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Summary 

Background: Rabies is a viral zoonotic disease transmitted to humans in more than 99% of cases 

through the bite or scratch of an infected dog (dog-mediated rabies).To date all countries on the 

sub-Saharan African mainland are considered endemic for dog-mediated rabies. Estimates on the 

worldwide burden suggest that more than a third of the annual 59’000 human rabies deaths occur 

in Africa, predominately in impoverished rural communities with limited access to health care.  

Against this background, and in view of the global goal of eliminating human deaths from dog-

mediated rabies by 2030, this PhD thesis aimed to provide new insights into the epidemiology of 

rabies in the DRC and rabies transmission dynamics in Chad. 

Despite recurrent rabies outbreaks across the DRC, little is known about the epidemiological ra-

bies situation in the country due to inadequate disease surveillance. In the absence of reliable 

incidence data, the impact of rabies on human and animal health remains obscure. Therefore, 

rabies is not perceived as an urgent public health problem and few resources are directed to 

control and prevention, contributing to endemic disease persistence. 

In N’Djamena, Chad, two citywide mass dog vaccination campaigns conducted in 2012 and 2013 

interrupted rabies transmission for nine months, but dog rabies cases reemerged with re-estab-

lishment of endemic rabies transmission to pre-intervention levels. It was not clear whether this 

was due to ongoing transmission within the city or reintroduction of rabies cases from outside the 

city limits.  

Objectives: The objectives of this PhD thesis were to i) systematically collect data on the inci-

dence of rabies in humans and animals and the incidence of animal bites on health facility-level, 

ii) estimate the owned dog population size, incidence of animal bites on community-level and as-

sess community knowledge and practices regarding rabies, iii) contribute to validation of a rapid 

immunochromatographic rabies diagnostic test in the DRC, and iv) collect and analyze data on 

the movement and contact behavior of dogs in N’Djamena, Chad. 

Methods: The PhD work applied a One Health approach to foster intersectoral collaboration and 

combined desk-based work with extensive field and laboratory work in a challenging research 

environment. A review was performed, based on published scientific literature and information 

obtained from rabies focal points, to provide an overview of the current rabies situation in 22 West 

and Central African countries and gain a better understanding of the situational context in which 

the research was implemented. Collection of incidence data on human and animal rabies cases 

and animal bites in a province of the DRC was achieved through a longitudinal observational study 

and strengthening of the existing rabies surveillance system using a One Health approach. In 
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parallel, a cross-sectional household survey was conducted to obtain estimates of the owned dog 

population size and gain insights into community knowledge and practices regarding rabies. In 

Chad, newly developed geo-located contact sensors were used to collect data on the contact and 

movements of dogs, which served as a basis for modeling rabies transmission dynamics.  

Results: Findings from the review highlighted that most countries in West and Central Africa are 

still far from meeting the global goal of zero human rabies deaths by 2030 due to lack of govern-

ment commitment and financial constraints. Surveillance of rabies in a province of the DRC re-

vealed that rabies is a significant public health problem largely underestimated by official health 

statistics. The data generated through this study provide a sound evidence base to reflect the 

veterinary and public health implications of rabies and advocate for greater political commitment 

and policy support in rabies prevention and control. Results obtained through the cross-sectional 

household survey showed that the owned dog population was almost ten times larger than that 

assumed by local veterinary officials, with a large proportion of free-roaming unvaccinated dogs. 

Rabies awareness among the community was low, with knowledge gaps that result in poor prac-

tices and unnecessary rabies deaths. The rapid immunodiagnostic test validated is a promising 

tool for decentralized rabies surveillance in endemic settings but requires further thorough valida-

tion. In Chad, we demonstrated that the WHO-recommended dog vaccination coverage of 70% 

prevents major but not minor rabies outbreaks and that highly connected dogs play a critical role 

in transmission. Minor outbreaks may be explained by import of rabid dogs into N’Djamena from 

outside the city.  

Conclusion: Both innovation and applied research are needed to reach the global goal of zero 

human rabies death by 2030, both of which were applied in this PhD thesis. We contributed vital 

information for rabies control in the sub-Saharan African region. Findings on the burden of rabies 

in humans and animals, dog ecology and community awareness in the DRC are directly relevant 

for veterinary and public health authorities and support planning of future rabies interventions. 

Applying new technologies to disease modeling helped generate new ideas on how dog vaccina-

tion could become more effective in future and be useful to set new research targets. 

  



List of abbreviations 

IX 
 

List of abbreviations 

AfroREB:   Africa Rabies Expert Bureau 

Anigen test:   Anigen Rapid Rabies Ag Test kit 

CCPZ:   Centre for Control and Prevention of Zoonoses Nigeria 

CDC:    United States Centers for Disease Control 

CI :   Confidence Interval 

CSSI :    Centre de Support en Santé International 

CVL:    Central veterinary laboratory 

DALY :   Disability-adjusted life years 

DFA:    Direct fluorescent antibody test 

DHS:    Demographic and Health Survey 

DRC:    Democratic Republic of the Congo 

DRIT:    Direct rapid immunohistochemical test 

FAO:    Food and Agriculture Organization of the United Nations 

GARC:   Global Alliance for Rabies Control 

GCS:    Geo-located contact sensors 

GDREP:   Global Dog Rabies Elimination Pathway 

GHSA:   Global Health Security Agenda 

GPS:    Global Positioning System 

HDI:    Human Development Index 

IBCM:    Integrated Bite Case Management 

ID:    Intradermal 

IDSR:    Integrated Disease Surveillance and Response 

IM:    Intramuscular 

INRB:    Institut National de Recherche Biomédicale Kinshasa 

IP-Paris :  Institut Pasteur-Paris 



List of abbreviations 

X 
 

IRED:    Institut de Recherche en Elevage pour le Développement 

IZSVe:   Istituto Zooprofilattico Sperimentale delle Venezie 

KAP:    Knowledge, Attitude and Practices 

LFD:    Lateral flow device 

MDV:    Mass dog vaccination 

MFP:    Medical focal point 

MINAGRI:  Ministry of Agriculture, Fisheries and Livestock 

MPH:    Ministry of Public Health 

NGO:    Non-governmental organization 

NTD:    Neglected tropical disease 

NZD:    Neglected zoonotic disease 

ODK:    Open Data Kit 

OIE:    World Organisation for Animal Health 

OR:    Odds Ratio 

PARACON:   Pan-African Rabies Control Network 

PCR:    Polymerase chain reaction 

PEP:    Post-exposure prophylaxis 

PhD:    Doctor of Philosophy 

PRISMA:   Preferred Reporting Items for Systematic Reviews and Meta-analyses 

PWARE:   Practical Workplan towards Achieving Rabies Elimination 

RABV:   Rabies Virus 

REB:   Rabies Epidemiological Bulletin 

RESOLAB:   Rabies Sub-network 

RIDT:    Rapid immunodiagnostic test  

RNA:    Ribonucleic acid 

RSSI:    Received signal strength indicator  



List of abbreviations 

XI 
 

RT-PCR:   Reverse transcription polymerase chain reaction 

SARE:   Stepwise Approach for Rabies Elimination 

SDG:    Sustainable Development Goal 

Swiss TPH:   Swiss Tropical and Public Health Institute 

UHF:    Ultra-High-Frequency  

UPN:    Université Pédagogique Nationale de Kinshasa 

USAID:   United States Agency for International Development 

VFP:    Veterinary focal point 

WHO:     World Health Organization 

  



Acknowledgements 

XII 
 

Acknowledgements 

This PhD work would not have been possible without the help, advice and guidance of many 

people. I would like to thank my supervisor Jakob Zinsstag who gave me the inspiration and op-

portunity to pursue this PhD. I spent three great years with the Human and Animal Health Unit, 

colleagues and friends at an amazing Institute! Biggest thanks to Timo Smiezsek who always had 

an open ear and even better ideas. A mon promoteur local: cher Prof. Pati, matondo minigi na 

kozela na yo et merci de m’avoir reçu. Biso na biso. Laurent Dacheux: je te remercie pour ton 

soutien et l’acceuil à l’IP-Paris. And most importantly to the amazing field teams in the DRC and 

Chad: none of this would have been possible without your support and hard work! Last but not 

least my family Alisha, Larisa, Meme, Mona und Tommy: ihr sind di beschte, aber das wüsseder 

ja scho! 

My gratitude to the following foundations that supported this work: Wolfermann-Nägeli Stiftung, 

Schweizerischer Nationalfonds, Albertheim Stiftung, Freiwillige Akademische Gesellschaft and 

Asmi Nardo. My biggest thanks to PPHS and SSPH+ for offering such great courses and the 

financial support.  

Mirjam Laager: Ich danke Dir herzlich für die gute Zusammenarbeit, deine Unterstützung und die 

vielen neuen Ideen und Ansichten. Es hat Spass gemacht! 

Christian Burri : Vielen Dank für die tatkräftige Unterstützung und die inspirierenden Gespräche. 

Didier Kalemwa: Merci pour l’acceuil chaleureux ! 

David Trachsel: Thanks for understanding my restlessness! 

Monique Léchenne und Aurélie Tschopp: Danke für die gute Zeit im Tschad.  

Stephanie Mauti: Viele Dank für dein offenes Ohr für PhD Gejammer in guten wie in schlechten 

Zeiten.  

Lisa Crump: I owe you at least 3 three coffees ! 

Dado Schneebeli: Danke fürs luege dasi au während em Stress immer gnueg z’ässe gha han und 

die heissgeliebte Telefonat!  

Patrick Martin : En tout cas ! Si Moïse l’avait vu !  

Sylvain Kudiangela : Meilleur chauffeur du monde. Tokosss. 

Kai Huwiler: Set the mood, it’s alright! 

Sanda Branca: It is a pity we have not met way earlier! 



Acknowledgements 

XIII 
 

Harris Héritier : Es war so ruhig ohne dich im Büro.. 

Fayiz Abakar: Merci de m’avoir montré ta ville et pour les nombreuses conversations inspirantes. 

Keira Spinner : z zweite macht Zug fahre vill meh Spass! 

Sarah Weber: Vielen Dank, dass ich bei Dir in Kin wohnen durfte! 

Wendelin Moser: E gueti inspiration damit mer s ziil nöd vor de Auge verlürt 

Papa Paul et Mama Bega: Merci de m’avoir facilité la vie à Kin. 

Ramona Köfler: …Ohni Wort… 

Jan Hattendorf: Liest ja sowieso keiner! 

  



List of Figures 

XIV 
 

List of Figures 

Figure 1: Illustration of a simple network with 6 nodes and 10 edges .......................................... 4 

Figure 2: PRISMA 2009 Flow Diagram ...................................................................................... 32 

Figure 3: Map of the Kongo Central province. ........................................................................... 76 

Figure 4: Time series of confirmed and probable animal rabies cases and human exposures 

captured by the surveillance system based on month of exposure. ........................................... 86 

Figure 5: Spatial and temporal trends of bite and dog rabies incidence in the Kongo Central 

province. Maps depict (A) annual bite incidence (number of bite victims seeking health care after 

a bite per 100’000 persons), stars indicate locations where human rabies cases were identified 

between July 2017 and December 2018; (B) annual dog rabies incidence per 1000 dogs in the six 

sites with rabies units; (C) monthly average bite incidence per 100’000 population; and (D) monthly 

average dog rabies incidence per 1000 dogs ............................................................................ 90 

Figure 6: Maps indicating the Democratic Republic of the Congo (A) and the Kongo Central 

province (B) with the study site Matadi (C). ............................................................................. 100 

Figure 7: Age and sex distribution of surveyed dogs older than 3 months. .............................. 108 

Figure 8: Animal rabies symptoms mentioned by the study participants in Matadi, Democratic 

Republic of the Congo (DRC) in May 2017. ............................................................................. 110 

Figure 9: Relationship of knowledge and practices score by level of education. Small random noise 

was added to avoid over-plotting. ............................................................................................ 113 

Figure 10: The location of the three study zones (red squares) and Chagoua and Abena quarters 

(green rectangle) in N’Djamena. .............................................................................................. 125 

Figure 11: Outbreak probabilities and sizes of the transmission model on the empirical and the 

constructed network in study zone 1. ....................................................................................... 130 

Figure 12: Contact network and home location of the 237 dogs in study zone 1. ..................... 131 

Figure 13: Incidence data and simulation results for the quarters Chagoua and Abena in 2016.

 ................................................................................................................................................ 132 

Figure 14: Fig 5. Outbreak probability, size and duration on a network of 4930 dogs for different 

vaccination coverages. ............................................................................................................ 133 

Figure 15: Outbreak probabilities and rabies cases north of the river Chari from 2012 and 2016.

 ................................................................................................................................................ 134 

Figure 16: Outbreak probability and size for random and targeted vaccination and different 

coverages. ............................................................................................................................... 135 

Figure 17: Partial Rank Correlation Coefficient sensitivity analysis of the outbreak size and 

outbreak duration. ................................................................................................................... 136 



List of Figures 

XV 
 

Figure 18: Density plot of number of daily peers grouped by sex ............................................. 142 

Figure 19: Net squared displacement of 228 dogs collared in study zone 1 during the dry season 

(December 2016). ................................................................................................................... 142 

Figure 20: GPS fixes of the same dog tracked during both the dry season (blue dots) and rainy 

season (red dots) .................................................................................................................... 143 

Figure 21: GPS location fixes (black dots) and the corresponding HR (blue lines, 95% isopleth of 

the UD) of a far roaming dog (left) and stay-at-home dog (right). ............................................. 143 

Figure 22: Scenario of a possible spatio-temporal dynamic of dog rabies elimination in West Africa, 

in the context of a Pan-African campaign (Map data from Google, arrows included by S. Mauti).

 ................................................................................................................................................ 154 

Figure 23: Schematic representation of the structure of an RIDT for rabies diagnosis. ............ 158 

Figure 24: Examples of rapid simple techniques for collection of brain samples (brainstem with 

medulla oblongata) in animals (dog shown here) via the occipital foramen in field settings (Mali).

