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Abstract

Objectives—Influenza seasonality remains poorly studied in Equatorial regions. Here we
assessed the seasonal characteristics and environmental drivers of influenza epidemics in French
Guiana, where influenza surveillance was established in 2006.

Methods—Sentinel GPs monitored weekly incidence of Influenza-like illnesses (ILI) from
January 2006 through December 2010 and collected nasopharyngeal specimens from patients for
virological confirmation. Times series analysis was used to investigate relationship between ILI
and climatic parameters (rainfall and specific humidity).

Results—Based on 1,533 viruses identified during the study period, we observed marked
seasonality in the circulation of influenza virus in the pre-pandemic period, followed by year-
round activity in the post-pandemic period, with a peak in the rainy season. ILI incidence showed
seasonal autoregressive variation based on ARIMA analysis. Multivariate dynamic regression
revealed that a Imm increase of rainfall resulted in an increase of 0.33% in ILI incidence one
week later, adjusting for specific humidity (SH). Conversely, an increase of 1g/kg of SH resulted
in a decrease of 11% in ILI incidence 3 weeks later, adjusting for rainfall.

Conclusions—Increased rainfall and low levels of specific humidity favor influenza
transmission in French Guiana.
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Introduction

The influenza virus causes significant morbidity and mortality worldwide. The
epidemiology of influenza is characterized by epidemics that occur seasonally throughout
the world every year, with occasional pandemics arising from the emergence of novel
subtypes [1]. In temperate regions of the Northern Hemisphere (NH) and Southern
Hemispheres (SH), there are clear seasonal variations in the occurrence of influenza activity,
characterized by wintertime epidemics. In contrast in tropical regions, influenza seasonality
is less defined, with high background influenza activity. Overall, the seasonality of influenza
remains poorly understood globally due to the relative paucity of influenza epidemiological
data from Tropical regions and the many competing mechanisms potentially explaining
influenza seasonal characteristics [2].

To improve our understanding of the epidemiology of influenza in equatorial regions, we
studied influenza seasonal characteristics in French Guiana, a French territory located on the
northeast coast of the South American continent, where a laboratory-based influenza
sentinel surveillance system was established since 2006. The objectives of the study were:
(i) to analyze the seasonal characteristics of influenza in French Guiana from 2006 to 2010
using times-series techniques and (ii) to use dynamic regression analysis to investigate the
impact of climatic factors (rainfall, temperature and humidity) on influenza transmission.

Patients and Methods

Study area

French Guiana (80,000 km? for 230,000 inhabitants) is located between latitudes 2°N and
6°N, longitudes 51° and 53°W and has an equatorial climate influenced by the movements
of the Atlantic intertropical convergence zone (ITCZ). The ITCZ is a belt of low pressure
and a converging trade winds that encircles the Earth near the Equator. During its
oscillations, the ITCZ reaches the French Guiana coastal areas twice each year, delineating a
seasonal cycle with two distinct periods: a “dry season” (August to December) and a “wet
season”, including a short rainy season in January and February, followed by a decrease in
precipitation levels during March, and a major rainy season from April to July.

Influenza surveillance system and laboratory diagnoses

Influenza-like illness (ILI) surveillance was established in 2006 in French Guiana by the
French Institute of Public Health Surveillance, based on a network of sentinel practitioners
including 18 General Practitioners (GP). Participating physicians report on a weekly basis
the number of visits for ILI and the total number of consultations. ILI defined as the
combination of a sudden onset of fever (=38°C) with cough or sore throat with or without
general symptoms such as myalgia, prostration, headache, or malaise. The study population
included every patient with ILI, regardless of age, who sought care within the sentinel GP
network. The regional office of the French Institute for Public Health Surveillance recorded
the weekly numbers of ILI.

Every week, from January 2006 to December 2010, all sentinel GP collected nasal swabs
from their 2 first IL1 patients which were sent for testing to the Pasteur Institute laboratory
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of virology, French Guiana. Specimens were analysed by rRT-PCR as described by the
CDC.

Climatic data

Daily data on rainfall (RF), temperature and relative humidity, were compiled from seven
weather stations located throughout the territory, and centralized at the regional office of
Météo France in French Guiana. In this study, specific humidity (SH) in g/kg was calculated
from daily averages of temperature, relative humidity and surface pressure [2] and is a proxy
for absolute humidity (AH). Recent studies have suggested that absolute humidity could
affect influenza survival and transmission and was linked to the timing of onset of seasonal
and pandemic outbreaks [3; 4].

