterranean [9,12]. As of
1 July 2014, 98 imported laboratory-confirmed cases
have been reported for metropolitan France alone [13].

In order to support preparedness and response plan-
ning in affected areas and those at risk of invasion
(i.e. arrival of the disease in the area), it is impor-
tant that we understand better the local and regional



FIGURE 1

Chikungunya fever in the Caribbean, as of 15 June 20141
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Areas that reported at least one laboratory-confirmed autochthonous case of chikungunya fever are coloured according to the timeline of
reporting [6]. The first date of symptom onset was 5 October 2013, on Saint Martin.

Box

List of areas included in the assessment of chikungunya
virus transmission (n=40)

Anguilla, Antigua and Barbuda, Aruba, Bahamas, Barbados,
Belize, British Virgin Islands, Cayman Islands, Colombia,
Costa Rica, Cuba, Curacao, Dominica, Dominican Republic,
El Salvador, Florida, French Guiana, Grenada, Guadeloupe,
Guatemala, Guyana, Haiti, Honduras, Jamaica, Martinique,
Mexico, Netherlands Antilles, Nicaragua, Panama, Puerto
Rico, Saint Barthelemy, Saint Kitts and Nevis, Saint Lucia,
Saint Martin, Saint Vincent and the Grenadines, Suriname,
Trinidad and Tobago, Turks and Caicos Islands, United
States Virgin Islands, Venezuela.

dynamics of spread of chikungunya fever in the
Caribbean. Firstly, how effective is transmission of the
disease in the Caribbean? Answering this question is
important to assess the potential for large and explo-
sive outbreaks as seen previously in the Indian Ocean
region. Secondly, we need to understand the regional
dynamics of spread and their determinants to assess
which areas currently are at risk of invasion, to help
national and international agencies with resource allo-
cation, technical support and planning, and to encour-
age areas with elevated risks to act. This is essential
in order to reduce disease burden in the Americas, but
also to reduce the number of imported cases in Europe.

Here, we provide the first assessment of the effective-
ness of transmission of the virus in the Caribbean and
of the factors explaining the spread at the regional
level.
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Methods

Data collection

We selected 40 areas (countries or territories) around
the Caribbean which overlap with areas infested by
Ae. aegypti mosquito [10] and where dengue is present
[14,15] in central America (Box).

We defined areas officially affected by chikungunya
fever as those reported to have had at least one labo-
ratory-confirmed autochthonous case of chikungunya
fever in the ProMED-mail alerts [6], the Pan American
Health Organization [16] or the Caribbean Public Health
Agency [17]. The date of the first report was also
recorded.

FIGURE 2

In the French overseas territories (Saint Martin,
Martinique and Guadeloupe), detailed data were
collected by Cire Antilles-Guyane, using different
approaches as the health authorities adapted to the
situation. At first, an investigation was started around
suspected or clinical cases with retrospective identifi-
cation of other suspected cases in the neighbourhood.
Virological confirmation was undertaken for most of the
clinically suspected cases by the two laboratories of
the national reference centre (Marseille and Cayenne).
As the number of cases increased, existing surveil-
lance networks based on general practitioners (GP)
were asked to monitor clinical cases according to the
case definition (patient with onset of acute fever »38.5
°C and severe arthralgia of hands or feet not explained
by another medical condition). The surveillance net-
work comprised 100% of the GPs on Saint Martin (15
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FIGURE 3

Areas in the Caribbean officially affected by chikungunya fever on 15 June 2014 and prediction in the distance model (A)

and the air transportation model (B)
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of 15) and around 20% on Martinique and Guadeloupe.
Virological confirmation was no longer systematically
undertaken as the number of cases increased.

Commercial air connections and 2013 data for vol-
ume of passengers between airports of the region
were obtained from the International Air Transport
Association [18,19]. These data correctly captured
multi-leg flight trajectories, i.e. if a person flew from
Florida to Jamaica via Puerto Rico, the recorded itiner-
ary would be the Florida to Jamaica journey. Distances
between the centroids of the areas were computed.

Characterising local transmission on

Saint Martin, Martinique and Guadeloupe

The human-to-human initial reproduction number R
(mean number of secondary cases generated by a
human case) was computed using the exponential

growth method [20]. We explored the variability of
these estimates by analysing all time periods of four
weeks or more in the epidemic curves and report-
ing the 10 periods for which our exponential growth
model had the best fit to the data (as measured by
the deviance R-squared statistic [21]). Additional
details can be found in the supplementary mate-
rial* that can be accessed at https://docs.google.
com/file/d/oBopDXBmIKKGMRW9ucWRpaVVsbDQ/
edit?pli=1.

Characterising regional spread

The transmission paths between areas were analysed
under the hypotheses that the risk of invasion arose
from previously invaded areas with data available as of
15 June 2014 [22]. We considered that Saint-Martin was
the first invaded territory, with a first case on 5 October
2013. For other areas, a delay of on average 30 days



was allowed between invasion and reporting. Different
mathematical models were developed in which the
instantaneous risk of transmission between areas
depended on population size, distance, air traffic vol-
ume or a combination thereof. The models were fitted
by Markov chain Monte Carlo sampling [23]. Goodness
of fit was assessed by determining how well the mod-
els agreed with the set of areas officially affected by
the time the analysis was performed. Finally, we used
the best model to predict areas with the highest risk of
invasion. As we have been using this model since early
2014, we also evaluated retrospectively short-term
predictions that were made with data available on 15
January 2014 and on 30 March 2014. Technical details
are available in the supplementary material*.