 ................................................................................................................................................ 162 

Figure 25: Longitudinal anatomical section of dog head, showing the different parts of the brain 

(brainstem, cerebellum, hippocampus, thalamus and cortex) collected when pushing, in a 

rotational movement, a disposable plastic pipette through the occipital foramen route. ........... 162 

Figure 26: Description of the contents of RIDT kit, including the device, a disposable plastic 

dropper, a disposable swab, and the assay diluent. ................................................................ 163 

Figure 27: Representative results for interpretation of the Anigen RIDT. ................................. 164 

Figure 28: Schematic representation of RIDT protocol, adapted from manufacturer instructions.

 ................................................................................................................................................ 168 

Figure 29 : Examples of RIDT results (from [46]). .................................................................... 169 

Figure 30 Example of determination of the limit of detection of RIDT (from [46]). .................... 170 

Figure 31: Case report form for human rabies exposures ........................................................ 239 

Figure 32: Case report form for human rabies cases ............................................................... 241 

Figure 33: Decision tree probability model to estimate human rabies deaths from bite injuries.

 ................................................................................................................................................ 245 

Figure 34: Time series of rabies-positive and –negative samples analyzed at the rabies laboratory 

in Kinshasa during the study period shown by month of sampling. .......................................... 249 

Figure 35: Signal strength of contacts between devices in a static test in N’Djaména.............. 252 

Figure 36: Contacts over time in study zone 1. ........................................................................ 252 

Figure 37: Sensitivity analysis of the simulation results for Chagoua and Abena on the probability 

of detecting rabid dogs. ........................................................................................................... 253 

Figure 38: Final outbreak size of the simulations in the quarters Chagoua and Abena ............ 253 



List of Figures 

XVI 
 

Figure 39: Final outbreak size of the simulations on a network of 4930 dogs, showing the two point 

distribution expected from theory. ............................................................................................ 254 

Figure 40: Sensitivity analysis of the outbreak probability, duration and size. .......................... 255 

Figure 41: Sensitivity analysis of the outbreak probability, duration and size. .......................... 256 

Figure 42: Daily number of contacts by multi-dog household, sex, age and religion, study 1 

(December 2016). ................................................................................................................... 258 

Figure 43: Daily number of contacts by multi-dog household, sex, age and religion, study 2 

(December 2017). ................................................................................................................... 258 

  



List of Tables 

XVII 
 

List of Tables 

Table 1: Countries in West and Central Africa included in this review ........................................ 31 

Table 2: Summary of inclusion criteria per West African country included in the review ............ 33 

Table 3: Summary of inclusion criteria per Central African country included in the review ......... 35 

Table 4: Characteristics of biting animals disaggregated by rabies status. ................................ 84 

Table 5: Characteristics of likely exposed and non-exposed bite victims, including place and type 

of exposure and delay in presentation to clinic. ......................................................................... 85 

Table 6: Details of the ten human rabies cases identified through the surveillance system over the 

18 months study period (July 2017- December 2018)................................................................ 87 

Table 7: Details on animal rabies samples from the Kongo Central province analyzed at the rabies 

laboratory at INRB between July 2017 and December 2018...................................................... 88 

Table 8: Characteristics of the 1056 households and respondents surveyed in Matadi, Democratic 

Republic of the Congo (DRC) in May 2017. ............................................................................. 104 

Table 9: Uni- and multivariable generalized estimating equation models for binomial outcome 

variables to determine household characteristics associated with dog ownership in Matadi, 

Democratic Republic of the Congo (DRC) in May 2017. .......................................................... 107 

Table 10: Uni- and multivariable generalized estimating equation models for binomial outcome 

variables to determine respondent and household characteristics associated with rabies 

knowledge in Matadi, Democratic Republic of the Congo (DRC) in May 2017. ........................ 111 

Table 11 Characteristics of the three study zones. .................................................................. 124 

Table 12: Optimal values for the three scaling parameters of the network construction algorithm 

for the two study zones. ........................................................................................................... 127 

Table 13: Properties of the empirical and the synthetic contact networks for the two study zones.

 ................................................................................................................................................ 127 

Table 14: Parameters of the rabies transmission model. ......................................................... 128 

Table 15: Characteristics of the three study zones and devices available for analysis in dry and 

rainy season ............................................................................................................................ 140 

Table 16: Characteristics of the study dog population in the dry season (December 2016). .... 141 

Table 17: Description of the master mix reaction solution for the three different RT-qPCR assays 

(pan-RABV RT-qPCR, pan-lyssa RT-qPCR and eGFP RT-qPCR). ......................................... 173 

Table 18: Description of the primers/probes for the three different RT-qPCR assays (pan-RABV 

RT-qPCR, pan-lyssa RT-qPCR and eGFP RT-qPCR).  a According to the Pasteur virus (PV) RABV 

genome sequence (GenBank accession number M13215).  b According to the cloning vector 

pEGFP-1 sequence (GenBank accession number U55761). ................................................... 174 



List of Tables 

XVIII 
 

Table 19: Description of the thermal cycling conditions for the three different RT-qPCR assays 

(pan-RABV RT-qPCR, pan-lyssa RT-qPCR and eGFP RT-qPCR). ......................................... 175 

Table 20: Overall interpretation of the dual combined pan-lyssavirus RT-qPCR assay. ........... 176 

Table 21: Description of the primers used for the conventional hemi-nested PCR. .................. 177 

Table 22: Description of the thermal cycling conditions for the conventional hemi-nested PCR.

 ................................................................................................................................................ 178 

Table 23: Determination of the intrinsic parameters (sensitivity, specificity) of the RIDT test 

compared to the reference DFAT method, based on the analysis of a total of 162 samples and 

with the participation of 5 different laboratories. ....................................................................... 179 

Table 24: Limit of detection of the RIDT using 8 different titrated rabies virus suspensions (from 

[46]). ........................................................................................................................................ 180 

Table 25: Detection of viral RNA with RT-qPCR on Anigen test strip used in laboratory conditions 

(Lab 1), in field conditions and shipped at ambient temperature (Lab 2) or combined (from [46]).

 ................................................................................................................................................ 181 

Table 26: Search syntax for data base search. ........................................................................ 236 

Table 27: Human population and estimated owned and unowned dog population of the six sites 

in the Kongo Central province. ................................................................................................ 244 

Table 28: Parameters to derive the probability of death (Pdeath) after a bite and the total number 

of rabies deaths. ...................................................................................................................... 246 

Table 29: Characteristics of bite victims disaggregated by their exposures status, including type 

and place of exposure and delay in presentation to clinic. ....................................................... 247 

Table 30: Annual dog rabies incidence across the six sites in the Kongo Central province. ..... 248 

Table 31: Questions included to assess respondents’ knowledge regarding rabies transmission, 

its symptoms in animals and humans, prevention and control, and practices towards suspected 

rabid animals and carcasses. .................................................................................................. 250 

Table 32: Parameter ranges for the PRCC sensitivity analysis. ............................................... 256 

Table 33: Composition of the study dog population during the rainy season (August 2017)..... 257 

Table 34: List of animal brain samples collected in the DRC during the PhD work. ................. 259 

Table 35: Description of the 162 samples tested with the RIDT test for determination of its intrinsic 

parameters presented in Table 6 ............................................................................................. 265 

 

  



Thesis outline 

Seite 1 von 280 
 

1 Thesis outline 

This PhD thesis is organized into eleven chapters. The introduction (Chapter 2) provides back-

ground information supporting the rationale for the PhD research. The goals and objectives of the 

PhD work are summarized in Chapter 3.  

Chapter 4 gives a broad overview of rabies, including rabies in wildlife, and highlights the chal-

lenges facing veterinary services for rabies control in resource-limited settings. Chapter 5 is a 

manuscript detailing the current rabies control landscape in 22 West and Central African countries, 

as submitted to Acta Tropica. The manuscript introduction presents recent advantages in and tools 

available for rabies control.  

Chapter 6 and 7 present findings from the research conducted in the Democratic Republic of the 

Congo (DRC). They are outlined, respectively, as follows: one manuscript on rabies surveillance 

using a One Health approach in a DRC province, ready for submission to PLOS Neglected Trop-

ical Diseases; and one publication on dog ecology, bite incidence and disease awareness among 

a DRC rabies-affected community, published in the journal Vaccines. 

Chapter 8 and 9 present findings from the research conducted in Chad. Chapter 8 is a publication 

on the influence of dog population contact network structures on rabies transmission, published 

in PLOS Neglected Tropical Diseases. Chapter 9 is a working paper on movement and contact 

behavior of dogs in N’Djamena.  

Chapter 10 is a book chapter on rabies as a transboundary disease in Sahelian Africa. Chapter 

11 is a manuscript submitted to the Journal of Visualized Experiments, which presents a complete 

protocol for a rapid immunochromatographic rabies diagnostic test. 

The last chapter, Chapter 12, gives an overview of the key findings with a discussion of the results 

and their implications for veterinary and public health. Finally, recommendations are provided for 

the human and animal health authorities in the DRC and Chad, and future research needs are 

identified.  
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2 Introduction 

Infectious diseases remain the leading cause of death in sub-Saharan African countries, such as 

the Democratic Republic of the Congo (DRC) and Chad [1]. More than 60% of all known human 

pathogens and three-quarters of newly emerging infections are zoonoses spread between hu-

mans and animals [2], contributing an estimated 2.7 million human deaths and 2.5 billion cases of 

illness each year [3]. In recent years, outbreaks of emerging zoonotic diseases which raise con-

cern of global spread, such as severe acute respiratory syndrome (SARS), Ebola virus disease 

(EVD) and highly pathogenic avian influenza, have received increased attention and repeatedly 

made headline news. However, it is the neglected, endemic zoonoses with low risk of pandemic 

spread that exert a much higher burden on human and animal health [3; 4]. 

Rabies, one of the oldest diseases known to humans [5], is a classic example of a neglected 

zoonotic disease (NZD). More than 99% of all human rabies infections are caused by rabies virus 

(RABV), a single-stranded, negative-sense RNA virus in the family Rhabdoviridae, transmitted 

through the bite or scratch of an infected dog [6]. After invading the peripheral nervous system at 

the bite site, the neurotropic RABV is transported to the brain where it causes a fatal encephalitis 

[7]. There is currently no cure for clinical rabies, but the disease can be prevented through timely 

post-exposure prophylaxis (PEP), i.e. washing the wound with water and anti-rabies vaccination 

[8]. PEP is indispensable to prevent rabies after potential exposures, but only control measures 

targeted at the animal reservoir, i.e. sustained mass vaccination of dogs, will eventually enable 

elimination of the disease. While dog-mediated rabies has been largely controlled in high-income 

countries, millions of people remain at risk of exposure in developing nations [6]. 

To date, every country on the sub-Saharan African mainland is considered as endemic for rabies. 

It is estimated that about 21’500 people die annually of rabies across the African continent [9], 

which is a death toll twice as high as that caused by the largest ever reported EVD outbreak in 

West Africa in 2014-15 [10]. One of the main drivers of endemic persistence of rabies in sub-

Sahara Africa is the absence of reliable epidemiological data to demonstrate the true impact of 

rabies on human and animal health and advocate for greater investment in rabies control [11-13]. 

Rabies primarily affects impoverished, rural communities [14] with limited access to health care 

rendering disease surveillance extremely difficult, with many cases going unnoted [11; 12].  

2.1 Rabies surveillance 

Systematic surveillance is crucial to generate high-quality epidemiological data for a given disease 

[15]. In the World Health Organization (WHO) International Health Regulations (IHR) surveillance 
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is defined as “the systematic ongoing collection, collation and analysis of data for public health 

purposes and the timely dissemination of public health information for assessment and public 

health response as necessary” [16]. Effective rabies surveillance systems ideally embed a One 

Health approach, which fosters communication between human and animal health sectors, and 

are built upon decentralized, laboratory-based surveillance, together with clearly defined disease 

indicators and case definitions [17; 18]. When transitioning from a rabies-endemic to a post-elim-

ination phase, the objectives of surveillance change and need to be adapted accordingly. Franka 

& Wallace [18] identify five stages of rabies surveillance. The first stage consists of determining 

rabies burden in human and animal populations (proof of burden). At the second stage, surveil-

lance helps prevent human deaths from rabies by linking human exposures (a bite or scratch from 

a suspected rabid animal) and rabies diagnosis in animals to guide recommendations for human 

PEP. At the third stage, surveillance monitors and assesses implemented measures for prevention 

and control of rabies. At the fourth stage, surveillance helps to declare freedom from disease. At 

the fifth stage, after rabies elimination, surveillance must be maintained to ensure early detection 

of reintroduced rabies cases. Currently, most countries in sub-Sahara Africa are at the first stage 

of rabies surveillance (rabiesalliance.org/networks/paracon/ bulletin and Chapter 5).  

2.1.1 Disease modeling to assist rabies control 

Data generated through surveillance can be used to develop and validate epidemiological models. 

Such models can help to better understand the dynamics of infectious diseases and anticipate the 

spread of an epidemic. Simulation of different intervention strategies, e.g., mass vaccination, fa-

cilitates assessment of the impact of these interventions on human and animal health. 

Most epidemiological models of rabies transmission followed ordinary differential equation (ODE) 

mass-action models introduced by Kermack and McKendrick in the 1920s [19]. These models 

divide the host population into compartments (e.g., susceptible (S), infectious (I), and recovered 

(R), SIR), with the underlying assumptions that each infectious individual can infect any suscepti-

ble individual with the same probability and that the population in each compartment is completely 

homogeneous. 