Statistical analysis

Results

In a first step, we used autoregressive integrated moving average (ARIMA) times series
models to describe the patterns of ILI incidence and climatic parameters (RF and SH) from
2006 to 2010. The ARIMA model is a univariate analysis, which is useful to analyse the
temporal behaviour of a given series, expressed as a function of its past values, trends and
sudden changes in the near past. This approach has been suggested by Box and Jenkins [5]
and used to analyse times series in many epidemiological studies [6; 7]. In a second step, we
used dynamic regression (DR) models to investigate the relationship between ILI incidence
and climatic parameters (RF and SH) from 2006 to 2010. In brief, DR models were
developed by Pankratz [8] as multivariate regression models, which are useful to analyse the
association between input and output ARIMA series. Construction of ARIMA models for
both the output and the input series is required before attempting to build a DR model by
transfer functions. Linear transfer function (LTF) is one of several strategies used to build
DR models. LTF shows how an output series (in the present case, ILI incidence) is related to
the input series (climatic parameters) by taking into account possible time-lags (delay of
climatic effect). This approach also takes into consideration the time structure
(autocorrelation pattern) of the disturbance series. In building ARIMA and DR models, a
three-stage model-building strategy was used based on model identification, model
estimation and model checking. More details of the three stage model-building strategy for
ARIMA models, including transformation and differentiation series, can be found elsewhere
[6, 9].

Analyses were conducted using SAS software version 9.0 (SAS Institute, Cary, NC) and P
values <0.05 were considered statistically significant. ILI incidence from August to October
2009 (the pandemic period) was excluded from the analysis

Influenza seasonality and circulating strains

A total of 1,533 specimens were tested for influenza by real-time PCR from 2006 to 2010.
Of these, 644 (42%) were positive for influenza viruses. Influenza positivity increased from
30-36% in 2006—2008 to 45-48% in 2009-2010 due to circulation of the novel pandemic
influenza A(H{N1)pdm.

To understand the seasonality and trend of circulating influenza strains, we plotted the
monthly percentage distribution of influenza-positive specimens over the total number of
samples tested. A clear seasonal variation in the occurrence of influenza was seen in the pre-
pandemic period from January 2006 to June 2009. Influenza activity started in January—
February during the short rainy season and influenza activity increased from April to June,
coinciding with the major rainy season. Since the emergence of the influenza A(H;N1)pdm
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in August 2009, sustained influenza activity occurred almost year-round with a major peak
in the main rainy season (Figure 1a). Seasonal patterns were similar in the monthly ILI
incidences, also revealing a coinciding with the major rainy season (Figure 1b).

During the period 2006—2010, the majority of seasonal influenza viruses circulating were of
type A. In particular, Influenza A(H3N>) viruses circulated at a high level between 2006 and
2008 whereas an increasing in activity for the influenza A(H{N1) viruses was seen during
the pre pandemic period. In 2010, the majority of influenza viruses circulating still of type A
(60%) but we observed a high level (40%) of influenza B virus circulating (Table 1).

Description of climatic parameters and Influenza-like illness incidences patterns

Association

From 2006 to 2010, French Guiana experienced warm daily temperatures year-round, with
little variation between the dry (22.7°C to 33.3°C) and rainy seasons (23.0°C to 31.4°C).
However, there was significant variation in rainfall and SH patterns, with cumulative rainfall
and SH peaking during the rainy seasons. Mean values of climatic parameters are presented
in Table 2.

An ARIMA model was built to describe the weekly evolution of both rainfall and SH during
the study period. The ARIMA model for SH showed a significant seasonal autoregressive
variation with a constant of 17.6 g/kg and autoregressive terms of order 2 (Table 3).
Similarly, the ARIMA model for rainfall showed seasonal autoregressive variation with a
constant of 56.1 mm and autoregressive terms of order 2.

The ARIMA model for weekly ILI incidence showed a 1-year seasonal autoregressive
variation with a mean of 81 1L1/100,000 inhabitants and two significant autoregressive terms
of order 2.

between climate and ILI incidence

Dynamic regression was used to study the relationship between ILI incidence and climatic
drivers. Both rainfall and SH were included as input series in the ILI model, which showed
seasonal variation. An increase of 1 mm in rainfall resulted in a significant increase of
0.33% in ILI incidence one week later (p<0.01), after adjustment for SH. Similarly, an
increase of 1g/kg in SH resulted in a significant decrease of 11% in ILI incidence 3 weeks
later, after adjustment for RF (Table 4). Using the SBIC criteria for model selection, the
final model suggested that both rainfall and specific humidity contributed to ILI incidence
patterns, with the full model explaining 61% of the variance in ILI fluctuations.

