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Abstract

Despite the large reduction in malaria incidence in the last decade, the last kilometre to

elimination is often the hardest, especially in international border areas. This study inves-

tigated the impact of mobility on Plasmodium spp. carriage in people living in a cross-bor-

der area in Amazonia with a low malaria transmission rate. We implemented a

longitudinal ancillary study in the French Guiana town of St. Georges de l’Oyapock, which

is located on the border with Brazil. It was based on data from two transversal surveys

performed in October 2017 and October 2018. Data were collected on peri-domestic

mobility for food-producing activities, and longer-distance mobility in high-risk areas. Par-

ticipants were screened for Plasmodium spp. carriage using PCR tests, and treated if

positive. Vector density around a participant’s home was estimated using a previously

published model based on remote sensing and meteorological data. The association

between Plasmodium spp. carriage and mobility was analysed using a generalized addi-

tive mixed model. A total of 1,192 inhabitants, aged between 0 and 92 years old, were

included. Median age was 18 years in 2017 (IQR [8;35]). Plasmodium spp. prevalence in

the study population was 7% in 2017 (n = 89) and 3% in 2018 (n = 35). Plasmodium spp.

carriage was independently associated with i) travel to the adjoining Oiapoque Indige-

nous Territories in Brazil (OR = 1.76, p = 0.023), ii) the estimated vector density around a

participant’s home (High versus Low risk OR = 4.11, p<0.001), iii) slash-and-burn farming

(OR = 1.96, p = 0.013), and iv) age (p = 0.032). Specific surveillance systems and inter-

ventions which take into account different types of mobility are needed in cross-border
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Copyright: © 2024 Tréhard et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: The datasets

generated and analysed during the current study

are not publicly available as specific French

https://orcid.org/0000-0002-2356-2319
https://orcid.org/0000-0001-8619-9775
https://orcid.org/0000-0001-9006-5729
https://doi.org/10.1371/journal.pgph.0002706
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgph.0002706&domain=pdf&date_stamp=2024-02-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgph.0002706&domain=pdf&date_stamp=2024-02-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgph.0002706&domain=pdf&date_stamp=2024-02-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgph.0002706&domain=pdf&date_stamp=2024-02-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgph.0002706&domain=pdf&date_stamp=2024-02-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgph.0002706&domain=pdf&date_stamp=2024-02-13
https://doi.org/10.1371/journal.pgph.0002706
https://doi.org/10.1371/journal.pgph.0002706
https://doi.org/10.1371/journal.pgph.0002706
http://creativecommons.org/licenses/by/4.0/


areas to achieve and maintain malaria elimination (e.g., reactive case detection and treat-

ment in the places visited).

Introduction

Malaria is a parasitosis caused by Plasmodium spp. which is transmitted by mosquitos. In

2021, it was responsible for 247 million malaria cases and 619,000 deaths [1]. Between 2000

and 2019, malaria incidence significantly decreased in certain countries thanks to improved

access to care, the development of new drugs and diagnostic tools, and the implementation of

more rigorous surveillance and response systems. Today, the disease has been eliminated in 15

countries. Elsewhere, other countries have already reached the ‘very low transmission’ phase

(defined as annual parasite incidence of< 10000 cases per 100000 population and a Plasmo-
dium falciparum rate <1%), which is the last step before elimination. However, despite all the

interventions implemented, these countries struggle to reach elimination [1–4]. In certain

countries, this is partly because of the relatively high incidence of malaria in international bor-

der areas, where daily cross-border mobility is a part of life [5,6]. The reasons for cross-border

mobility include daily and seasonal work, family visits, purchasing goods, seeking healthcare,

schooling, and immigration [5–7]. Accordingly, interventions to reach malaria elimination in

these areas must be specifically tailored to these mobile populations [3,8].

French Guiana is a French overseas territory with low malaria transmission (incidence of

55 per 100000 inhabitants and P. falciparum rate of 3% in 2020) [9]. Located in the northeast

of South America and bordered by Suriname and Brazil, it is populated by several ethnic

groups including native indigenous persons (Amerindians), descendants of ancient population

movements, as well as recent economic migrants from neighbouring countries [10,11]. The

majority of people in French Guiana live on the coast, and dense forest covers 96% of the

territory.

Plasmodium vivax accounts for 97% of malaria cases in French Guiana. Cases are mainly

located in specific areas in the forest and on the borders with Brazil and Suriname along the

Oyapock and Maroni rivers, respectively [9,12,13]. The persistence of malaria here is suspected

to be linked to cross-border mobility and to illegal gold mining in the French Guiana forest.

The latter activity mostly attracts Brazilian citizens to the forest, and consequently to nearby

villages along the countries’ borders [12,14–16]. In addition to the regional malaria control

plan, to date, two pilot interventions have been conducted in French Guiana. The first, called

MALAKIT, was started in 2018; it involves the distribution of self-test and treatment kits to

undocumented gold miners in Suriname and Brazil before they enter French Guiana [17]. The

second intervention, called PALUSTOP, was a before-after study involving two mass testing

and treatment (MTAT) campaigns in 2017 and 2018 for the population living in the French

Guiana town of Saint Georges de l’Oyapock (SGO), which lies on the border with Brazil [18].