Infectious disease modeling using a contact network approach has only recently gained the atten-

tion of epidemiologists [20]. Compared to SIR models, network models are appealing as they 

incorporate a more realistic property of heterogeneity among host contacts. Heterogeneity of con-

tacts among hosts are important drivers of infectious disease dynamics [21], and failure to incor-

porate relevant properties of network structures may result in faulty predictions of disease spread 

[22; 23]. Network modeling is based on graph theory [24]. In its simplest form, a network (graph) 

https://rabiesalliance.org/networks/paracon/bulletin
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consists of a set of nodes and a set of edges (links or connections). In infectious disease modeling, 

the nodes usually represent the hosts of a disease and the edges correspond to contacts between 

the hosts. Diseases spread from an infected node to another node along the edges. An edge is 

“directed” if transmission of the disease only occurs in one direction (indicated through an arrow) 

or “weighted” if the connection is associated with a number, or value, for example the frequency 

or duration of a contact (Figure 1) 

 

Figure 1: Illustration of a simple network with 6 nodes and 10 edges 

The importance of a node within a network can be quantified by centrality metrics, such as degree, 

closeness and betweenness centrality [25]. The degree centrality of a node is the number of edges 

connected to that node. Closeness centrality looks at how close a node is to all other nodes in the 

network and is calculated as the inverse of the sum of the length of all shortest paths between the 

node and all other nodes in the network. Finally, the betweenness centrality is the proportion of all 

shortest paths between any two nodes in the network that pass through that node (i.e., it answers 

the question how often does a node lie on the shortest path between two other nodes). Additional 

centrality metrics include eigenvectors, katz, random-walk and harmonic centrality. Depending on 

the overall network structure, each of these centralities can be associated with the time to infection 

of a node [25-27] and can, therefore, provide useful information for targeted interventions. While 

centrality metrics quantify the importance of individual nodes, modularity is a measure of the net-

work structure as a whole. Grouping a network into strongly interconnected nodes can reveal 

community structures that may be relevant for disease transmission [28]. Insight into the expected 

course of an epidemic in a given network is often gained through individual-based simulations. In 

comparison to SIR models, these simulations have the advantage of providing a point estimate of 

the expected outbreak size and of quantifying the uncertainty around that estimate.  
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The centrality metrics allow for characterizing networks. To make use of contact networks for 

transmission modeling, percolation theory contributes to an analogon from physics by estimation 

of the giant component of a network, reflecting the largest number of connected nodes within a 

network, which is interpreted as a large disease outbreak. Effective simulation of transmission 

dynamics using contact networks is best done using individual-based stochastic models (Chapter 

8).  

2.2 Tackling rabies through a One Health approach 

Rabies is a prime example of a zoonotic disease that is best controlled through a One Health 

approach [29]. Zinsstag et al. [30] define One Health as “any added value in terms of human and 

animal health, financial savings or sustained environmental benefit from closer cooperation of hu-

man and animal health sectors at all levels of organization.”  

Decades of experience have shown that mass dog vaccination is the most cost-effective approach 

for sustainable elimination of dog rabies and subsequent reduction of human disease fatalities 

[31-36]. Direct and indirect costs associated with PEP comprise about 35% of the overall economic 

impact of rabies [9]. In the absence of dog vaccination, the cumulative cost of PEP in humans 

continues to increase because PEP alone will never interrupt rabies transmission. A study con-

ducted by Mindekem et al. [36] clearly showed a lower cumulative cost of disease intervention in 

the animal reservoir compared to the cumulative cost of human PEP only. The authors compared 

the costs of human PEP alone versus MDV combined with PEP and forecast break-even cost 6-

13 years after onset of intervention if rabies is not re-introduced. Demand for PEP is likely to 

remain level or even increase after the start of MDV campaigns because of increased community 

awareness [37]. Assuming ideal communication between the animal and human health sectors 

(One Health communication), Mindekem et al. [36] showed that the costs for dog vaccination and 

PEP compared to PEP alone break even 6 years after the start of intervention. Therefore, effective 

communication between the human and animal health sectors is necessary to translate the ben-

efits of dog vaccination into financial savings through appropriate use of PEP. Integrated Bite Case 

Management (IBCM) helps to differentiate true rabies exposures from non-rabid bites through 

follow-up investigation of the biting animal and prevents unnecessary use of costly human PEP 

[38]. 

In many developing countries, lack of infrastructure for rabies diagnosis prevents appropriate sur-

veillance. Human diagnostic facilities are often better equipped than veterinary laboratories, and 

costs for rabies diagnosis can be reduced through sharing diagnostic structures, which was im-

plemented in the context of this PhD work (Chapter 6).  
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2.3 Study sites 

Data collection for this PhD work was conducted in the Democratic Republic of the Congo and 

Chad, two of the poorest countries in the world, ranking 176 and 186, respectively, out of 189 on 

the Human Development Index (HDI) and falling into the low human development group (HDI ≤ 

152) [39]. Both countries are known for political instability, which presents a challenging research 

environment [40]. 

2.3.1 Democratic Republic of the Congo 

Chapter 5 presents a detailed description of the current rabies situation in the DRC. 

Research in the DRC was undertaken in the Kongo Central province in collaboration with the 

National Institute of Biomedical Research (INRB) and the veterinary faculty of the National Peda-

gogical University (UPN).  

2.3.2 Research gaps and study rationale 

Over the past few years, several rabies epidemics occurred in the Kongo Central province, but 

the scale of these outbreaks is unknown due to inadequate disease surveillance. Aside from gen-

erally weak and underfunded human and animal health systems [41], we identified major con-

straints to effective rabies surveillance during an exploratory visit to the Kongo Central province 

in July 2016: 

 Weak links between the Ministry of Public Health (MPH) and the Ministry of Agriculture, 

Fisheries and Livestock (MINAGRI) resulting in discrepancies of reported data 

 No intersectoral collaboration in the counseling of bite victims 

 Low rabies awareness among medical staff and the population 

 No secured supply circuit for human rabies vaccine 

 Very high cost for human rabies vaccine (~50-55 USD per dose) of uncertain origin, with 

WHO prequalified vaccine only available in the capital city Kinshasa 

 Chronic lack of office supplies and sampling equipment 

 No transportation network for animal samples 

 Rabies diagnostic capacity limited to Kinshasa  

Recent estimates suggest that the DRC has the highest annual number of human rabies deaths 

(~5600) on the African continent and the third highest worldwide [9]. In the DRC’s Integrated Dis-

ease Surveillance and Response (IDSR) strategy, rabies is listed among the 17 priority diseases 

with weekly mandatory summary notifications [42]. However, a recent study found that rabies data 
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captured through the IDSR should not be used for epidemiological research or public health pur-

poses due to the low level of adequacy to reflect actual morbidity [43].  

Against this background, and in view of the global goal of eliminating human deaths from dog-

mediated rabies by 2030 [44], there is a need to generate reliable data on the burden and epide-

miology of rabies in humans and animals in the DRC to help in designing appropriate rabies inter-

ventions and advocate for greater political commitment in rabies control.  

2.3.3 Chad 

Chapter 5 provides a detailed description of the current rabies situation in Chad. 

Since 2000, the Swiss Tropical and Public Health Institute (Swiss TPH) has been involved in re-

search on control of dog-mediated rabies in N'Djamena, the capital city of Chad, in close collabo-

ration with two Chadian partner institutions (the Institut de Recherche en Elevage pour le Dé-

veloppement (IRED) and the Centre de Support en Santé International (CSSI)). Great progress 

has been made in rabies diagnosis [45; 46], surveillance [47-49] and dog vaccination [34; 36; 50-

55].  

2.3.4 Research gaps and study rationale 

A deterministic ODE rabies transmission model developed by Zinsstag et al. [54] suggested that 

dog rabies could be eliminated in N’Djamena through a single mass dog vaccination (MDV). In 

2012 and 2013, two citywide MDV campaigns were conducted in N'Djamena, reaching, in both 

years, the recommended coverage of >70% to interrupt RABV transmission [55; 56]. However, 

nine months after the end of the second MDV campaign, dog rabies cases started to reemerge 

with re-establishment of endemic rabies transmission to pre-intervention levels. It was not clear 

whether this was due to ongoing transmission within the city or reintroduction of rabies cases from 

outside the city limits, as has been observed, for example, in Bangui (Central African Republic) 

[57]. 

Given the resurgence of rabies cases, further investigation of rabies transmission dynamics in 

N’Djamena is needed to improve the strategy of upcoming vaccination campaigns. We do not 

have thorough knowledge of dog contact networks in African cities, nor is it known to what extent 

the contact structure among dogs influences the spread of rabies. Therefore, we developed geo-

referenced contact sensors (GCS) that integrate both GPS and proximity loggers, together with a 

spin-off company of the ETH Zürich (Bonsai Systems), to study the contact and movement be-

havior of dogs.  
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Picture 2: Dogs in N'Djamena equipped with 
GCS 

  

Picture 1 Prototypes of housings for a GCS 

printed with 3D printing technology 
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3 Goal and objectives 

The overarching goal of this research was to provide new insights into the epidemiology and trans-

mission of rabies in two sub-Saharan African countries, the DRC and Chad. A review was per-

formed, based on published scientific literature and information obtained from rabies focal points, 

to provide an overview of the current rabies situation in 22 West and Central African countries and 

to gain a better understanding of the situational context in which the research was implemented 

(Chapter 5).  

3.1 Democratic Republic of the Congo 

The goal of the research conducted in the DRC was to strengthen rabies surveillance using a One 

Health approach to provide reliable data on the current epidemiological situation of rabies in the 

Kongo Central province. Towards this goal, and in view of future MDV and public awareness-

raising campaigns, a household survey was conducted to obtain estimates of the dog population 

size and gain insights into community knowledge and practices regarding rabies. 

3.1.1 Objectives 

The objectives were to: 

 Systematically collect data on the incidence of rabies in humans and animals and animal 

bite incidence on health facility-level (Chapter 6). 

 Conduct a cross-sectional household survey to estimate the owned dog population size, 

assess community knowledge and practices regarding rabies and provide a community-

level estimate of animal bite incidence (Chapter 7).  

 Contribute to the validation of a rapid immunochromatographic rabies diagnostic test 

(Chapter 11) 

3.2 Chad 

The goal of the research in Chad was to use newly developed GCS to study the contact network 

of dogs for modeling dog rabies transmission dynamics to improve the strategy of future vaccina-

tion campaigns. 

3.2.1 Objective 

The objective was to: 

 Collect and analyze data on the movement and contact behavior of dogs in N’Djamena 

(Chapter 8 and 9).  
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4.1 Summary 

While major progress has been made in the control of rabies in the Western Hemisphere, large 

parts of Europe and some parts of Asia, the disease continues to kill tens of thousands of people 

every year. Its highest burden is in resource-limited countries in Asia and Africa, disproportionately 

affecting children and poor rural communities. Today, domesticated dogs are responsible for the 

vast majority of human rabies cases. In late 2015, rabies experts from around the world gathered 

at the Rabies Global Conference in Geneva, Switzerland, and launched the ambitious initiative to 

end deaths from dog-mediated human rabies by 2030.The most cost-effective and sustainable 

approach to achieve this goal is to eliminate the disease at source through mass dog vaccination. 

In this article, the role of and challenges faced by Veterinary Services in resource-limited settings 

in implementing the dog vaccination strategy to reduce the human rabies burden are discussed, 

together with the role of wildlife in disease control and why the ‘One Health’ approach is indispen-

sable on the path towards a dog rabies-free future. 

Keywords: Control, Dog rabies, One Health, Prevention, Rabies, Sylvatic rabies, Urban rabies, 

Veterinary medicine. 

4.2 Résumé 

Malgré les progrès considérables accomplis en matière de lutte contre la rage dans l’hémisphère 

occidental, dans une grande partie de l’Europe et en certains endroits d’Asie, la maladie continue 

à faire plusieurs dizaines de milliers de victimes chaque année dans le monde. Ce sont les pays 

à faibles ressources d’Asie et d’Afrique qui sont les plus touchés, avec une majorité écrasante de 

victimes parmi les enfants et dans les communautés rurales pauvres. Aujourd’hui, les chiens do-

mestiques sont de loin la principale cause des cas de rage humaine. En décembre 2015, des 

experts du monde entier réunis à Genève (Suisse) à l’occasion de la Conférence mondiale sur la 

rage intitulée « Élimination mondiale de la rage humaine transmise par les chiens : agissons main-

tenant ! » ont lancé une initiative ambitieuse visant à mettre fin aux décès humains dus à la rage 

transmise par les chiens d’ici 2030. La méthode la plus efficace et durable pour atteindre cet 

objectif consiste à éliminer la maladie à sa source au moyen de la vaccination massive des chiens.  

Les auteurs examinent le rôle des Services vétérinaires et les difficultés auxquelles ceux-ci sont 

confrontés lorsqu’ils entreprennent d’appliquer une stratégie de vaccination des chiens destinée 

à réduire le fardeau de la rage humaine dans un contexte de ressources limitées. Ils évoquent 

également l’importance de prendre en compte la faune sauvage dans le cadre du contrôle de la 
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rage et expliquent en quoi l’approche « Une seule santé » est incontournable pour avancer vers 

l’objectif d’un monde indemne de rage canine.  

Mots-clés : Médecine vétérinaire, Mesures de lutte, Prévention, Rage, Rage canine, Rage sylva-

tique, Rage urbaine, Une seule santé. 

4.3 Resumen 

Aunque la lucha antirrábica ha conocido avances muy sustanciales en el hemisferio occidental, 

grandes partes de Europa y ciertas zonas de Asia, la enfermedad sigue matando a decenas de 

miles de personas al año. La carga más elevada de rabia se da en países con escasos recursos 

de Asia y África, donde la enfermedad afecta desproporcionadamente a los niños y a las comun-

idades rurales pobres. A día de hoy, los perros domésticos son responsables de la inmensa 

mayoría de los casos de rabia humana. A finales de 2015, especialistas del mundo entero se 

dieron cita en Ginebra (Suiza) para celebrar la conferencia mundial titulada «Eliminación mundial 

de la rabia humana transmitida por perros. ¡Actuemos ahora!» y poner en marcha la ambiciosa 

iniciativa de acabar con las muertes por rabia transmitida por perros como muy tarde en 2030. 

Para cumplir este objetivo, el método más sostenible y más eficaz en relación con el costo consi-

ste en eliminar la enfermedad en su foco de origen, procediendo para ello a vacunaciones masi-

vas de perros. 