Results

Local transmission on Saint Martin,
Martinique and Guadeloupe

Surveillance of clinically suspected cases started in
weeks 48, 49 and 52 of 2013 on Saint Martin, Martinique
and Guadeloupe, respectively. The fit of an exponen-
tial increase to the first weeks of each outbreak was

FIGURE 4

reasonable, leading to estimates of the reproduction
number in the range 2 to 4 (Figure 2). The reproduc-
tion number was estimated to be slightly higher on
Guadeloupe than on Martinique, due to a renewed out-
break starting in week 10 of 2014 on Guadeloupe.

Regional spread

A marked geographical pattern of the spread was
apparent (Figure 1), as 12 of 16 officially affected areas
were situated in a relatively small geographical zone
between the British Virgin Islands in the north-west
and Saint Vincent and the Grenadines in the south-east.

We found that this pattern was best explained by mak-
ing the risk of transmission between areas inversely
proportional to distance. If we exclude the seed loca-
tion Saint Martin, 15 areas were officially affected. Of
these 15, 11 were at the top of the list of areas pre-
dicted to be at highest risk of invasion by this simple
model based on distance (Figure 3A). In contrast, only
one of 15 officially affected areas was at the top of the
list if the risk of transmission was instead assumed
to depend on air passenger flows, indicating that air
passenger flow was a poor predictor of transmission

Short-term predictions of the distance model performed on different dates in the chikungunya fever epidemic in the
Caribbean with data as available on these dates
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FIGURE 5

Most probable source of transmission for areas that are officially affected by chikungunya fever and for those that may
already be invaded but have not yet reported cases
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Transmission tree for areas officially affected (in red) and for those that have at least 20% probability of already being invaded (in grey). The
transmission tree is visualised in a topological space where areas are organised in successive layers starting from Saint Martin according to
their most probable source of transmission. Most probable transmission links are plotted in green; other links with probability larger than 3%
are plotted in grey. The thicker the arrow, the higher the probability of transmission.
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(Figure 3B). Population sizes of areas were not found
to significantly affect transmission (see supplementary
material*).

Figure 4 presents predictions made with this model
on 15 January 2014 (Figure 4A) and on 30 March 2014
(Figure 4B). It shows the risk of being already invaded
at the time of the analysis or of being invaded in the
following 75 days, based on data available at the time.
Overall, performance of the model has been good, as
most areas officially affected in the following 75 days
were among those that had the highest predicted risk
of invasion. Of 11 areas officially affected during this
period, French Guiana and Cuba were the only two with
low predicted risks.

Figure 4C shows predictions of the model with data
available on 15 June 2014. Grenada, Barbados and
Puerto Rico currently have the largest predicted prob-
ability of being invaded in the 75 days following the
analysis (36%). We note that heterogeneity in the pre-
dicted risk of invasion has decreased as Chikungunya
has expanded in the region, with the standard devia-
tion in the predicted risk declining from 27% on 15
January 2014 to 15% on 15 June 2014.

Assuming that Saint Martin was the seed of infection in
the region, Figure 5 shows the most likely path of trans-
mission for areas that were either officially affected or
likely to be already invaded although autochtonous
cases had not been reported. The first round of invasion
included Martinique, Guadeloupe, Saint Barthélemy,
British Virgin Islands and Anguilla. The second round
of invasion eventually led to eight new invaded areas,
including Dominica and French Guiana. Four rounds
were necessary for the disease to reach Cuba. Looking
at the reconstructed transmission tree and restricting
the analysis to areas that were officially affected, we
found that the median distance between two areas pre-
dicted to have transmitted chikungunya to each other
was 476 km (95% Cl: 16-2,040). It was 173 km (95% Cl:
16—-451) and 626 km (95% Cl: 54-2,043), respectively,
for areas in the first and in subsequent rounds of the
regional epidemic.

Discussion

The chikungunya virus has found a propitious environ-
ment for transmission in the Caribbean. All areas of the
Caribbean and Central America are at risk of invasion,
although with important heterogeneities in their pre-
dicted risks. Our analysis provides a quantitative basis
for informed policy making and planning.