Besides these two interventions, various collaborations have been developed with the Brazilian

government to implement cross-border epidemiological surveillance [19] and cross-border

public health programmes [20].

The present study focused on the inhabitants of SGO. The highest number of malaria cases

occurs there during the dry season (July-December), specifically between October and Decem-

ber [14]. The main vector is Anopheles darlingi [21], whose adaptable behaviour to control

measures in terms of egg-laying and biting contributes to the persistence of malaria in the area

[22,23]. It is strongly suspected that this vector is also present on the Brazilian side of the bor-

der [24,25]. Moreover, the same epidemiological pattern is observed in the Oiapoque
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municipality, the main Brazilian city across the river [16,19]. The circulation of P. vivax has

been shown on both sides of the border [26]. In terms of disease control, although both coun-

tries mostly implement the same general strategies (i.e., insecticide-impregnated mosquito bed

nets, indoor residual spraying, and free access to testing and treatment), unlike French Guiana,

drugs targeting P. vivax hypnozoites are distributed without prior G6PD deficiency testing in

Brazil. After a large decrease in the incidence of malaria between 2007 and 2016 in SGO, epi-

demics occurred in 2017 and 2018. Local cross-border mobility of inhabitants is strongly sus-

pected of being involved in the area’s malaria epidemiology [14].

The objective of this study was to better understand the impact of mobility of people living

in SGO on Plasmodium spp. carriage, with a view to improving public health measures for

malaria elimination in a cross-border context in Amazonia.

Materials and methods

Setting

Located in the French Guiana forest on the Oyapock river, SGO is the main town on the bor-

der with Brazil (Fig 1). It has a population of 4245 inhabitants (2019 census) [27] and is divided

into 15 neighbourhoods. Twelve of these are grouped around the airport and surrounded by

the river, slash-and-burn farming fields and the forest (hereafter, ‘peri-domestic area’). They

constitute the neighbourhoods in the centre of town and the periphery. The remaining three

neighbourhoods are isolated and are located in the forest along the river. The neighbourhoods

are very diverse in terms of their populations (Brazilian and French citizens from different eth-

nic groups such as Amerindians, Creoles, French citizens from mainland France, etc.) and

housing (permanent houses (i.e., brick-built or other), houses on stilts partially built on the

river, and informal housing).

There are very strong links (transport, trade, business, etc.) between SGO and Oiapoque,

the main town on the Brazilian side of the border. Oiapoque is much bigger than SGO, with a

population of approximately 20 000 inhabitants. The travel time between the two towns is 15

minutes by boat and the same by road. Although both towns are connected to the rest of their

respective country by road, they are still far from the nearest cities. It takes at least 2.5 hours by

Fig 1. Oyapock river basin in terms of inhabitation.

https://doi.org/10.1371/journal.pgph.0002706.g001
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car to reach Cayenne (in French Guiana) and 10 hours by car to reach Macapá (in Brazil) [16]

(Fig 1). Apart from SGO and Oiapoque, the Oyapock river basin consists of remote villages

scattered along both sides of the river, one village on the way to Cayenne (Regina) and Oiapo-

que Indigenous Territories (OIT) located along the lower Oyapock river on the Brazilian side,

which extend 100 km to the southeast (Fig 1). The latter are historically Amerindian and com-

prise 57 villages populated by approximately 8000 inhabitants from the same ethnic groups as

those in SGO [28–30].

Villages and towns along the border are linked to illegal gold mining in French Guiana.

Some of these places serve as supply and stopover points for miners on their way into the for-

est, particularly in Oiapoque and the upper Oyapock river [31,32]. Slash-and-burn farming,

fishing and hunting are the other main activities in the area. Remote villages have local access

to primary care and to primary education. Secondary schools and a general hospital are located

in both SGO and Oiapoque. Referral hospitals are located in Cayenne and Macapá [33]. Oia-

poque is the main town for shopping and nightlife for all the inhabitants of the basin.

Daily life, irrespective of nationality, involves a great deal of cross-border mobility because

of the relative isolation of the area and for historical reasons. Amerindians lived in this area

long before the current national boundaries between France and Brazil were created [28].

Cross-border mobility happens for the following reasons [34]:

• Daily commuting, especially in the morning and evening, for school, work, and shopping

• Monthly trips for administrative purposes

• Visits to family during the weekend, holidays, and for specific religious festivals.

• Long-term local migration to either side of the border.