Los autores exponen la función de los Servicios Veterinarios y las dificultades que afrontan en 

situaciones de escasez de recursos a la hora de aplicar la estrategia de vacunación canina para 

reducir la carga de rabia humana, así como el papel de la fauna silvestre en el control de la 

enfermedad y la razón por la cual es indispensable aplicar los planteamientos de «Una sola sa-

lud» para avanzar hacia un futuro libre de rabia.  

Palabras clave: Control, Medicina veterinaria, Prevención, Rabia, Rabia canina, Rabia selvática, 

Rabia urbana, Una sola salud  

4.4 Introduction 

The unique behavioral and cognitive abilities of dogs have long been appreciated by humans. The 

relationship between dogs and humans represents the oldest and most widespread form of inter-

species bonding. The latest research on dog evolution suggests the onset of dog domestication 

to have occurred some 20,000 to 40,000 years ago during the last glacial period [58], while the 

location in which this took place remains subject to debate [59-62]. In human society, dogs master 

a variety of complex tasks ranging from assisting hearing- and vision-impaired people to being 
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used in law enforcement, hunting, animal therapy or animal powered transport. However, in addi-

tion to all the positive impacts of such close dog–human interactions, there also lurks the threat of 

animal–human disease transmission and potential adverse implications on public health. For mil-

lennia, dogs have been recognized as a source of one of the most lethal infectious diseases known 

to humankind: rabies [5]. 

Numerous wild carnivores and bats represent reservoirs for the rabies virus (RABV) (sylvatic ra-

bies) but today almost all human rabies cases are caused by the bite of infected domesticated 

dogs (so-called urban rabies), and hence dog maintained RABVs are the most important target of 

control measures. 

In some European countries, it was possible to eliminate dog-mediated human rabies at the be-

ginning of the 20thcentury solely through enhanced legislation on responsible dog ownership (e.g. 

dog registration or ownership tax) and the strict implementation of veterinary sanitary measures 

such as stray dog population management or quarantine [63]. Europe-wide, excluding Turkey, the 

elimination of dog rabies was finally achieved with the development of animal rabies vaccines in 

the 1920s and their application in parenteral mass dog vaccination campaigns [63; 64]. However, 

rabies persisted in terrestrial wildlife (i.e. red foxes) and quickly spread across the European con-

tinent [63]. It became rapidly apparent that counteractive measures aimed at reducing the fox 

population density below the threshold that could maintain infection were inefficient in controlling 

the disease, triggering the need for alternative intervention strategies [63; 64]. Large parts of West-

ern and Central Europe are deemed free of terrestrial wildlife rabies, owing to the development 

and sustained implementation of large-scale oral rabies vaccination programs, co-financed by the 

European Union (EU) [65]. 

The situation is similar in North America, where dog-mediated human rabies has been success-

fully eliminated but the control of sylvatic rabies remains especially difficult, owing to the occur-

rence of several primary host cycles [66; 67]. 

In Latin America and the Caribbean (LAC), the number of human rabies cases is at its lowest 

since the beginning of a regional dog rabies elimination program in 1983 coordinated by the Pan 

American Health Organization (PAHO) [31]. The reintroduction of RABV into the dog population 

through spillover from wildlife (and vice versa) poses a major challenge on the path towards dog 

rabies elimination in LAC, the target for which has been newly set to 2022 [31; 67-69]. With the 

sharp decline in human cases associated with dogs, vampire bat RABV transmitted to humans 

and domesticated animals has assumed increasing epidemiological importance [70]. Bats have 
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become the leading cause of human rabies cases reported in this region [70-72] and cause sub-

stantial economic losses in the livestock industry [73]. 

More than 95% of the annually estimated 25,000 to 159,000 dog-mediated human rabies deaths 

occur in resource-limited countries in Asia and Africa [9], disproportionately affecting children un-

der 15 years of age and poor, marginalized, rural communities [6]. Owing to globalization, the 

inadequate control of dog rabies in endemic areas poses an ever-present threat to rabies-free 

countries. Specifically, illegal trade in infected animals between rabies-free countries and endemic 

areas generates the need for costly enhanced border control, quarantine or follow-up of illegal 

imports [74; 75]. Moreover, many popular tourist destinations are endemic for dog rabies and 

travellers unwittingly put themselves at risk of potential exposure to the virus through bites or 

scratches from infected animals [76; 77]. 

In late 2015, a strategic global framework to put an end to unnecessary deaths from dog-mediated 

human rabies by 2030 was jointly launched by the World Organisation for Animal Health (OIE) 

and the World Health Organization (WHO), in collaboration with the Food and Agriculture Organ-

ization of the United Nations (FAO) and the Global Alliance for Rabies Control (GARC) [78]. The 

ambitious initiative centers on a ‘One Health’ approach emphasizing that freedom from dog rabies 

is a feasible objective, which can be attained with currently available tools [78]. 

Consequently, the principal challenges, from a veterinary perspective, which must be overcome 

on the path towards the elimination of dog-mediated human rabies in resource-limited settings are 

discussed below. 

4.5 Challenges for rabies control in resource-limited settings  

Since RABV is transmitted through the bites of infectious animals, the rate of dog-to-dog trans-

mission depends on: i) the population density of susceptible dogs, ii) the contact rate between 

dogs, iii) the probability of RABV transmission from the saliva of the biting dog to the brain of the 

victim, and iv) the average time before rabid dogs are killed or die. The potential for RABV trans-

mission can therefore be reduced by mass dog vaccination campaigns (which reduce the popula-

tion density of susceptible dogs) and adequate surveillance response systems. Such surveillance 

response systems quickly identify rabid dogs and remove them from the population, thereby short-

ening the average duration of the infectious period. Culling dogs may be effective in the short term 

in reducing the transmission potential, but the effectiveness often wears off rapidly because dog 

populations tend to regenerate quickly through compensatory breeding [79] and the translocation 

of dogs by humans in response to culling campaigns might also occur [80].  
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As rabies prevalence levels in dogs are usually very low, random chance events may play crucial 

roles in the recurrence (or not) of rabies epidemics. Transmission at these low prevalence levels 

may be sustained by repeated infection from wildlife species or the geographical movement of 

latently infected or rabid dogs [81]. Little is known thus far about the geographical translocation of 

RABV variants through human-mediated animal movement at smaller scales in rabies-endemic 

regions. A probable explanation for dispersal at short distances could be dogs accompanying their 

owners for hunting, which also involves the risk of contact with wildlife and potential RABV trans-

mission. Dispersal at intermediate distances within countries was observed to be mediated by the 

exchange of puppies between relatives living in different geographical locations (data not shown). 

Phylogenetic studies on the spatial distribution of RABV in dogs in North Africa showed that the 

RABV strain spread was best explained by road distances, instead of actual geographical dis-

tances, pointing towards human-mediated movements of infected animals [82]. Finally, very long 

distances especially in Sahelian belt countries are covered by herding dogs accompanying no-

madic pastoralists on their transhumance [83], which in many cases involves the crossing of bor-

ders [84]. Therefore, the control of rabies in dogs calls for national legislation on mandatory dog 

registration and identification, and international regulations on the movement of dogs. Such regu-

lations are often not reinforced or do not exist in rabies-endemic countries, owing to the poor 

performance of Veterinary Services and a lack of appropriate legal frameworks. A fully functioning 

veterinary system is indispensable in long-term dog rabies control and in the uptake of dog vac-

cination into routine daily veterinary practice in order to maintain high vaccination coverage. 

However, service is a function of supply and demand. Routine dog vaccination will only be suc-

cessful if dog owners are willing to regularly seek veterinary services. Numerous ad hoc assump-

tions are made about the reasons for the low demand for routine veterinary services such as 

vaccination, anti-parasitic treatment or castration in resource-limited countries. Cost considera-

tions, insufficient quality of service or the lack of value of dogs are just some of these popular 

assumptions. These explanations certainly do not go far enough, but there is a notable absence 

of in-depth studies on the value of dogs in different cultural contexts. Undoubtedly, the value and 

roles of dogs are extremely varied across different socio-cultural backgrounds: they are kept as 

work animals (guard, herding or hunting dogs), reared as companion animals or bred for con-

sumption. Religion has been reported to have a strong influence on dog ownership and handling 

[55; 85; 86]. Hence, efficient rabies control through dog vaccination needs to involve the careful 

evaluation of socio-cultural backgrounds and values so as to reach a high level of community 

acceptance [87; 88]. The culling of dogs is undoubtedly considered to be an unacceptable inter-

vention by dog owners [80]. Also, the restriction of dog ownership to populations that can afford 
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appropriate nutrition for their animals is controversial, owing to the need for guard dogs, especially 

in socio-economically weak neighborhoods with a high crime rate. Similarly, a restriction in the 

number of dogs permitted per owner will trigger opposition in communities where dogs are used 

for livestock guarding, hunting or, most importantly, as a source of food. This illustrates the com-

plexities and challenges that any regulation or control program will encounter. Despite the fact that 

the proposition of responsible dog ownership is an initiative worth supporting, questions remain 

as to how to achieve it in the different contexts described. 

Another challenge faced is the neglect of dogs by the animal health sector as their diseases are 

not of agricultural importance. The limited financial resources allocated to the animal health sector 

by governments are mainly devoted to the prevention of diseases in economically valuable live-

stock species such as cattle, goats or pigs [29], even though rabies can cause important economic 

losses in livestock-dependent communities [9]. Private veterinarians working in resource-poor or 

remote communities have little incentive to invest their capacities in the treatment of dogs owing 

to the inability, or sometimes reluctance, of dog owners to pay for their services [52; 89]. The 

widespread neglect of dogs and the chronic underfunding of animal health services in general, 

result in adverse effects on the human health sector. Half of the global human population is at risk 

of exposure to dog rabies. Moreover, the highest economic burden of such exposure falls upon 

the human health sector owing to the expensive post-exposure prophylaxis (PEP) associated with 

bites or scratches from suspected rabid animals [9]. Recent studies clearly show that, while the 

cumulative cost of PEP in humans is ever-increasing, that of mass dog vaccination combined with 

PEP could reach the break-even point within ten to 20 years, and that mass dog vaccination re-

mains less costly if rabies is not reintroduced [36; 54]. 

The insufficient importance placed on dogs and their diseases also has significant repercussions 

on the health of wildlife. As control efforts progress towards the elimination of dog rabies, wildlife 

is sometimes perceived by the public as the ongoing offender. Rabies affects population dynamics 

and can pose a serious threat to biodiversity, being involved in notable declines in carnivore pop-

ulations with endangered or threatened statuses. Repetitive rabies outbreaks in the world’s rarest 

canidae, the Ethiopian wolf (Canis simensis), endemic to the Ethiopian Highlands, led to extensive 

mortalities in the wolf population [90; 91]. Similarly, the endangered wild dog (Lycaon pictus) has 

seen its population dramatically decrease during rabies outbreaks in the Serengeti ecosystem 

(Tanzania) and South Africa [92; 93]. In both cases, the virus was transmitted by domesticated 

dogs. Understanding the behavioral ecology of the wildlife species potentially involved in rabies 

outbreaks is of paramount importance, particularly in the wake of rapid anthropogenic and natural 

environmental changes, which are likely to affect their interactions with domestic reservoirs and 
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humans. Several studies have provided evidence for rabies exposure (i.e. protective levels of 

antibodies against rabies) in wildlife species that did not go on to develop the disease. These 

species include: lions in Zambia (Panthera leo) [94]; spotted hyenas in Serengeti, Tanzania 

(Crocuta crocuta) [95]; bats [96; 97]; the Arctic fox [98]; and several terrestrial wildlife mammals 

in Brazil, including New World monkeys (such as the capuchin [Cebus spp.], marmosets [Callithrix 

spp.] and black howler monkeys [Alouatta caraya] [99; 100].  

Some wildlife species may therefore play a new role in the existing sylvatic cycles. Virus variants 

were sometimes shown to be species-specific [100-103]. Thus, the epidemiology of rabies can be 

complex and needs to be thoroughly understood before control programs are embarked upon. 

This close interlinkage between human health and animal health and welfare highlights the im-

portance of a strong multisectoral collaboration for the elimination of dog rabies. An extended ‘One 

Health’ approach to control dog rabies at its source through mass dog vaccination can: 

a) protect public health 

b) reduce the economic impact on the public health sector owing to reduced demand for 

costly human vaccines 

c) improve animal health and welfare 

d) contribute to wildlife conservation. 

The recently postulated goal of zero human rabies deaths by 2030 has caused the pursuit of dog 

rabies control to gather momentum and will hopefully lead to investment by national governments 

and international organisations in dog rabies elimination programmes based on dog vaccination. 

Financial savings for the public health sector can be one of the drivers for such an investment. 

Sustainability plays a key role in the success of elimination programmes as benefits to the human 

health sector from dog vaccination may take several years to accrue and donor fatigue has to be 

anticipated [36; 54]. 

Several aspects important for sustainability, such as strengthening of routine veterinary practices, 

sensitive socio-cultural approaches and the reinforcement of legislation, have already been dis-

cussed. Another aspect is the regional coordination of control activities to ensure that the elimina-

tion efforts of one country are not jeopardised by the reintroduction of rabies in a neighbouring 

country [104]. The establishment of the Pan-African Rabies Control Network (PARACON) in 2014 

under the GARC secretariat is the first important step towards a unified regional approach to dis-

ease elimination and efficient cross-continental collaboration in Africa. Although joint approaches 

are favourable for ensuring the sustained interruption of rabies transmission, if all endemic coun-

tries strive towards mass dog vaccination at the same time, sufficient resources of personnel, 
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vaccines, etc. will be lacking [105]. Regional networks like PARACON will play an important role 

in terms of the coordination of joint geographical approaches and the regulation of resource allo-

cation. Moreover, the lack of appropriate funding often hampers the implementation of large-scale 

elimination programmes in resource-limited settings. Novel sustainable investment mechanisms 

such as development impact bonds (DIBs) are required to mobilise ‘upfront’ capital. Such funding 

will help to achieve high-level dog vaccination coverage and ensure sustained financial support 

because economic benefits to the human health sector from dog vaccination may take several 

years to become apparent [54; 106]. 