Transmission of chikungunya fever was consistently
estimated to be effective in the three French territories
that first reported cases (Saint Martin, Martinique and
Guadeloupe). Estimates of the reproduction number
R ranged from 2 to 4, similar to what was reported in
the Indian Ocean region [5,24], making large and fast-
growing outbreaks possible. With the largest estimate,
Guadeloupe may end up with the largest attack rate if
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transmission goes on unchanged. Interestingly, inci-
dence there showed sustained increase only after the
epidemic entered the largest city (Pointe a Pitre), sug-
gesting heterogeneity in transmission. In Saint Martin,
incidence has notably slowed down in the last weeks,
despite large growth at first. Further investigation is
required to find out how vector abundance, heteroge-
neity in population mixing and exposure explain these
outcomes. These estimates of R were obtained under
the assumption that the serial interval was 23 days
(see supplementary material*). Using a shorter dura-
tion for the gonotrophic cycle (three days vs four days)
led to little change in the serial interval distribution
(two days) and less than 5% variation on the estimates
of R. With higher daily mortality in mosquitoes (15%
instead of 10%), the serial interval was shorter, and the
estimates of R were reduced by ca 20%.

Sustained transmission in the French islands has been
in contrast with the limited number or absence of
cases reported in some nearby areas. This could partly
be explained if French territories were invaded first
so that they had more time to build up large numbers
of cases. However, heterogeneity in reporting is also
likely to be involved, as some areas only reported the
disease when it had already been responsible for hun-
dreds of cases.

Indeed, a difficulty in the analysis of the regional dif-
fusion of chikungunya fever has been the imperfect
documentation of areas that were affected and of the
dates when they were invaded. This is due to variable
delays between (unobserved) dates of invasion and
reporting of the first autochthonous cases. We did not
model heterogeneities in the capabilities of the dif-
ferent areas to identify cases, as supporting data are
lacking and this would therefore have been mostly sub-
jective and added uncertainty to the analysis. But we
used state-of-the-art data augmentation techniques
[25-27] to overcome uncertainty about timing. In our
baseline scenario, we assumed an average 30-day
reporting delay but analysed alternative scenarios
with shorter and longer delays in the supplementary
material*. Reducing the reporting delay did not change
the relative order of areas by risk of invasion but led
to reduced probabilities of invasion in the near future.
Unfortunately, we did not have independent data to
back up the baseline assumption of an average 30-day
delay in reporting.

To understand and predict regional spread, we postu-
lated that importation of infected humans or mosqui-
toes by usual transportation routes was likely to be
responsible for invasion of new areas. Most islands are
served by air carriers, but travelling by boat, ferries
and cruisers is also very common. Up to now, areas
officially affected by chikungunya fever have pre-
sented smaller air passenger flows than those not yet
affected (daily average: 797 as opposed to 2,476). It
is therefore not surprising that air transportation data
could not reproduce the patterns of spread seen so far



(Figure 3B). A direct assessment of alternative modes
of transportation, including boats and cruises, was not
possible due to a lack of detailed data on these routes.
To overcome this limitation, we used standard geo-
graphical models where connections between areas
depend on distance and population sizes [28-30]. We
found that the spatial structure of the epidemic was
most consistent with a model in which the strength of a
connection was inversely proportional to the distance.
Overall, our results suggest that short-range trans-
portation such as boats and cruises hopping between
islands are likely to have played a substantial role in
the spread observed in the early phase of the chikun-
gunya outbreak in the Carribean.

The good fit of this distance model to current data
(Figure 3A) and its successful predictions so far (Figure
4, panels A and B) give us some confidence in the short-
term predictions of this model (Figure 4C). However,
the relative importance of the transmission routes may
change as the epidemic spreads, which could increase
the risk to more distant areas in the longer term. In that
respect, we note an apparent increase in the median
distance of transmission between the first and subse-
quent waves in the regional epidemic. Given the current
absence of correlation between available long-range
air transportation data and disease spread, long-term
predictions for international spread are harder to make.

The propensity of an area to get invaded and to trans-
mit is expected to depend on vector activity and case
numbers, respectively. Here, we used qualitative data
on the presence of the Ae. aegypti mosquito [10], which
are supported by recent reports on dengue virus circu-
lation [14,15], to characterise vector activity. The vec-
tor was present in all areas included in our analysis
[10,14,15]. Due to the lack of adequate data, we were
unable to modulate the risk of invasion with more
quantitative indicators of vector activity. Efforts to con-
struct quantitative maps of vector activity should be a
priority to improve model predictions. If they become
available, data on incidence of cases in the invaded
areas may improve the fit further, although this was
not shown to be the case in the spatial analysis of
other outbreaks [22]. Despite these limitations, short-
term predictions of the model have been good (Figure
4, panels A and B). Improved predictions may require
taking seasonality into account, as vector abundance
may change with the seasons. The range of tempera-
ture is limited in the Caribbean islands (between 26
°C and 29 °C in Saint Martin), but larger changes are
expected as we move away from the equator. Seasonal
changes in the number of passengers to and from the
Caribbean must also be considered when studying the
risk of importation to Europe.

In conclusion, we have shown that chikungunya fever
is an important threat in the Americas. The high trans-
missibility may lead to fast-growing and large out-
breaks. Regional dissemination is under way, so far

with a simple geographical pattern, which is relevant
for optimising the monitoring of areas.

*Note:

Supplementary information made available by the authors
on an independent website is not edited by Eurosurveillance,
and Eurosurveillance is not responsible for the content.
The material can be accessed at: https://docs.google.com/
file/d/oBopDXBmIKKGMRW9ucWRpaVV5bDQ/edit?pli=1.
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