• Stopover point in seasonal (i.e., for gold miners) or long-term economic migration by per-

sons form Brazil to cities other than SGO in French Guiana

Study design

We designed a longitudinal ancillary study based on the before-after study PALUSTOP (see

above), which was implemented from September to December 2017 (first survey) and from Sep-

tember to December 2018 (second survey) among a cohort of 1567 people to assess the effective-

ness of an MTAT intervention in SGO [18]. Only 12 of the 15 neighbourhoods in SGO were

selected for PALUSTOP as malaria prevalence was higher there. These included 11 neighbour-

hoods in the city centre and periphery, and 1 remote neighbourhood called Trois Palétuviers

(Fig 2). All children and adults from these 12 neighbourhoods were invited to participate.

Those who agreed were tested for malaria using both a Rapid Diagnostic Test (RDT) and a

Polymerase Chain reaction (PCR) test. They also responded to the two survey questionnaires

(i.e., 2017 and 2018). Latitude and longitude coordinates of participants’ homes were collected.

Blood samples were collected by nurses and questionnaires were administered by trained com-

munity health workers (CHW) to limit any potential misunderstanding related to cultural and

language barriers. In each neighbourhood, the CHW first went door to door, and then brought

all those who agreed to participate into one communal location in the neighbourhood, which

was specifically set up for PALUSTOP. All persons who then tested positive for either the RDT

or PCR received treatment following regional guidelines, whether symptomatic or not [35,36].

Of the town’s 4245 inhabitants, 2727 were living in the 12 included neighbourhoods (data

from local health centre). A total of 1567 participants were included in the first survey in 2017

(57.42% participation rate).
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For our longitudinal ancillary study, we focused only on the participants with complete

PCR results in both 2017 and 2018 (n = 1192).

Variables and data sources

Plasmodium spp. Carriage. The outcome of our ancillary study was Plasmodium spp. car-

riage, defined as a positive PCR for Plasmodium spp.. Malaria PCR detection was performed

using a real-time method derived from Shokoples et al. [37]. Detection and identification of

four Plasmodium species (P. falciparum, P. vivax, P. ovale, and P. malariae) were performed

using a Taqman1 (Vilnius, Lithuania) probe strategy, with a sensitivity of 1 parasite/μL for all

the species except P. vivax at 0.25 parasite/μL.

Risk factors associated with Plasmodium spp. Carriage. The potential risk factors asso-

ciated with Plasmodium carriage were divided between factors around the participant’s home,

and those linked to mobility outside this area, such as travel to high-risk areas, trips to gold

mining sites, and outdoor activities in peri-domestic areas (i.e., forest, fields, and tributaries of

the river Oyapock around the town/ neighbourhood) for subsistence, work, or recreational

activities (slash-and-burn farming, hunting, fishing).

Only one potential risk factor was assessed regarding the area around a participant’s home.

This was vector density, categorized as low, medium or high; it was assessed by superimposing

the geographical coordinates of participants’ homes on a vector density map. This map had

previously been developed using variables derived from satellite imagery and meteorological

observations produced by Adde et al. (2016) [21,22] (Fig 3). For the remote neighbourhood of

Trois Palétuviers (Fig 1), all the homes were considered to have high vector density based on a

previous entomological study [14].

Risk factors linked to mobility outside the area around one’s home were divided into out-

door activities, trips to gold mining sites and travel to high-risk areas. With regard to outdoor

activities in peri-domestic areas, people were considered to be at risk if they declared fishing,

slash-and-burn farming or hunting often (i.e., more than three times a week) or sometimes.

Fig 2. Study population distribution in the 12 different neighbourhoods of SGO which were included.

https://doi.org/10.1371/journal.pgph.0002706.g002
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Gold mining is linked to Plasmodium spp. carriage in French Guiana [15,31]. Participants

who reported visiting a gold mining site at least once were considered to be at risk.

The possible high-risk areas where SGO inhabitants generally travel were split into four

areas: the upper Oyapock river (French Guiana and Brazil), Oiapoque (Brazil), Regina (French

Guiana) and the OIT (Brazil) (Fig 1). The data regarding the three first areas were collected

only during the first survey while the data regarding the last area were collected both in 2017

and 2018. For each area, we used a binary variable to determine the potential risk of Plasmo-
dium spp. carriage as follows: at least one visit (yes/no).

Confounding factors. The age, sex and ethnic group of participants were taken into

account in the analysis, as all three variables have been shown to be potentially linked to Plas-
modium spp. carriage in the area [16]. Ethnic groups were divided into Amerindians (i.e.,

speak at least one Amerindian language as their mother tong) and others (i.e., no Amerindian

language spoken).