In the absence of mass dog vaccination, the only measure to prevent human rabies deaths is 

complete coverage with PEP. The manufacture of human rabies vaccines is currently insufficient 

to meet demand should every bite victim in endemic countries receive PEP. This demand can be 

reduced through careful exposure assessment. The true proportion of rabies bites among the 

overall number of dog bites occurring in a given setting is often not known, but is not expected to 

exceed 10% [37]. To differentiate true rabies exposure from non-rabies bites, collaboration be-

tween the human health and the veterinary sectors through an integrated bite-case management 

(IBCM) approach is imperative [33; 38]. The routine observation of biting animals and animal ra-

bies diagnosis has to be reinforced by public sensitisation. Enhanced rabies awareness among 

the community ensures that bite incidents and suspected animal and human rabies cases are 

reported to the relevant authority. Health personnel need to be trained in the assessment of the 

rabies risk of bite incidents in communication with veterinarians in order to reduce the application 

of unnecessary PEP. This interaction ideally also triggers further bite investigations or animal ob-

servation and hence improves animal surveillance. The absence of an IBCM can lead to a contin-

ued high demand for PEP and can thus minimise the economic benefits for the public health sec-

tor, as experienced in Chad [37]. 

4.6 Conclusions  

Decades of experience have shown that mass dog vaccination is a highly cost-effective approach 

for the sustainable elimination of dog rabies and the subsequent reduction of human disease fa-

talities [31-33], whereas the application of PEP alone to prevent human deaths would lead to ever-

increasing costs [54]. Mass dog vaccination is an essential low-cost, high-impact measure to re-

alise the vision of zero human rabies deaths by 2030. There is an urgent need to strengthen animal 

health systems in resource-limited settings and to extend their services to small animals (i.e. dogs 

and cats) in order to attain dog vaccination coverage sufficient to interrupt virus transmission and 
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ensure continued disease surveillance. Public sensitisation adapted to the socio-cultural back-

ground is critical for the success of dog vaccination and for community participation in the reporting 

of bite incidents and detection of rabies cases. The One Health approach recognises that the 

health of animals and humans are interdependent and dog rabies control provides one of the best 

examples to showcase the benefits of such an integrated approach. Effective intersectoral com-

munication and collaboration will optimise the administration of costly PEP and can lead to large 

financial savings. Wildlife is an essential part of the One Health equation when it comes to rabies 

surveillance and control  programmes. It is, however, essential that the messages from One Health 

expert bodies are not ultimately detrimental to wildlife conservation efforts. Conservationists and 

veterinary bodies have to work together in disease surveillance and control. Conservationists often 

lack the resources to address and manage rabies outbreaks, whereas veterinarians lack ecologi-

cal perspective on the disease.  

Sustainability is a crucial component in the planning of successful dog rabies control programmes 

and to maintain rabies-free status once the disease is eliminated. Widespread successes in dog 

rabies control in South America by PAHO highlight the need for regional collaboration between 

countries to mitigate the risk of rabies incursion from one country to another [104]. Sustainable 

funding sources are a precondition to secure the success of control efforts. Development impact 

bonds present an innovative opportunity to overcome financial constraints.  

A variety of tools are available to help countries to design, implement and steer dog rabies pre-

vention and control programmes incorporating a One Health strategy. The Stepwise Approach 

towards Rabies Elimination (SARE) tool provides a standard mechanism through which countries 

can assess the status quo of dog-mediated human rabies and measure progress in eliminating 

the disease [107]. The Blueprint for Rabies Prevention and Control and A Blueprint for Rabies 

Surveillance are operational tool-kits providing practical guidance and summarising all relevant  

information in one freely available document [108; 109]. The practical application of such tools 

needs to be adapted to the socio-cultural background in order to guarantee the participation of the 

community and to achieve high community acceptance. 

Difficulties may arise in answering the question of whether the human or animal health sector is 

responsible for leadership in the implementation of One Health interventions. Although zoonotic 

diseases account for 60% of all infectious diseases and 75% of emerging diseases [2], they only 

make up a small proportion of all the diseases addressed by the human health sector. Rabies is 

often not prioritised by the human health sector as other diseases may be considered more urgent 

or may have more direct economic importance. However, zoonotic diseases are of primary con-

cern to the animal health sector in developing countries and thus animal health workers should 
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take the lead in One Health interventions in close partnership with public health and other related 

sectors. The incorporation of One Health thinking into the development of successful dog rabies 

elimination strategies is not only imperative in order to achieve the 2030 goal but the established 

intersectoral collaboration will also be beneficial for the control of other zoonoses and will enhance 

the capacity to optimally respond to newly emerging diseases in humans and animals.  
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5.1 Abstract 

Rabies is a neglected but preventable zoonotic disease that predominantly affects the most vul-

nerable populations living in remote rural areas of resource-limited countries. To date, every coun-

try on the African mainland is considered endemic for dog-mediated rabies with an estimated 

21’500 human rabies deaths occurring each year. In 2018, the United Against Rabies collabora-

tion launched the Global Strategic Plan to end human deaths from dog-mediated rabies by 2030. 

The epidemiology of rabies from most Western and Central African countries remains poorly de-

fined, making it difficult to assess the overall rabies situation and progress towards the 2030 goal.  

In this review, we attempt to provide an overview of the current rabies situation in 22 West and 

Central African countries based on published scientific literature and information obtained from 

rabies focal points. To this end, information was collected on i) diagnostic capacity, ii) established 

surveillance, iii) animal and human health communication (One Health), iv) dog population esti-

mates, v) national control strategies, vi) cost estimates, vii) dog vaccination campaigns, viii) PEP 

availability and coverage, ix) Knowledge, Attitude and Practices (KAP) and x) molecular studies. 

Although rabies is a notifiable disease in the majority of the studied countries, national surveillance 

systems do not adequately capture the disease. A general lack of rabies diagnostic capacity has 

an additional negative impact on rabies surveillance and attempts to estimate rabies burden. Re-

current shortages of human rabies vaccine are reported by all of the countries, with vaccine avail-

ability usually limited to major urban centers but no country has yet adopted the new WHO-rec-

ommended 1-week intradermal vaccination regimen. Most countries carry out subsidized mass 

dog vaccination campaigns on World Rabies Day. Such activities are indispensable to keep rabies 

in the public consciousness but are not of the scale and intensity that is required to eliminate 

rabies from the dog population. Countries will need to scale up the intensity of their campaigns, if 

they are to progress towards the 2030 goal. But more than half of the countries do not yet have 

reliable figures on their dog populations. Only two countries reached stage 2 on the Stepwise 

Approach towards Rabies Elimination ladder – indicating that their national governments have 

truly prioritized rabies elimination and are thus providing the necessary support and political buy-

in required to achieve success. 

In summary, the sub-region of West and Central Africa seems to be divided into countries that 

have accepted the challenge to eliminate rabies with governments committed to pushing forward 

rabies elimination, while other countries have achieved some progress, but elimination efforts re-

main stuck due to lacking government commitment and financial constraints. The possibility to 

meet the 2030 goal without international solidarity is low, because more than two-thirds of the 
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countries rank in the low human development group (HDI ≤ 152). Leading countries should act as 

role models, sharing their experiences and capacities so that no country is left behind. Unified and 

with international support it is possible to reach the common goal of zero human rabies deaths by 

2030. 

Keywords: Rabies, Africa, prevention, control, zoonosis, dog 

5.2 Introduction 

Africa is one of the continents hardest hit by rabies, accounting for more than a third of the esti-

mated 59'000 human deaths worldwide annually [9]. Rabies, a viral disease transmitted through 

the bite or scratch of an infected animal, causes an inevitably fatal infection of the brain if progres-

sion is not prevented through prompt administration of post-exposure prophylaxis (PEP). Domes-

tic dogs act as the single most important rabies lyssavirus (RABV) reservoir, responsible for the 

vast majority of human rabies cases [110]. To date, every country on the African mainland is 

considered endemic for dog-mediated rabies.  

In 2018, the United Against Rabies collaboration (UAR), consisting of four international organiza-

tions, the World Health Organization (WHO), World Organisation for Animal Health (OIE), Food 

and Agriculture Organization of the United Nations (FAO) and Global Alliance for Rabies Control 

(GARC), launched the Global Strategic Plan to end human deaths from dog-mediated rabies by 

2030 [44], a goal set in late 2015 following the Global Rabies Conference in Geneva [78]. This 

target is fully aligned with the United Nations Sustainable Development Goal (SDG) No. 3: “ensure 

healthy lives and promote well-being for all at all ages”, specifically contributing to point 3.3: “end 

the epidemics of AIDS, tuberculosis, malaria and neglected tropical diseases and combat hepati-

tis, water-borne diseases and other communicable diseases by 2030”. In this three-phase strate-

gic plan, UAR appeals to countries' own initiative, providing guidance and support to put generated 

rabies expertise and tools into action. The objectives are (1) to prevent rabies deaths through 

increased awareness, dog vaccination and improved access to PEP, (2) to provide guidance and 

generate reliable data to measure impact and inform policy decisions, and (3) to sustain commit-

ment and resources and demonstrate the impact of activities completed under UAR [44]. 

 

5.2.1 Enhanced disease surveillance 

Systematic and standardized surveillance is fundamental to demonstrate the burden of a disease 

and provide evidence to initiate change in health policy-making – ensuring governmental buy-in 
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and prioritization. For most African countries, however, reliable country-level estimates of the ra-

bies burden are lacking because of insufficient surveillance systems and inconsistent reporting 

[111; 112], even though rabies is a notifiable disease in many of those countries [13]. Effective 

rabies surveillance systems ideally embed a One Health approach, fostering communication be-

tween public and animal health sectors and are built upon decentralized, laboratory-based sur-

veillance, together with clearly defined disease indicators and case definitions [17; 18]. To aid 

countries in the design and implementation of high-quality rabies surveillance systems, the Part-

ners for Rabies Prevention (PRP) established the “Rabies Surveillance Blueprint” which is an 

online resource repository that provides all of the relevant standard operating procedures (SOPs), 

information and guidance required by rabies-endemic countries (rabiessurveillanceblueprint.org).  

5.2.2 Reinforcing laboratory-based diagnosis of rabies 

Confirmatory laboratory diagnosis of animal and human rabies cases is an essential pillar of ef-

fective surveillance [17; 18; 113] because the clinical symptoms of rabies are not pathognomonic, 

often leading to misdiagnosis and inaccurate reporting [111; 114]. The direct fluorescent antibody 

(DFA) test is the most widely used post-mortem assay for rabies diagnosis in both humans and 

animals that is recommended by the WHO and the OIE [115; 116]. The DFA test, however, re-

quires an expensive fluorescence microscope and CO2 incubator, so application is often limited 

to urban settings or capital cities [117]. The second OIE- and WHO-recommended diagnostic as-

say that is widely-used test for the diagnosis of rabies in animals and humans is the direct rapid 

immunohistochemical test (DRIT), which can be undertaken using basic light microscopy [118]. 

Recently, field-ready and easy-to-use lateral flow devices (LFDs), based on immunochromato-

graphic reactions, were developed [46; 119]. Such LFDs are promising tools to decentralize rabies 

surveillance to remote, underserved regions, as they do not need electricity, special storage, 

heavy equipment or a high level of technical expertise and yield test results within 5 to 10 minutes. 

While several studies [46; 120; 121] obtained satisfactory results with LFDs, others [119; 122] 

found a substantial number of false-negative results and batch-to-batch inconsistency making 

LFDs unsuitable thus far to inform decision-making on PEP. These LFDs are thus not currently 

recommended by the OIE or WHO and further enhancement and careful validation is recom-

mended before promoting widespread use in routine surveillance [46; 119].  

Rabies in humans is rarely diagnosed etiologically because diagnosis relies on technologies in-

adequate for routine use in resource-limited and remote settings [113]. This makes it difficult to 

estimate the burden of human rabies [123], but probability models using data on bite incidence in 
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humans suggest that rabies is greatly underreported [124]. For post-mortem diagnosis, brain tis-

sue has the highest diagnostic sensitivity and the DFA and DRIT are the preferred diagnostic tests 

[116]. However, obtaining permission from family members in order to perform an invasive sample 

collection after a patient’s death can be difficult [125]. A less invasive alternative that, however, 

requires sophisticated equipment is the detection of rabies virus nucleic acid by reverse transcrip-

tion polymerase chain reaction (RT-PCR) in nuchal skin biopsy or hair follicles [113; 116]. For 

intra-vitam diagnosis, molecular techniques for detection of viral RNA in nuchal skin biopsies, sa-

liva and hair follicles are the most sensitive [113; 116].  

5.2.3 Improved access to biologics for animals and humans 

No effective treatment for rabies exists, and death is inevitable in >99.9% of cases after onset of 

clinical symptoms [126]. Rabies is, however, entirely preventable after suspected exposure, and 

all rabies deaths result from failed prophylaxis. Risk assessment of potential rabies exposure in 

bite victims and rabies diagnosis in animals are inextricably linked processes, which are only 

achieved through close communication and collaboration between animal and human health pro-

fessionals. Integrated Bite Case Management (IBCM) helps to differentiate true rabies exposures 

from non-rabid bites in order to guide human treatment and reduce unnecessary use of expensive 

PEP [37; 38]. This requires health professionals to report bite victims to the veterinary service so 

that biting animals can be identified and put under observation or euthanized and tested for rabies 

[33].  

Huge progress has been made in post-exposure rabies vaccination for humans. In addition to 

recommending only a four dose intramuscular (IM) vaccination schedule, evidence has shown 

that dose-sparing intradermal (ID) vaccination regimens can be highly economical when several 

bite victims are treated at the same time using shared vials [8]. In 2018, the WHO recommended 

a shortened 1-week vaccination scheme which requires ID injection of 0.1ml vaccine in two sites 

on day 0, 3 and 7 [8]. This further enhances cost-effectiveness, reduces the number of clinic visits 

needed by patients and potentially improves patient adherence [8]. A modeling study predicted 

more than one million human rabies deaths in 67 rabies endemic countries between 2020 and 

2035, under current PEP use conditions without intensified dog vaccination [127].  