Discussion

Before 2006, there was little surveillance for influenza in French Guiana. In response to an
important dengue epidemic in 2006 and a rising global concern for avian influenza, a GP
sentinel network was set up, allowing detection of influenza activity in a previously
understudied area. Our study provides the first description of influenza virus activity in
French Guiana. This study complements previous influenza surveillance reports in this
equatorial region [10; 11]. We observed that influenza activity closely follows the rainy
season, with moderate activity in January—February, followed by more intense activity in
April-July when major precipitations occur.

Based on dynamic regression (DR) models, we showed that rainfall and specific humidity

were independently associated with influenza-like-illness incidence, with influenza activity
increasing with increasing rainfall and decreasing specific humidity at a short time scale of
1-3 weeks. Multivariate DR analysis, a powerful method of times series analysis, has some
advantages over classical regression analysis (logistic or linear), in particular by taking into
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account autocorrelated observations derived from surveillance systems. Furthermore, the DR
model allows quasi-experimental analysis with the possibility to show how ILI incidence (an
output series) is related to the climatic parameters (input series) by taking into account delay
of climatic effect [6; 8-9; 12].

Our data nicely complements earlier reports of influenza activity in the equatorial regions of
Peru and North Brazil [10; 11]. Interestingly, in the region of Iquitos in Northern Peru,
influenza activity does not display pronounced seasonal patterns, with occasional peaks in
March—April coinciding with the peak of rainfall. Indeed, Iquitos experiences year-round
precipitations and lacks a dry season, in contrast to the more marked fluctuations of rainfall
and influenza activity in French Guiana. In Belem, Northern Brazil, which is located just
across the border from French Guiana, influenza activity patterns resemble those described
in the present study, with a marked seasonal cycle in the first half of the year coinciding
with the rainy season [13]. A gradient of influenza seasonality and timing has been
described from North to South Brazil, suggesting that environmental factors drive a wave-
like pattern of influenza transmission from equatorial to subtropical regions over a 3-month
period [14]. The Brazilian travelling wave pattern is consistent with the timing of influenza
activity in French Guiana, which is intermediate between the influenza seasons in temperate
areas of the Northern and Southern Hemisphere.

There has been much interest in recent years in understanding the circulation of influenza
viruses globally, assessing the evidence for persistence of viruses between seasons,
especially in tropical areas which may serve as source populations for new variants [15 —
19]. Such questions are best resolved by phylogenetic analysis of virus sequence data, and
so far genetic evidence for a tropical source population and viral persistence have proven
elusive [20]. It would be particularly interesting to analyse the genetic makeup of influenza
viruses circulating in French Guiana and assess whether they are more closely related to
those circulating in mainland France, a country with which there is high connectivity, or to
viruses circulating in neighbouring locations, including Peru and Brazil. In particular, the
early period of influenza activity in January—February in French Guiana coincides with the
typical winter influenza season in France, and could reflect seasonal seeding of influenza
viruses from the mainland. Unfortunately, we did not have genetic information to assess this
possibility. Influenza viruses circulating during the rainy seasons in 2006, 2007 and 2008 in
French Guiana were antigenically similar to viruses circulating in mainland France during
the winters of 2005, 2006 and 2007 (data not shown).

Our DR analysis revealed a link between influenza, rainfall and specific humidity, both of
which have been suggested as potential seasonal drivers of influenza activity in previous
work [4]. Laboratory experiments and epidemiological data from temperate regions suggest
that low levels of absolute humidity favours influenza virus survival and transmission [3].
The association found in French Guiana data is consistent with this hypothesis, suggesting
that absolute humidity, may also play a role in tropical settings, independently of the
rainfall. In addition, in middle and low-latitude sites, influenza activity has been shown to
coincide with the rainy season [10; 21 — 23]. These regions are characterized by pronounced
dry and rainy seasons, with a large amplitude range in precipitations (from 25 mm in the dry
season to 300 mm in the rainy season). It has been hypothesized in these regions that rainfall
leads to more time spent indoors, thus increasing exposure to other people and in turn
increasing the transmission of influenza.

A recent global model for influenza seasonality suggests that if specific humidity goes
below a threshold of 12 g/kg, influenza will occur during the colder and drier months of the
year (winter in temperate regions)[24]. In mid and low-latitude locations with a distinct
rainy season (peak specific humidity>12g/kg), influenza activity will coincide with the rainy
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season. In contrast, in low latitudes regions which experience limited fluctuations in
precipitations, with monthly averages constrained to a narrow range of 150-300 mm year-
round, influenza is predicted to circulate year-round, such reported in lquitos, Peru, and
Singapore. Seasonal patterns in influenza activity in French Guiana are consistent with this
global model given the pronounced rainy season and the fact that specific humidity never
decreases below 12 g/kg in this location.