Statistical analysis

A generalized additive mixed model (GAMM) with logistic regression was built to assess the

effect of the different risk factors on Plasmodium spp. carriage. With regard to travel in high-

risk areas, only the OIT were included as they were the only destination significantly associated

with Plasmodium spp. carriage. A nested random effect on participant, family and

Fig 3. Estimated vector density based on ‘Dynamical Mapping of Anopheles darlingi Densities in a Residual

Malaria Transmission Area of French Guiana by Using Remote Sensing and Meteorological Data’. (Adde et al.,

2016) [22].

https://doi.org/10.1371/journal.pgph.0002706.g003
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neighbourhood was added to take into account the effect of possible unassessed common

behaviours in the same family and/or neighbourhood. A temporal autocorrelation was applied

to consider the repeated measurement in participants. A Gaussian process using a power expo-

nential covariance function was applied to the geographical coordinates of participants’ homes

to take into account the potential effect of the proximity of homes in the spread of the disease

[38]. A spline was used to interpolate the quantitative data in the model (age).

The statistical analyses were performed using R software version 4.1.2. (Copyright 2022, R

Foundation for Statistical Computing). The maps in the figures were created using QGIS, ver-

sion 2.18.28 (Open Source Geospatial Foundation Project, Beaverton, OR, USA). Figures and

images were formatted and processed using Microsoft Paint.

Ethics statements

The PALUSTOP study was approved by the Comité de Protection des Personnes du Sud-

Ouest et Outre-Mer 4 N˚ AM-36/1/CPP15-024. Prior to the study, written informed consent

was obtained from all participants. The database of the PALUSTOP prospective study was

anonymized and declared to the French regulatory commission (Commission Nationale Infor-

matique et Libertés, CNIL, n˚917186).

Results

Population characteristics

Sociodemographic data. Of the total 1567 participants included during the first survey of

PALUSTOP (i.e., in 2017), only 1277 were assessed during the second survey (i.e., in 2018). Of

the 290 participants lost to follow-up, 56% had moved to another area in the intervening

period and 7% refused to participate; the remaining 37% could not be reached (24% not found

and 13% absent). Only 1192 participants who participated in both surveys had available PCR

results for both 2017 and 2018 and fully completed both survey questionnaires (Fig 4). They

constituted our study population for the present ancillary study.

Median age of the study population was 18 years in 2017 (IQR [8;35]; range 0 to 92 years),

and 55% were female (Table 1). With regard to the location of homes, 14% lived in Trois Palé-

tuviers, while 86% lived in neighbourhoods in the town centre and periphery (Table 1).

Fig 4. Study flow chart.

https://doi.org/10.1371/journal.pgph.0002706.g004
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The main occupations of adult participants were homemaker (40%), informal work (19%)

and outdoor activities (24%) (slash-and-burn farming (14%), fishing/sailing (5%) or hunting

(5%)). In terms of nationality, 56% were French (n = 671) and 43% Brazilian (n = 514), with a

significant variation between age groups. The Brazilian participants had lived a median of 11.5

years in SGO (IQR [5;19.75]). In terms of ethnicity, 68% of the participants were Amerindian

(n = 812), with a significant variation between neighbourhoods (Tables 1 and S1).

Risk of exposure description. In terms of the potential risk of Plasmodium spp. carriage

related to the area around one’s home, 28% (n = 328) participants lived in a house located in a

high estimated vector density zone, 14% (n = 161) a medium vector density zone, and 59% a

low vector density zone (n = 703).

In terms of the overall risk of Plasmodium spp. carriage related to mobility outside the area

of one’s home, a sizeable proportion of the population (adults and children) practiced outdoor

activities, whether for work, for subsistence, or for recreation (Table 2). More specifically,

50%, 30% and 16% practiced slash-and-burn farming, fishing and hunting, respectively. Of

Table 1. Sociodemographic characteristics of the study population.

Characteristics Total number of persons (%)

Total 1192 (100%)

Male 541 (45%)

Age group (years)

0–17 589 (49%)

18–25 137 (12%)

26–55 383 (32%)

>55 83 (7%)

Nationality

French 671 (56%)

Brazilian 514 (43%)

Other 6 (0.5%)

Ethnic group

Amerindian 812 (68%)

Other 380 (32%)

Neighbourhood

Trois Palétuviers 170 (14%)

Other included neighbourhoods in Saint Georges de l’Oyapock 1022 (86%)

https://doi.org/10.1371/journal.pgph.0002706.t001

Table 2. Risk factors linked to mobility outside the area around one’s home for P. vivax carriage among the whole study population, among children (under 18

years old) and among adults (18 years old and above.

Total population

Number (%)

Children (<18 years old)

Number (%)

Adults

Number (%)

Total 1192 (100%) 579 (100%) 603 (100%)

Slash-and-burn farming 592 (50%) 271 (47%) 320 (53%)

Hunting 192 (16%) 40 (7%) 152 (25%)

Fishing 358 (30%) 126 (22%) 232 (39%)

Trips to gold-mining sites 40 (3%) 9 (2%) 31 (5%)

Travel to Oiapoque Indigenous Territories 207 (17%) 76 (13%) 130 (22%)

Travel to Oiapoque 88 (7%) 34 (6%) 54 (9%)

Travel to Upper Oyapock river 20 (2%) 7 (1%) 13 (2%)

Travel to Regina 18 (2%) 7 (1%) 11 (2%)

https://doi.org/10.1371/journal.pgph.0002706.t002
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these, 14%, 35% and 58%, respectively, practiced the activity at night from time to time. The

type of outdoor activity practiced differed greatly between the neighbourhoods. Specifically,

28% of the participants living in Trois Palétuviers declared hunting versus only 14% in the

town centre and periphery neighbourhoods. Moreover, 43% of those living in neighbourhoods

along the river (Fig 1) declared fishing versus 22% in the other neighbourhoods. The type of

outdoor activity was also strongly linked to ethnic group, with more than 61% of Amerindians

declaring slash-and-burn farming versus 26% of participants from the ‘other ethnicity’ group.