5.2.4 One Health: vaccinating dogs to save human lives 

Rabies diagnosis in animals to inform the use of PEP in humans illustrates the interdependence 

of human and animal health and the need for a One Health approach for successful rabies sur-

veillance and control. Zinsstag et al. [128] define One Health as “any added value in terms of 
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human and animal health, financial savings or environmental benefit from closer cooperation of 

human and animal health sectors at all levels of organization.” Human rabies cases can be pre-

vented solely through massive administration of costly PEP, but only control measures targeted 

at the animal reservoir will eventually allow for elimination of the disease. Sustained mass vac-

cination of dogs reduced the number of human rabies deaths in different parts of the world [33; 

104; 129] and save costs in the long-term [130-133]. At least 70% of the dog population needs to 

be vaccinated to create herd immunity and interrupt rabies transmission [56]. Hence, to plan ef-

fective MDV campaigns, studies on the size of dog populations are required. Data routinely sub-

mitted to the Rabies Epidemiological Bulletin (REB) [134] by member states suggests that West 

and Central African countries are not implementing mass dog vaccination campaigns (MDV) of 

the scale and intensity required to interrupt disease transmission - most likely due to financial 

constrains (rabiesalliance.org/networks/paracon/bulletin). 

5.2.5 International support and resources 

A variety of freely available tools and mechanisms assist countries in elimination of dog-mediated 

rabies. The Canine Rabies Blueprint (caninerabiesblueprint.org) is a website developed by the 

Partners for Rabies Prevention (PRP) to provide standard operating procedures for all aspects 

related to dog rabies surveillance and control and the prevention of human rabies, incorporating 

a One Health approach [108]. In 2014, the Stepwise Approach for Rabies Elimination (SARE), a 

standardized self-assessment tool that allows countries to evaluate their current rabies situation 

and measure progress towards elimination, was integrated with the Canine Rabies Blueprint [107]. 

In combination, they provide detailed guidance to create national rabies control strategies [135]. 

The United States Centers for Disease Control (US CDC) developed the Global Dog Rabies Elim-

ination Pathway (GDREP) to help countries estimate the resources needed to control dog-medi-

ated human rabies based on MDV [136]. In 2012, the OIE set up a rabies vaccine bank to aid OIE 

Member countries to procure high-quality dog vaccine at a pre-established, affordable price, help-

ing to implement national rabies elimination strategies [137]. Upon official request from a National 

Delegate to the Director General of the OIE, vaccine can be purchased and delivered to benefi-

ciary countries within 12 weeks to 12 months or in urgent cases within 10 days. In the first six 

years, 20.1 million rabies vaccine doses were disseminated by the OIE, mainly in Asia and Africa.  

5.2.6 Regional coordination and support of elimination efforts 

a) PARACON 

Rabies spreads irrespective of national borders and can only be controlled through coordinated 

efforts of countries. The Pan-African Rabies Control Network (PARACON) was established in 

https://rabiesalliance.org/networks/paracon/bulletin
https://caninerabiesblueprint.org/
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2015 under the secretariat of GARC, in partnership with the intergovernmental tripartite (WHO, 

OIE, FAO), CDC, NGOs (such as World Animal Protection), and industry partners (including MSD 

Animal Health, Boehringer Ingelheim, Sanofi Pasteur and IDT Biologika), with the support of foun-

dations like the UBS Optimus foundation. This Pan-African network joined the major sub-Saharan 

African rabies groups, AfroREB (Africa Rabies Expert Bureau, Francophone Africa), SEARG 

(Southern and Eastern African Rabies Group), RESOLAB Rabies Sub-network and RIWA (Rabies 

in West Africa), and provided a rabies platform for countries that had not been included in these 

pre-existing rabies groups [138]. PARACON provides a new united rabies-specific network for all 

of sub-Saharan Africa which supports its 37 member countries by actively promoting a One Health 

approach towards rabies elimination. This unique transboundary platform offers African states 

across the continent an opportunity to showcase successes in rabies control, reflect on lessons 

learned, share challenges faced and discuss ways to overcome common ones. PARACON is also 

dedicated to introducing member countries to the developed tools and resources to support na-

tional and regional rabies control programs. PARACON meetings focus on workshops and group 

discussions where rabies focal persons (nominated by the governmental animal and human health 

sectors of their member states) work through tools and resources such as: i) the SARE [135; 138; 

139]; ii) the Rabies Epidemiological Bulletin (a data repository developed to optimize disease sur-

veillance and reporting using defined standardized disease indicators, capture vaccination data 

and facilitate integrated bite case management activities) [134]; GARC Education Platform (a web-

site hosting targeted educational courses and awareness materials), Canine Rabies Blueprint 

[108], and GDREP [105; 140]. These tools and resources were all carefully developed to best 

support member countries in their efforts to control and eliminate dog rabies. 

b) RIWA 

The RIWA forum was inaugurated in 2012 at the University of Ibadan in Nigeria to coordinate 

regular meetings among West African governments and stakeholders from the West African sub-

region and link Anglophone and Francophone countries for rabies prevention at the human-animal 

interface. The inaugural conference facilitated collaboration between the Ministries of Agriculture 

and Health with higher education institutions in Nigeria. The forum instituted short training pro-

grams with components on rabies diagnosis, surveillance data management, spatio-temporal ep-

idemiologic analysis, molecular characterization and phylogenetics. The Centre for Control and 

Prevention of Zoonoses (CCPZ) at the University of Ibadan, since co-sponsoring RIWA, has 

played a key role in building the network into a sustainable Society for Rabies in West Africa 

(SRIWA), which has successfully held five annual sub-regional RIWA conferences between 2012 

and 2018 in different West African countries.  
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The RIWA forum addresses the control and prevention of rabies within West Africa, similar to 

Rabies in the Americas (rabiesintheamericas.org). For example, in response to the chronic neglect 

of rabies research in Liberia, the CCPZ sponsored a 3-year project to improve postgraduate pro-

grams for surveillance of human–animal diseases in West Africa. The program enrolled people 

from Liberia, Nigeria, and Sierra Leone, addressing the lack of reliable rabies data in these West 

African countries by collecting pertinent spatiotemporal and molecular data on human and animal 

rabies cases [141]. 

c) RESOLAB 

The RESOLAB Rabies Sub-network was launched in December 2010, gathering twenty-three 

central veterinary laboratories (CVLs) geographically subdivided into West and Central Africa 

(WA/CA)1. The objectives of this sub-network focused on filling gaps in rabies diagnosis and sur-

veillance and building a harmonized regional diagnostic capacity. Information on laboratory capa-

bility in the region was gathered from 2010 until 2016 through active networking and three tech-

nical questionnaires. Among the causes for inactivity, lack of reagents and equipment were the 

most frequent. Inability to guarantee equipment, such as UV microscope maintenance, was noted 

equally by all the members as a crucial factor hindering diagnostic activities and was partially 

overcome by the provision of new UV microscopes based on LED technology across the region. 

A further constraint equally claimed by the members was poor level of experience in rabies labor-

atory diagnosis and the need for practical training courses. Consequently, training activities were 

implemented through in country or regional training courses for about 120 recipients from 13 coun-

tries, mostly from the animal health sector. Information from 2017 was collected within the frame-

work of a proficiency test (PT) organized by the FAO Reference Centre for rabies at the IZSVe in 

collaboration with FAO (Gourlaouen et al., manuscript in preparation). Of note, 10 out of 14 veter-

inary laboratories participating in the exercise belonged to the RESOLAB network (covering nine 

countries). Information collected in this activity revealed that 90% of them (9/10) were able to 

perform rabies detection via DFA, but only 40% (4/10) were able to perform rabies detection via 

RT-PCR despite possessing the equipment. Following the PT exercise, the overall RESOLAB 

                                                
1
 The WA/CA Veterinary Laboratory Network for avian influenza and other transboundary diseases (RESOLAB) was created in De-

cember 2007. The WA/CA Veterinary Laboratory Network for avian influenza and other transboundary diseases (RESOLAB) was 
created in December 2007, within the umbrella of the FAO-ECTAD Bamako, with the objective of improving the veterinary laboratory 
capacity across the region through training, technical support and information sharing (http://www.fao-ectad-bamako.org/fr/?lang=en). 
Partners involved in supporting this initiative were USDA-APHIS, the World Organization for animal health (OIE), AU-IBAR. The lan-
guage spoken within the network is mainly French (n=14), and to a lesser extent English (n=5), Portuguese (n=3) and Spanish (n=1). 
In 2012 the initial network was divided into two sub-regional areas: a) RESOLAB-Central Africa (RESOLAB-CA), which includes eight 
CVLs [the CVL of Cameroon, Central African Republic, Chad, the Democratic Republic of Congo (DRC), Equatorial Guinea, Gabon, 
Republic of Congo and Sao Tome et Principe]; and b) RESOLAB-West Africa (RESOLAB-WA), comprising fifteen CVLs (those from 
Benin, Bissau Guinea, Burkina Faso, Cape Verde, Ghana, Guinea, Côte d’Ivoire, Liberia, Mali, Niger, Nigeria, Sierra Leone, Senegal, 
The Gambia and Togo).  
fao.org/ag/againfo/programmes/en/empres/news_201213b.html 

 



Dog rabies control in West and Central Africa: A review. 

Seite 30 von 280 
 

capacity for rabies molecular diagnosis jumped to 100% (10/10 participating laboratories) (Gour-

laouen et al., manuscript in preparation). 

West and Central Africa is an assembly of culturally diverse countries with varying economic and 

political stability. Based on UN definitions, West Africa consists of 16 countries with an estimated 

population of 362 million people occupying about one-fifth of the area in Africa. West Africa is 

bordered in the north by the Sahara Desert and to the west and south by the Atlantic Ocean. The 

region harbors some of Africa's most stable countries with robust economic growth as well as 

countries that rank among the lowest on the human development index (HDI) [39]. Recent insur-

gencies in the Sahel and Nigeria show that the region is still fragile and prone to violent conflicts 

[142]. The inability of some countries’ health systems to cope with the Ebola epidemic in 2014-

2016 demonstrated the fragility and long-term impact of past violent conflicts on health systems 

and infrastructure [143]. Central Africa is a poorly defined region in the heart of Africa. In this study, 

we consider Central Africa to include Cameroon, Central African Republic (CAR), Chad, Republic 

of the Congo (Brazzaville), the Democratic Republic of the Congo (DRC), Equatorial Guinea, and 

Gabon.  

The epidemiology of rabies from most Western and Central African countries remains poorly de-

fined [134], making it difficult to assess the overall rabies situation and progress towards rabies 

elimination. This review aims to assess the current rabies situation in West and Central African 

countries based on published scientific literature and information provided by rabies focal points. 

We review the rabies situation in each country, identify research gaps and discuss the research 

needed to advance rabies elimination in Central and Western Africa. 

5.3 Material and Methods 

We searched five electronic databases (PubMed, Web of Science, Embase, the Cochrane Library 

and African Journal Online) for relevant literature on rabies control in West and Central Africa 

published between January 1, 1998 and December 31, 2018 without any language restrictions. 

The study was carried out according to the Preferred Reporting Items for Systematic Reviews and 

Meta-analyses (PRISMA) guidelines [144]. The search strategy for each database is included in 

Appendix 1: Supplementary information for chapter 5, Table 26. We included studies focused on 

i) diagnostic capacity, ii) established surveillance, iii) animal and human health communication 

(One Health), iv) dog population estimates, v) national control strategies, vi) cost estimates, vii) 

dog vaccination campaigns, viii) PEP availability and coverage, ix) Knowledge, Attitude and Prac-

tices (KAP) and x) molecular studies. Table 1 lists the 22 countries included in the search. The 

island nations of Saint Helena, Ascension and Tristan da Cunha and Cape Verde were excluded 
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from this study, as they are deemed free of dog rabies. EndNote reference management software 

version X7.7.1 was used to store results from the literature search and remove duplicate publica-

tions. Two reviewers independently screened titles and abstracts yielded by the search against 

the eligibility criteria. We resolved disagreement between reviewers through discussion. A list of 

publications identified for each country was compiled and a short questionnaire was sent to rabies 

focal points with a request to review the list for any missing relevant publications and fill in the 

questionnaire. We obtained contact details of rabies focal points from RIWA, RESOLAB Rabies 

Sub-network or PARACON. Full reports were obtained for all titles and abstracts that appeared to 

meet the eligibility criteria or where there was any uncertainty. Full-text reports were screened to 

determine whether they met the eligibility criteria.  