Our ILI incidence analysis excluded data for the pandemic period 2009 because in many
locations, pandemic influenza activity did not respect typical seasonal patterns. Interestingly,
pandemic influenza occurred during the dry season (August to November) in French Guiana
and was not particularly delayed, with the detection of the first laboratory-confirmed case of
H1N1pgm in a traveller returning from New York on July 31, 2009 and peak activity
occurring in week 37, perhaps because of high connectivity with North America via the
French West Indies. This is in contrast to the particularly late onset of pandemic activity in
equatorial Africa [22—-23; 25] and in Northeast Brazil [26]. We note that in 2010, influenza
activity had not reverted to the usual pattern of rainy-season activity in French Guiana,
perhaps due to perturbations in the circulation of influenza viruses due to interferences
between subtypes, as seen in other locations (Hong-Kong). Furthermore, there is no clear
intrinsic seasonality difference between influenza viruses in experimental models [27]
although some epidemiologic studies have suggested slightly different peak timings of
activity [28].

An improved sentinel GP surveillance since the even of the pandemic virus may explain the
high level of influenza activity seen in French Guiana since 2010.

Our study is subject to a number of caveats. Most importantly perhaps, our dataset was
relatively short, focusing on 5 years of surveillance. Future studies based on longer
surveillance records will help confirm or infirm the seasonal characteristics of influenza in
French Guiana and their association with climatic factors. Further, our sample size for the
number of positive viruses was quite low at the monthly and weekly time scale, limiting the
potential for time series analysis of lab-confirmed influenza data. Our climate data was
based on 7 weather stations scattered throughout the coastal band, which we took to be a
proxy for the area under study. Near 90% of the French Guiana surface of 80,000 km? is
Amazonian rain forest and the remaining 10% in the northeast is a coastal band where 90%
of the population lives. Hence these 7 stations correspond to locations where most of the
population lives, and presumably where influenza transmission occurs.

In conclusion, we provide the first report describing influenza seasonality patterns in French
Guiana based on sentinel reports for IL1 and laboratory-confirmation of influenza infections.
We show that the influenza season broadly coincides with the rainy season, and that
influenza activity is statistically linked with increasing rainfall and decreasing levels of
specific humidity at a short time scale. We note differences in the epidemiology of influenza
in French Guiana with that in other locations of the equatorial Amazonian region. Indeed,
influenza activity in French Guiana predates the influenza season in the neighbouring city of
Belem, Brazil, by a 1-2 months, and seasonality is more pronounced in French Guiana than
in lquitos, Peru. Overall, our results are broadly consistent with a recently proposed global
model of influenza seasonality, stipulating that influenza activity coincides with the rainy
season in low latitude regions with marked annual fluctuations in rainfall or humidity.
Additional epidemiological data from under sampled tropical and equatorial regions,
together with time series analysis of climate, will help confirm or infirm this model and
tease out the biological mechanism responsible for influenza seasonality. Equally
importantly, such seasonal analysis will help optimize influenza vaccination strategies in
tropical regions and more broadly.
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Figurel.

Detection of influenza strains and ILI incidence, French Guiana. Upper Panel: Proportion of
influenza strains (data available from January 2006). Lower Panel: Total number of reported
consultations due to ILI as informed by participating physicians (data available from Nov
2007)
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Figure2.
Influenza detection per month by the sentinel GP network and climatic data from weather
stations provided by the regional office of Météo France, French Guiana.
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Table 2

Mean values (minimum, maximuml) of climatic parameters in French Guiana, 2006-2010

Dry Season

Short Rainy Season

Major Rainy Season

p

Monthly Rainfall (in mm)
Daily maximal Temperature (in °C)
Daily minimal Temperature
Daily minimal Relative Humidity (%)
Daily maximal Relative Humidity

Daily Specific Humidity (in g/kg)*

136.5 (30.2-416.4)

33.2 (30.6-34.8)
22.7(22.3-23.2)
53.7 (45.1- 68.9)
97.7 (96.4- 98.5)
16.9 (15.3- 18.2)

341.9 (135.1- 585.4)

30.6 (29.5- 31.6)
22.9 (22.2- 23.8)
64.9 (58.9- 70.0)
96.5 (95.4- 98.2)
17.2 (16.0- 18.3)

360.3 (168.8— 575.0)

31.4 (30.7- 32.5)
23.0 (22.5- 24.0)
62.6 (55.4- 68.4)
97.6 (94.7- 98.7)
17.5 (16.5- 18.8)

<0.0001

<0.0001
<0.01

<0.0001
<0.001
<0.01

Dry Season from August to December ; Short Rainy Season from January to March; Major Rainy Season from April to July

Ak
Specific humidity was calculated from daily mean of temperature, relative humidity and surface pressure.
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