With regard to other risk factors for mobility outside the area of one’s home, 3% of the

study population had visited gold mining sites, and 8% had a household member who had vis-

ited gold mining sites (Table 2). In terms of travel to high-risk areas, 17% went to the OIT in

2017 and/or 2018 (n = 207), with large variations between the neighbourhoods: from 43% in

Trois Palétuviers to 13% in the town centre and periphery neighbourhoods (S1 Table).

Plasmodium spp. carriage prevalence in the study population

Among the 1192 participants in our study population, 89 (7%) had a positive PCR in 2017 (80

for P. vivax and 9 for P. falciparum), and 35 (3%) in 2018 (30 and 5, respectively); 10 had a pos-

itive PCR in both surveys (all 10 were P. vivax) (Fig 5).

The factors associated with Plasmodium spp. carriage in both years in the bivariate analysis

were the neighbourhood of residence (with a higher percentage of cases in Trois Palétuviers),

high vector density around the participant’s home, travelling to the OIT, slash-and-burn farm-

ing, and finally, fishing. Older age was associated with Plasmodium spp. carriage only in 2018,

while hunting and visiting gold mining sites were only associated with it in 2017 (S2 Table).

Taking into account all the risk factors for Plasmodium spp. carriage, the GAMM found that a

positive PCR test was associated with age (p = 0.032) (Fig 6), travelling to the OIT (OR = 1.76,

p = 0.023), and high vector density around a participant’s home (high risk versus low risk

OR = 4.11, p<0.001). Among outdoor activities, only farming was associated with a positive

PCR test (OR = 1.96, p = 0.013) (Table 3).

Fig 5. Plasmodium spp. carriage prevalence in the study population in 2017 and 2018 according to

neighbourhood.

https://doi.org/10.1371/journal.pgph.0002706.g005
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Discussion

Key results

In this longitudinal ancillary study of persons living in SGO in French Guiana on the border

with Brazil, we found that a higher estimated vector density around a participant’s home was

associated with a higher risk of Plasmodium spp. carriage, as were several types and levels of

mobility, primarily occasional travel to a high-risk area—specifically the OIT—and regular

peri-domestic mobility for farming.

Fig 6. Generalized additive model for relationship between Plasmodium spp. carriage and age. The solid black line represents the Plasmodium spp.

carriage/no Plasmodium spp. carriage ratio as a function of age. When positive, it means that the proportion of Plasmodium spp. in the study population was

higher than the proportion of no Plasmodium spp.. The two dashed curved lines indicate the two standard error bounds.

https://doi.org/10.1371/journal.pgph.0002706.g006

Table 3. GAMM model results for the impact of different variables on the risk of Plasmodium spp. Carriage.

Variable Modality OR CI95 P-value

Male 1.15 0.7–1.9 0.575

Amerindian ethnic group 0.82 0.48–1.4 0.469

Vector density (ref: low) Medium 0.92 0.37–2.29 0.855

High 4.11 2–8.48 < 0.001

Travel to Oiapoque Indigenous Territories 1.76 1.08–2.88 0.023

Slash-and-burn farming 1.96 1.15–3.34 0.013

Hunting 0.97 0.5–1.88 0.93

Fishing 1.00 0.59–1.71 0.986

Visiting a gold mining site 1.47 0.62–3.53 0.382

https://doi.org/10.1371/journal.pgph.0002706.t003
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Interpretation

The associations found could be explained by the diversity of contamination paths when the

vector is present in the living zone and in visited zones. These two different transmission

chains have been observed both at a larger scale in all countries affected by malaria (mix of

indigenous and imported cases), and a smaller scale, for example in Brazil [39]. Another study

aiming to determine the micro-geographical heterogeneity of P. vivax parasitaemia in commu-

nities of the Peruvian Amazon found a clustered parasitaemia at both the household and com-

munity levels with complex transmission patterns related to human mobility among

communities in the same micro-basin [40].

With regard to the association between Plasmodium spp. carriage and travel to the OIT, our

study reinforces the suspicion that this particular cross-border mobility contributed to the

malaria outbreaks in SGO in 2017 and 2018. A study on the 2017 outbreak found the peak An.

darlingi density occurred at the same time in Trois Palétuviers and in the OIT. It also found a

possible propagation for the spread from OIT to SGO based on the spatiotemporal distribution

of cases [14]. In our study, 17% of the participants, mainly Amerindians, travelled to the OIT.