Table 1: Countries in West and Central Africa included in this review 

Region Countries 

West Africa 

Benin, Burkina Faso, Côte d’Ivoire, Gambia, 
Ghana, Guinea, Guinea-Bissau, Liberia, 
Mali, Mauritania, Niger, Nigeria, Senegal, 
Sierra Leone and Togo 

Central Africa 
Cameroon, Central African Republic, Chad, 
Republic of the Congo, Democratic Repub-
lic of the Congo, Equatorial Guinea, Gabon 

 

5.4 Results  

Figure 2 shows a flow diagram summarizing the results of the review. From the database 

searches, we retained 1376 documents, while manual searches and documents from rabies focal 

points provided another 69 additional documents. Focal points from Equatorial Guinea and Guinea 

did not provide any information. Findings according to the inclusion criteria are summarized in 

Table 2 and Table 3. 
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Figure 2: PRISMA 2009 Flow Diagram  
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Table 2: Summary of inclusion criteria per West African country included in the review 

    Benin Burkina Faso Côte d'Ivoire The Gambia Ghana Guinea  
Guinea-Bis-
sau 

Rabies notifiable 
Humans Yes Yes Yes NA Yes NA Yes 

Animals Yes Yes Yes NA Yes NA Yes 

HDI   163 183 170 174 140 175 177 

Rabies legislation   Yes Yes Yes NA No NA Yes 

National elimination strategy   Yes No Yes No Yes NA No 

SARE (year)   1.5 (2018) not assessed 2 (2017) not assessed 1.5 (2018) 1.5 (2018) 0 (2016) 

Diagnostic capacity 

DFA No Yes Yes No Yes Yes NA 

DRIT Yes No No No No Yes NA 

Human No No Yes No Yes No NA 

Decentralized /Cen-
tralized 

Centralized Centralized Centralized NA Decentralized Centralized NA 

Surveillance 
Humans Yes Yes Yes Yes Yes NA Yes 

Animals Yes Yes Yes Yes Yes NA Yes 

One Health 
Data exchange Yes Yes Yes Yes Yes NA No 

IBCM Yes Yes Yes No Yes NA No 

Dog population 
Population estimate Yes No Yes No Yes NA No 

Culling Campaigns  Yes Yes No NA No NA Yes 

Cost estimate   No No Yes No No NA No 

Mass dog vaccination 
National No No No No No NA Yes  

WRD Yes Yes Yes Yes Yes NA Yes 

PEP 

ID No No No No No NA No 

IM Yes Yes Yes Yes Yes Yes Yes 

Availability problems Yes Yes Yes Yes Yes NA Yes 

KAP   No Yes Yes No Yes No No 

RABV lineage   NA 2 2 NA 1 & 2 2 NA 

DFA: Direct fluorescent antibody test, DRIT: Direct rapid immunohistochemical test, HDI: Human development Index, IBCM: Integrated Bite Case Management, ID: Intradermal, IM: 
Intramuscular, KAP: Knowledge, attitude and practices study, PEP: Post-exposure prophylaxis, RABV: Rabies Virus, SARE: Stepwise Approach for Rabies Elimination, WRD: World 
rabies day 
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    Liberia Mali Mauritania Niger Nigeria Senegal 
Sierra Le-
one 

Togo 

Rabies notifiable 
Humans Yes Yes Yes Yes Yes Yes Yes Yes 

Animals Yes Yes Yes Yes Yes Yes Yes Yes 

HDI   181 182 159 189 157 164 184 165 

Rabies legislation   NA Yes No No NA NA No No 

National elimination strategy   No Yes No No Yes No Yes No 

SARE (year)   1.5 (2018) 2 (2016) 
not as-
sessed 

1.5 (2018) 1.5 (2017) 1.5 (2018) 0 (2017) 
not as-
sessed 

Diagnostic capacity 

DFA Yes Yes Yes No Yes Yes No No 

DRIT Yes Yes No No Yes No Yes No 

Human No No No No Yes Yes Yes No 

Decentralized /Cen-
tralized 

Centralized Centralized Centralized NA Decentralized Centralized Centralized NA 

Surveillance 
Humans Yes Yes No Yes Yes Yes Yes Yes 

Animals Yes Yes Yes Yes Yes Yes Yes Yes 

One Health 
Data exchange Yes NA No Yes Yes Yes No Yes 

IBCM No NA Yes No NA Yes NA Yes 

Dog population 
Population estimate No Yes No Yes  Yes No Yes Yes 

Culling Campaigns  No NA Yes No NA Yes No Yes 

Cost estimate   Yes Yes No No NA NA No No 

Mass dog vaccination 
National No No No No No No No No 

WRD Yes Yes Yes Yes Yes Yes Yes Yes 

PEP 

ID No No No No  No No No No 

IM Yes Yes Yes Yes Yes Yes Yes Yes 

Availability problems Yes Yes Yes Yes Yes Yes Yes Yes 

KAP   No Yes No No Yes Yes No No 

RABV lineage   2 & 3 (China 2) 2 2 2 1 & 2 2 2 NA 

DFA: Direct fluorescent antibody test, DRIT: Direct rapid immunohistochemical test, HDI: Human development Index, IBCM: Integrated Bite Case Management, ID: Intradermal, IM: 
Intramuscular, KAP: Knowledge, attitude and practices study, PEP: Post-exposure prophylaxis, RABV: Rabies Virus, SARE: Stepwise Approach for Rabies Elimination, WRD: World 
rabies day 
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Table 3: Summary of inclusion criteria per Central African country included in the review 

    Cameroon CAR Chad 
Republic of 
the Congo 

DRC 
Equatorial 
Guinea 

Gabon 

Rabies notifiable 
Humans Yes Yes Yes Yes Yes NA Yes 

Animals Yes Yes Yes Yes Yes NA Yes 

HDI   151 188 186 137 176 141 110 

Rabies legislation   Yes Yes NA No NA NA NA 

National elimination strategy   Yes No No No No NA No 

SARE (year)   1.5 (2017) 0.5 (2016) 1.5 (2016) 0 (2018) 1.5 (2016) not assessed 0 (2018) 

Diagnostic capacity 

DFA Yes Yes Yes Yes Yes NA Yes 

DRIT No No Yes No Yes NA No 

Human Yes Yes No No No NA No 

Decentralized /Cen-
tralized 

Centralized Centralized Centralized Centralized Centralized NA NA 

Surveillance 
Humans Yes Yes Yes Yes Yes NA No 

Animals Yes Yes Yes Yes Yes NA No 

One Health 
Data exchange No NA Yes Yes No NA No 

IBCM No NA Yes No No NA No 

Dog population 
Population estimate Yes Yes Yes No No NA No 

Culling Campaigns  No Yes No Yes Yes NA Yes 

Cost estimate   No No Yes No No NA No 

Mass dog vaccination 
National No No No No No NA No 

WRD Yes Yes Yes Yes Yes NA No 

PEP 

ID No No Yes No No NA No 

IM Yes Yes Yes Yes Yes NA Yes 

Availability problems Yes Yes Yes Yes Yes NA Yes 

KAP   Yes No Yes No No No No 

RABV lineage   1&2 1&2 2 1 1 NA NA 

DFA: Direct fluorescent antibody test, DRIT: Direct rapid immunohistochemical test, HDI: Human development Index, IBCM: Integrated Bite Case Management, ID: Intradermal, IM: 
Intramuscular, KAP: Knowledge, attitude and practices study, PEP: Post-exposure prophylaxis, RABV: Rabies Virus, SARE: Stepwise Approach for Rabies Elimination, WRD: World 
rabies day 
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Countries where the rabies focal person provided all of the information as no published scientific 

literature was available.  

 

Gabon 

Established surveillance: Even though rabies is a notifiable disease in Gabon, there is not a spe-

cific framework covering rabies, and rabies-related activities are carried out in an uncoordinated 

manner. Furthermore, the little amount of epidemiological data that is available is only collected 

in the capital city of Libreville, where 1565 animal attacks were reported between 2013 and 2015.  

Diagnostic capacity: The veterinary services in Gabon generally do not have the means to under-

take grassroots-level surveillance or rabies diagnosis. As a result, the burden estimates are al-

most non-existent.  

PEP availability and coverage: Post-exposure vaccination of bite victims is carried out in Libreville 

health facilities under the initiative of the Ministry of Public Health (MoPH), while the situation in 

rural areas of the country is unknown.  

Dog population estimates: Free-roaming and ownerless dogs and cats are considered the main 

problem in the country, but no dog ecology studies have been implemented to date.  

Dog vaccination campaigns: Vaccination is available mainly in urban centers, where some dog 

owners have the financial means to buy their own vaccines. The impact of these vaccination 

campaigns is unknown, but most likely to be negligible in terms of scale and intensity.  

Animal and human health communication (One Health): Over the past years, the MoPH organized 

several awareness-raising activities on World Rabies Day (WRD) with participation from the Vet-

erinary Services of the General Directorate for Livestock and sponsorship by the Sanofi Pasteur 

laboratory.  

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: In 2014, in collaboration with the Reference Center for Rabies (IZSVe), 

FAO organized, under the IDENTIFY project (USAID funded), a hands-on training on the FAT test 

for the technical staff of the CVL of Libreville. The week after, a stakeholder seminar was orga-

nized by FAO in collaboration with WHO, UNICEF and GARC [145]. A rabies technical working 

group was established to develop a national plan of action for rabies control in Gabon and short-

, medium- and long-terms activities were prioritized and drafted at the end of the meeting.  

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2018) was 0 
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out of 5, indicating that rabies is endemic and that the country is only compiling the basic infor-

mation on the epidemiology of the disease. 

 

Guinea-Bissau 

Established surveillance: Since 2015, human rabies cases and exposures are to be notified 

through the National Health Information System (NHIS). However, data collection through NHIS 

is not very efficient given the volume of activities carried out by a minimal number of staff in the 

health sector and the mass of information to be collected and transmitted periodically. An epide-

miological surveillance network for animal diseases with a central and regional unit exists and 

there are monthly data collection sheets for priority diseases including rabies. 

Diagnostic capacity: The limited information available indicates that rabies surveillance is weak 

throughout the country. Data on the diagnostic activities submitted to the REB between 2015 and 

2018 suggest that no diagnostic capacity has been established in the country [146] 

PEP availability and coverage: The only anti-rabies treatment center is located in the capital city 

of Bissau, where the cost of rabies vaccine is incurred by the victim. People exposed in other 

parts of the country must travel to Bissau for adequate treatment. Data on the number of regis-

tered animal exposures submitted to the REB between 2015 and 2018 indicate that approximately 

1’000 human exposures are recorded each year, but that no PEP is available through the gov-

ernment-subsided healthcare facilities [146]. 

Dog population estimates: No dog population estimates have been obtained to-date. 

Dog vaccination campaigns: The vaccination of animals against rabies in Guinea-Bissau is com-

pulsory by law. Since 2012, the Veterinary Services organize a rabies vaccination campaign in 

commemoration of the WRD. In 2015, approximately 16’000 dogs were vaccinated against rabies 

in a free-of-charge vaccination campaign. These vaccination campaigns result in an estimated 

vaccination coverage of 1.5% - 10% across the total dog population [146]. In the subsequent 

years, the vaccination was owner-charged (~ 1.7 USD per animal) and the number of vaccinated 

animals dropped to approximately 5’000 in 2018. Between 2011 and 2014, approximately 4’350 

dogs were vaccinated against rabies by the veterinary service.  

Animal and human health communication (One Health): There is not a strong synergy or ex-

change of information between the Ministry of Health and the National Veterinary Services.  

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 
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National control strategy: Guinea-Bissau has a national plan for the Control of Neglected Tropical 

Diseases, including rabies.  

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2016) was 0 

out of 5, indicating that rabies is endemic and that the country is only compiling the basic infor-

mation on the epidemiology of the disease.  

 

Mauritania 

Established surveillance: Although rabies is one of the diseases monitored by the Mauritanian 

Network for Epidemiosurveillance of Animal Diseases, no specific rabies-related activities were 

carried out in the field except for a few dog and cat culling campaigns in response to increased 

incidence of animal bites.  

Diagnostic capacity: The only laboratory that has the capacity for rabies diagnosis in animals 

using the DFA assay is based in the capital Nouakchott.  

PEP availability and coverage: PEP is provided by the National Institute for Public Health Re-

search in the capital city and by the Regional Directorate of Health Action on the intermediate 

(Wilayas) level with support of the WHO.  

Dog population estimates: No dog population estimates have been obtained to date. 

Dog vaccination campaigns: The Directorate of Veterinary Services organizes a free-of-charge 

dog vaccination campaign on WRD. The impact of these vaccination campaigns is unknown, but 

most likely to be negligible in terms of scale and intensity. 

Animal and human health communication (One Health): Cooperation between the animal and 

human health sector is weak, but the Regional Disease Surveillance Systems Enhancement Pro-

ject (REDISSE) has recently been launched in Mauritania and other Economic Community of 

West Africa States (ECOWAS) member countries. The project aims to strengthen the cross-sec-

toral capacity for infectious disease surveillance and epidemic preparedness in West Africa.  

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: A national rabies control strategy has not been developed to date. 

SARE assessment undertaken: No SARE assessment undertaken to date. 

 

 

Niger 
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Established surveillance: Rabies is included in the national network for the surveillance of animal 

diseases which is carried out by 250 livestock agents across the country.  

Diagnostic capacity: Only the veterinary sector in Niger is capable of conducting rabies diagnosis, 

with all diagnoses relying on the Seller’s stain test. Data on the diagnostic activities, submitted to 

the REB between 2015 and 2018, suggests that a limited number of samples are subjected to 

rabies diagnosis every year (average of 10 samples per year) and on average 81% were rabies-

positive [146]. While undertaking rabies diagnosis with the use of the Seller’s stain is less than 

ideal [147; 148], an immunofluorescence microscope was acquired in 2018 to facilitate the imple-

mentation of the DFA in the near future.  

PEP availability and coverage: The availability of PEP across the country is limited and not easily 

assessable.  

Dog population estimates: No dog population estimates have been obtained to date. 

Dog vaccination campaigns: Data on dog vaccination campaigns submitted to the REB between 

2015 and 2018 suggest that on average 1’500 dogs were vaccinated every year. These vaccina-

tion campaigns resulted in an estimated vaccination coverage of 0.06% - 0.14% across the total 

dog population between the years 2015 and 2018 [146]. 

Animal and human health communication (One Health): No information on inter-sectoral collabo-

ration could be obtained. 

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: A national rabies control strategy has not been developed to date. 

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2018) was 0 

out of 5, indicating that rabies is endemic and that the country is only compiling the basic infor-

mation on the epidemiology of the disease.  