This relatively high figure was to be expected, as most SGO Amerindian ethnic groups are

originally from OIT and the cultural and spiritual connections are still strong there [28,41–43].

Our results on the association between Plasmodium spp. carriage and travel to the OIT

reflect findings in studies worldwide highlighting the impact of episodic cross-border mobility

(whether for work or to visit family) on malaria in low-transmission border areas [44–47].

With respect to mobility in the peri-domestic area, the only outdoor activity associated with

Plasmodium spp. carriage in our study was slash-and-burn farming; this reflects previous find-

ings in similar border areas in Brazil with Venezuela and Peru [48–50]. This result may be

partly explained by collective work, as some people share slash-and-burn fields and help each

other for specific work-related activities. As slash-and-burn farming is regular and occurs in

the same place, there is an increased risk of being bitten by the same vectors. This outdoor

activity, and the others we investigated (hunting and fishing), are linked to economic factors,

and might increase for subsistence reasons when there is an economic crisis. Poverty is a char-

acteristic of life at the French Guiana-Brazil border, with a high percentage of people working

informally or practicing subsistence farming [51].

We found no direct association between Plasmodium spp. carriage and gold mining in this

study; having said that, few participants reported visiting gold mining sites. This result was

unexpected as the direct link between gold mining and malaria in French Guiana has already

been highlighted, and the town of Oiapoque is a known supply and support base for goldmin-

ing activities [15,31,52]. There may however be an indirect role of gold mining in the malaria

circulation in the Oyapock basin.

However, other factors were clearly associated with Plasmodium spp. carriage in our study,

and these provide us with a much greater understanding of the persistence of malaria in

French Guiana. Specifically, other types of cross-border mobility as well as estimated high vec-

tor density around a person’s home also seem to have contributed to the 2017 and 2018 epi-

demics in SGO. These factors must be considered in future interventions to ensure they do not

contribute to future epidemics or reintroduction.

Public health implications

In contexts with low or very low malaria transmission, reactive case detection and treatment

and reactive indoor residual spraying have been shown to be pertinent and effective, as has tar-

geted mass drug administration [39,53–55]. Looking at our results, these three strategies, if

implemented in SGO, should consider both the area around the targeted population’s homes
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and the places these people have visited when the vector is present (e.g., slash-and-burn fields,

medium to high vector density areas). Other strategies could also be used, such as offering chemo-

prophylaxis (free of charge if possible) to persons travelling to high risk areas. This is a common

practice in malaria-free countries [56]. Another option is to offer free PCR screening after return-

ing home from a high-risk area. All these strategies are particularly important in eliminating

malaria and preventing its reintroduction in SGO, given the large decrease in incidence in the

area since the 2017 and 2018 epidemics, and the high rate of asymptomatic cases there [18,57].

Implementing these strategies effectively would necessitate facilitated access to malaria test-

ing (e.g., reactive case detection, screening after travel in high-risk areas). This need could be

met by community health workers (CHW) in the three remote neighbourhoods of SGO, a

strategy already implemented in other areas worldwide. However, this would require a modifi-

cation to French law, as malaria testing by non-medical health workers is not permitted any-

where in French territory. It would also require RDT with improved sensitivity [58].

Implementing these type of targeted reactive interventions would also require a reactive

cross-border epidemiological surveillance system able to rapidly detect increased vector pres-

ence, identify any signs of a possible epidemic, and capture human population mobility and

behavioural changes [59–61].

The path of the river Oyapock defines the French Guiana-Brazil border. There is a long history

of cross-border mobility here, from daily or episodic to long term migration, all strongly linked to

environmental, cultural and economic factors [34] (Fig 7). Given this context, the existing French-

Brazilian binational partnership needs to be reinforced to create a reactive cross-border epidemio-

logical surveillance system, and to ensure effective control strategies. More specifically, surveillance

data need to be shared more comprehensively (currently, data are only shared on a monthly basis

at the provincial level), and malaria control strategies harmonized (particularly in terms of the

guidelines for dispensing drugs targeting P. vivax hypnozoites and access to testing)

[5,7,19,45,48,62]. Furthermore, more detailed research is needed on how to implement malaria

control strategies; cultural and economic specificities must be taken into account, as such strategies

might not be perceived as a priority by the population or by healthcare workers [63]. Mobile CHW

teams could become key actors in all steps of an intervention; their in-depth knowledge of the

community could help to reinforce the reactivity of the surveillance system, lead to a better under-

standing of community perceptions, and adapt interventions to community-specific needs [52].

Limitations

Our study has several limitations. The first concerns the analysis of mobility. As this was a lon-

gitudinal study with only two assessment points, it is hard to generalize the answers to the

questions regarding mobility as constituting habits. Moreover, some data regarding trips in

high risk areas were collected only in one survey. Discussions with inhabitants and healthcare

workers in the area reinforced the hypothesis that SGO inhabitants usually go to the same

places in the same time period, whether for work or to visit family.

Second, certain types of mobility were not investigated in our study; however, these were

mainly related to places visited during daytime hours when the risk of bites from An. darlingi
is very low (e.g., a day trip to the town of Oiapoque), and places with low An. darlingi density

(e.g., a trip to the city of Cayenne). Moreover, no data was collected on the frequency of travel

to high-risk areas.

Third, our study population cannot be regarded as representative of all SGO inhabitants, as

only one third participated in the PALUSTOP study, and one quarter were included in our

present analyses. The inhabitants of 3 of SGO’s 15 neighbourhoods were not targeted by

PALUSTOP’s MTAT intervention, as malaria prevalence was lower there.
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Finally, we analysed the data without considering the treatment received by Plasmodium
spp. carriers in 2017 within the framework of the PALUSTOP’s MTAT campaigns. This prob-

ably induced selection bias, as a percentage of the tests analysed (i.e., some of the 2018 tests)

came from participants treated in 2017 as part of the MTAT campaign who might otherwise

not have been treated (i.e., asymptomatic). However, we assume that this bias was sufficiently

low that the analysis of both years together could be performed with enough statistical power

being guaranteed. Only positive PCR were treated in 2017, meaning that only some of the peo-

ple carrying hepatic P. vivax hypnozoites were detected and treated.

Conclusion

This study highlights the complexity of the factors associated with Plasmodium spp. carriage in

the border area between French Guiana and Brazil, an area with low transmission. The persis-

tence in cases may be associated with different risk factors which cumulatively contribute to

Fig 7. Risk factors for Plasmodium spp. carriage in SGO.

https://doi.org/10.1371/journal.pgph.0002706.g007
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incidence. These include peri-domestic mobility and mobility to high-risk areas, as well as

high vector density around persons’ homes. These specificities need to be considered when

designing specific surveillance systems and targeted interventions with a view to disease elimi-

nation. Cross-border cooperation and community participation seem to be particularly appro-

priate strategies to use in this context, especially as they help to create a greater understanding

of the changing context and community perceptions. They can also reinforce the surveillance

system in the complex setting of border areas.
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19. Saldanha R, Mosnier É, Barcellos C, Carbunar A, Charron C, Desconnets JC, et al. Contributing to

Elimination of Cross-Border Malaria Through a Standardized Solution for Case Surveillance, Data Shar-

ing, and Data Interpretation: Development of a Cross-Border Monitoring System. JMIR Public Health

Surveill. 2020 Sep 1; 6(3):e15409. https://doi.org/10.2196/15409 PMID: 32663141

20. Van Gastel B. Une analyse qualitative à la frontière franco-brésilienne [PUB en libre accès] [Internet].

Presses Universitaires de Bordeaux; 2021 [cited 2023 May 9]. Available from: https://una-editions.fr/

acces-aux-soins-frontiere-bresilienne/.

21. Adde A, Dusfour I, Vezenegho SB, Carinci R, Issaly J, Gaborit P, et al. Spatial and Seasonal Dynamics

of Anopheles Mosquitoes in Saint-Georges de l’Oyapock, French Guiana: Influence of Environmental

Factors. J Med Entomol. 2017 May 1; 54(3):597–605. https://doi.org/10.1093/jme/tjx031 PMID:

28399277

PLOS GLOBAL PUBLIC HEALTH Mobility and Plasmodium spp. carriage in low transmission areas

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0002706 February 13, 2024 15 / 18

https://doi.org/10.1371/journal.pbio.1002380
http://www.ncbi.nlm.nih.gov/pubmed/26934361
https://www.who.int/publications-detail-redirect/9789241511988
https://www.who.int/publications-detail-redirect/9789240003675
https://www.who.int/publications/m/item/WHO-CDS-GMP-MPAC-2018.13
https://doi.org/10.1016/S0140-6736%2810%2961269-X
https://doi.org/10.1016/S0140-6736%2810%2961269-X
http://www.ncbi.nlm.nih.gov/pubmed/21035841
https://www.santepubliquefrance.fr/regions/guyane/documents/bulletin-regional/2021/situation-epidemiologique-du-paludisme-en-guyane.-point-au-6-juillet-2021
https://www.santepubliquefrance.fr/regions/guyane/documents/bulletin-regional/2021/situation-epidemiologique-du-paludisme-en-guyane.-point-au-6-juillet-2021
https://www.insee.fr/fr/statistiques/1290097
https://doi.org/10.1590/0074-0276140031
https://doi.org/10.1590/0074-0276140031
http://www.ncbi.nlm.nih.gov/pubmed/25184998
https://doi.org/10.3390/ijerph18031077
http://www.ncbi.nlm.nih.gov/pubmed/33530386
https://doi.org/10.1186/s12879-020-05086-4
http://www.ncbi.nlm.nih.gov/pubmed/32456698
https://doi.org/10.1186/s12936-016-1367-6
http://www.ncbi.nlm.nih.gov/pubmed/27277831
https://doi.org/10.1016/j.lana.2021.100047
https://doi.org/10.1016/j.lana.2021.100047
http://www.ncbi.nlm.nih.gov/pubmed/36776708
https://doi.org/10.4269/ajtmh.19-0378
http://www.ncbi.nlm.nih.gov/pubmed/31769403
https://doi.org/10.2196/15409
http://www.ncbi.nlm.nih.gov/pubmed/32663141
https://una-editions.fr/acces-aux-soins-frontiere-bresilienne/
https://una-editions.fr/acces-aux-soins-frontiere-bresilienne/
https://doi.org/10.1093/jme/tjx031
http://www.ncbi.nlm.nih.gov/pubmed/28399277
https://doi.org/10.1371/journal.pgph.0002706


22. Adde A, Roux E, Mangeas M, Dessay N, Nacher M, Dusfour I, et al. Dynamical Mapping of Anopheles

darlingi Densities in a Residual Malaria Transmission Area of French Guiana by Using Remote Sensing

and Meteorological Data. PLoS ONE. 2016 Oct 17; 11(10):e0164685. https://doi.org/10.1371/journal.

pone.0164685 PMID: 27749938

23. Zimmerman RH, Lounibos LP, Nishimura N, Galardo AKR, Galardo CD, Arruda ME. Nightly biting

cycles of malaria vectors in a heterogeneous transmission area of eastern Amazonian Brazil. Malar J.

2013 Jul 26; 12:262. https://doi.org/10.1186/1475-2875-12-262 PMID: 23890413

24. Barbosa LMC, Souto RNP, dos Anjos Ferreira RM, Scarpassa VM. Behavioral patterns, parity rate and

natural infection analysis in anopheline species involved in the transmission of malaria in the northeast-

ern Brazilian Amazon region. Acta Trop. 2016 Dec 1; 164:216–25. https://doi.org/10.1016/j.actatropica.

2016.09.018 PMID: 27659096

25. Galardo AKR, Zimmerman RH, Lounibos LP, Young LJ, Galardo CD, Arruda M, et al. Seasonal abun-

dance of anopheline mosquitoes and their association with rainfall and malaria along the Matapı́ River,

Amapá, [corrected] Brazil. Med Vet Entomol. 2009 Dec; 23(4):335–49.

26. Gomes M do SM, Vieira JLF, Cassiano GC, Musset L, Legrand E, Nacher M, et al. Evaluation of circum-

sporozoite protein of Plasmodium vivax to estimate its prevalence in Oiapoque, Amapa state, Brazil,

bordering French Guiana. Rev Inst Med Trop Sao Paulo. 2016 Sep 22; 58:72.

27. Insee. Dossier complet − Commune de Saint-Georges (97308) | Insee [Internet]. [cited 2023 Jan 3].

Available from: https://www.insee.fr/fr/statistiques/2011101?geo=COM-97308.
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Rapport de l’HCSP. Paris: Haut Conseil de la Santé Publique; 2008 Oct [cited 2023 Apr 13]. Available

from: https://www.hcsp.fr/explore.cgi/avisrapportsdomaine?clefr=48.

36. World Health Organization. Guidelines for the Treatment of Malaria. Third Edition. World Health Orga-

nization; 2015. 317 p.

37. Shokoples SE, Ndao M, Kowalewska-Grochowska K, Yanow SK. Multiplexed Real-Time PCR Assay

for Discrimination of Plasmodium Species with Improved Sensitivity for Mixed Infections. J Clin Micro-

biol. 2009 Apr; 47(4):975–80. https://doi.org/10.1128/JCM.01858-08 PMID: 19244467

38. Wood SN. Generalized Additive Models: An Introduction with R, Second Edition. 2nd ed. New York:

Chapman and Hall/CRC; 2017. 496 p.

39. Fontoura PS, Finco BF, Lima NF, de Carvalho JF, Vinetz JM, Castro MC, et al. Reactive Case Detec-

tion for Plasmodium vivax Malaria Elimination in Rural Amazonia. PLoS Negl Trop Dis. 2016 Dec; 10

(12):e0005221. https://doi.org/10.1371/journal.pntd.0005221 PMID: 27941968

40. Carrasco-Escobar G, Gamboa D, Castro MC, Bangdiwala SI, Rodriguez H, Contreras-Mancilla J, et al.

Micro-epidemiology and spatial heterogeneity of P. vivax parasitaemia in riverine communities of the

Peruvian Amazon: A multilevel analysis. Sci Rep. 2017 Aug 14; 7(1):8082. https://doi.org/10.1038/

s41598-017-07818-0 PMID: 28808240

41. Launey M. Awna parikwaki: introduction à la langue palikur de Guyane et de l’Amapa. IRD Éditions.
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