 

Republic of the Congo (Brazzaville) 

Established surveillance: Rabies is a notifiable disease in both humans and animals in the Re-

public of the Congo. In 2013, a major rabies epidemic occurred in the city of Pointe-Noire with 

806 bite cases registered. In 2018, 635 bite incidents and two dog rabies cases were noted in the 

same city. The departments of Pointe Noire and Niari report more cases of bites than the other 

departments with 87% and 11%, respectively.  
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Diagnostic capacity: The support provided by FAO through the IDENTIFY project was crucial in 

the detection of and response to the 2013 rabies outbreak in Pointe-Noire. Thanks to a rabies 

laboratory training conducted by rabies experts from the FAO Rabies Reference Centre (IZSVe) 

a couple of months prior to the outbreak, the first case of dog rabies was diagnosed by the Braz-

zaville Veterinary Diagnosis Laboratory during the Pointe-Noire rabies outbreak [149]. This rep-

resented the first ever confirmed case of rabies notified to the World Organization for Animal 

Health (OIE) by national authorities and the disease was declared endemic throughout the country 

[150; 151]. Thanks to the rabies national control plan draft during the stakeholder meeting orga-

nized by FAO in May 2013, the country was able to face the emergency situation and stop the 

outbreak after several months of fear and more than 806 bitten people. 

PEP availability and coverage: Human rabies vaccine is only available in private pharmacies. 

Dog population estimates: No dog population estimates have been obtained to date. 

Dog vaccination campaigns: Data on dog vaccination campaigns submitted to the REB between 

2015 and 2018 suggest that no dogs have been vaccinated by the governmental sector in the 

aforementioned timeframe [146]. 

Animal and human health communication (One Health): An inter-ministerial committee for the 

control of rabies under the leadership of the Ministry of the Interior with the participation of the 

Ministries of Health and Agriculture and Livestock has been established. 

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: A national rabies control strategy has not been developed to date. 

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2018) was 0 

out of 5, indicating that rabies is endemic and that the country is only compiling the basic infor-

mation on the epidemiology of the disease.  

 

Countries with published scientific literature 

 

Benin 

Established surveillance: National rabies surveillance in Benin is carried out as part of the Inte-

grated Disease Surveillance and Response (IDSR) strategy, with the technical aspects outlined 
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in the national guidelines for integrated disease surveillance and response. Despite these provi-

sions, there are shortcomings in systematic reporting of human and animal cases, with limited 

inter-sectoral collaboration and no existing national rabies data management system. 

Diagnostic capacity: Currently, the only laboratory capable of animal rabies diagnosis is the CVL 

located in Parakou by means of the DRIT.  

PEP availability and coverage: From 2006 to 2016, the Parakou Veterinary Clinic registered 1’856 

animal bite cases and the Porto-Novo Veterinary Clinic registered 779 bite victims and 11 human 

rabies cases over 6 years (2010-2016). Human rabies vaccine (~14 USD) and RIG (~27 USD) is 

only available in major urban centers Contou, Porto-Novo and Parakou.  

Dog population estimates: There is little available information on the dog population with previous 

findings suggesting that the dog to human ratio is 1 to 21.2 in urban areas and 1 to 7.4 in rural 

areas. Humane dog population management is non-existent in Benin, with sporadic dog culling 

campaigns implemented in response to an increase in the numbers of dog bites. 

Dog vaccination campaigns: The Beninese Association for Rabies Control (ABL-Rage), founded 

in 2013, organizes vaccination campaigns on the occasion the WRD and information suggest that 

Benin has purchased rabies vaccine through the OIE rabies vaccine bank [152]. 

Animal and human health communication (One Health): ABL-Rage organizes rabies awareness 

activities on WRD, trains health professionals on PEP use and donates human rabies vaccine 

when funding is available. 

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: Benin adopted a national rabies elimination strategy in 2018, but has 

yet to secure funding for its widespread implementation.  

SARE assessment undertaken: An in-country SARE assessment was done with all of the relevant 

governmental stakeholders in 2018. The SARE score was 1.5 out of 5 indicating that the founda-

tional requirements for the development of a national rabies control program is in place. 

 

Burkina Faso 

Established surveillance: Rabies is not only a notifiable disease, but has also been identified as 

one of the top five zoonotic diseases of greatest national concern in Burkina Faso [153]. 

Diagnostic capacity: Laboratory diagnosis of rabies is limited to the CVL in the capital city of where 

FAO in collaboration with FAO reference center for rabies (IZSVe) organized a rabies laboratory 

training and a back to back rabies stakeholder meeting July in 2017 [154]. Between 2001 and 
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2013, 3816 animal rabies samples were analyzed by DFA at the National Livestock Laboratory, 

of which 68% were found to be rabies-positive [155]. More contemporary diagnostic data is not 

readily available. 

PEP availability and coverage: From 2001 to 2013, a total of 54'238 bite victims visited the Na-

tional Centre for Anti-Rabies Control (CNTAR) in Ouagadougou [155]. Only 31% of the bite vic-

tims had the financial means to purchase rabies vaccine which is sold for about 15 USD per dose 

and administered following either 4-dose intramuscular (IM) Zagreb or 5-dose IM Essen protocol 

[155]. Sondo et al. [156] observed that almost all bite victims (94.5%) at CNTAR in the year 2009 

were residents of Ouagadougou and dogs were reported as the biting animal in 95% of the cases 

[157]. In a retrospective study conducted at the national reference hospital, Yalgado-Ouedraogo 

University Hospital Center, 60 human rabies cases were identified between 2004 and 2013 based 

on clinical confirmation, with almost half of the cases (45%) referred from other regions of the 

country [158].  

Dog population estimates: Dogs in Ouagadougou are free-roaming and mainly kept for security 

purposes throughout the city and almost two-thirds of 616 households sampled in Ouagadougou 

owned at least one dog [155]. Humane dog population management is non-existent in Burkina 

Faso, with sporadic dog culling campaigns implemented in response to an increase in the num-

bers of dog bites [155; 159].  

Dog vaccination campaigns: No information could be obtained on dog vaccination campaigns in 

Burkina Faso. 

Animal and human health communication (One Health): An inter-ministerial One Health platform 

was put in place in 2017 but is not yet fully operational due to leadership crises, financial shortfalls 

and socio-political instability in the country [159].  

Molecular studies: A phylogenetic analysis of 32 rabies-positive canine samples showed that the 

circulating strains in Burkina Faso in 2007 belonged to the Africa 2 lineage and were closely 

related to those in neighboring countries, suggesting that transboundary spread was taking place 

at the time [160].  

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: A national rabies control strategy has not been developed to date. 

SARE assessment undertaken: No SARE assessment done to date. 
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Cameroon 

Established surveillance: Rabies is ranked first among the top five priority diseases of the National 

Program for the Prevention and Control of Emerging and Re-emerging Zoonoses (PNPLZER). 

Rabies has been a notifiable disease in Cameroon since 2001, with syndromic surveillance oper-

ational in the human and animal health sectors. In 2014, the Centre Pasteur of Cameroon (CPC) 

and Sanofi Pasteur helped implement a reinforced rabies surveillance system in the western re-

gion of Cameroon by implementing a system that allows animal bite incidents to be reported 

weekly by district health centers to regional health delegations that ultimately report to the Direc-

torate of disease control of the Ministry of Public Health. To date, the system has recorded an 

incidence rate of 38.2 animal exposures per 100’000 population and one confirmed human rabies 

case out of four clinically suspected cases between 2014 and 2016 [161].   

Diagnostic capacity: Two laboratories, the CPC in Yaoundé (human and animal rabies) and LA-

NAVET in Garoua (animal rabies), both have the capacity to undertake routine laboratory diag-

nosis. In 2012, FAO implemented a training course for rabies and a back to back seminar. Be-

tween 1990 and 1999, a total of 38’784 suspected rabid dogs were quarantined of which 1.9% 

died during observation and 0.9% were tested rabies-positive [162]. A total of 93 animal samples 

were tested at the CPC between 2010 and 2013, of which 71% were rabies-positive [163]. More 

contemporary diagnostic data is not readily available. 

PEP availability and coverage: Only one study focusing on PEP compliance had been undertaken 

to date [164]. In this study, the researchers observed that PEP completion among bite victims in 

an anti-rabies treatment center in Douala was approximately 30%.  

Dog population estimates: Previous studies showed that the dog to human ratios were 1:8 for 

northwest Cameroon [165] and 1:10 for rural areas in northern Cameroon [166]. These studies 

also found that dogs were allowed to roam freely and were predominantly kept for safeguard and 

hunting [165]. 

Dog vaccination campaigns: Since 2009, annual mass vaccination campaigns are organized on 

WRD and rabies vaccine is provided at a reduced price [163]. The impact of these vaccination 

campaigns is unknown, but most likely to be negligible in terms of scale and intensity.  

Molecular studies: One molecular epidemiological investigation undertaken to date indicated that 

RABVs circulating in Cameroon were part of both the Africa 1 and 2 lineages [167].  

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

Animal and human health communication (One Health): Cameroon's human and animal health 

systems adopted the global agenda for the elimination of dog-mediated human rabies by 2030 
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following the one health approach, coordinated by Prevention and Fight against Emerging and 

Re-emerging Zoonoses (PNPLZER). The following targets have been achieved to date: i) multi-

plication of anti-rabies centers now open in all 10 regions of the country, ii) integration of animal 

bites into the weekly notification of vaccine-preventable diseases (MAPE), iii) active participation 

of the ministries in charge of public health, animal health, wildlife and the environment in prioritiz-

ing rabies and developing a strategic rabies elimination plan, vi) strengthening the diagnostic ca-

pacity of the reference laboratory for intra-vitam diagnosis of human rabies using non-invasive 

sampling techniques in suspected cases and vii) conducting projects to initiate effective rabies 

surveillance and control in pilot areas [161].  

National control strategy: A strategic plan for the elimination of dog-mediated human rabies has 

been developed by national experts with the help of the Blueprint for Rabies Prevention and Con-

trol and the support of international consultants. The national rabies elimination strategy in Cam-

eroon combines i) dog population control, ii) multi-year mass vaccination campaigns, iii) manage-

ment of exposed persons and iv) awareness-raising campaigns among human and animal health 

professionals and the general public. 

SARE assessment undertaken: An in-country SARE assessment was done with all of the relevant 

governmental stakeholders in 2017. The SARE score was 1.5 out of 5 indicating that the founda-

tional requirements for the development of a national rabies control program is in place. 

 

Central African Republic 

Established surveillance: Rabies in the Central African Republic (CAR) has been a notifiable dis-

ease since 2009 after major rabies outbreaks occurred in Baboua and Bangui in 2006 and Kaga-

Bandoro in 2008. Surveillance consists of observation of rabies suspected animals at the veteri-

nary clinic of the Ministry of Agriculture. The country’s political instability, poor road conditions 

and absence of anti-rabies treatment centers outside of Bangui prevent effective rabies surveil-

lance in other parts of the country, and the rabies situation outside the capital thus remains largely 

unknown. 

Diagnostic capacity: Laboratory confirmation is performed at the National Reference Laboratory 

at Pasteur Institute of Bangui (IPB). The IPB is the only laboratory in the country with diagnostic 

capability for rabies, with DFA and RT-PCR performed for both human and animal rabies sam-

ples. A description of a rabies epidemic in Bangui from 2006 and 2008 suggests that two different 

strains of the RABV were introduced into the capital city at two different time points [168]. A total 

of 101 animal rabies samples were collected during the outbreak, of which 84% tested positive 
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for rabies [168]. The vast majority of bite victims (90%) were from Bangui and its suburbs [169]. 

During the same time period, 82 animal samples were submitted to the National Reference La-

boratory, of which 69 tested positive for rabies. 

PEP availability and coverage: Bite victims in the CAR often present at veterinary clinics. Follow-

ing an assessment of the circumstances around the exposure by an animal health technician or 

veterinarian, patients exposed to suspect rabid animals are referred to the IPB for treatment.  

Analysis of data from IPB showed that in 2012, 966 bite victims visited the Centre for Prevention 

and Treatment of Rabies (annual incidence of exposure of 109 per 100’000) and 632 received 

PEP [169]. To date, PEP is provided free-of-charge at the Centre for Prevention and Treatment 

of Rabies, created in 2007 at IPB.  

Dog population estimates: Dog population estimates have been conducted but are not publicly 

available.  

Dog vaccination campaigns: No official intervention strategy against rabies exists in CAR and 

culling campaigns are carried out in Bangui in response to increased numbers of dog bites. Dog 

rabies vaccine is available at the government-run veterinary clinic at a price of ~6 USD [169]. The 

impact of these vaccination campaigns is unknown, but most likely to be negligible in terms of 

scale and intensity.  

Animal and human health communication (One Health): No information on inter-sectoral collabo-

ration could be obtained. 

Molecular studies: Molecular studies have shown that strains from CAR belong to both the Africa 

1 and 2 clades [81; 169; 170]. A study describing the spatiotemporal dynamics of rabies in Bangui 

over 20 years suggests that rabies is not self-sustained but rather a result of successive incur-

sions by rabies-infected dogs from outside the city [81]. The fact that RABV strains, which were 

originally only found in northern CAR, are now also present in Bangui suggests that human-me-

diated transport of infected dogs drives long-distance spread of rabies [81].  

KAP: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: A national rabies control strategy has not been developed to date. 

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2016) was 0.5 

out of 5, indicating that the situational rabies data is being collected and analyzed for initiation of 

local-level intervention campaigns. 
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Chad 

Established surveillance: Chad participated in a GAVI funded study on the burden of rabies be-

tween 2016 and 2018. The results of these studies are published as parallel papers in this issue 

of Acta Tropica (see, in this issue, article by Assandi et al. – Surveillance and incidence of rabies 

in Chad).  

Diagnostic capacity: At the request of Chadian authorities, a partnership was established with the 

Swiss TPH to implement immunofluorescence diagnostic capacity (DFA) at the Livestock Re-

search Institute for Development (IRED) in 2000. In 2005, the DRIT was implemented at IRED 

and evaluated as a reliable alternative to the DFA in Chad [45]. The first study on dog rabies in 

the capital N’Djamena reported an incidence of 1.4 rabid dogs per 1000 unvaccinated dogs per 

year, with each dog exposing on average 2.3 humans [47]. In addition, the performance of a rapid 

immunodiagnostic test (RIDT) was validated, with the results indicating that the RIDT under in-

vestigation had a diagnostic specificity of 93.3% and sensitivity of 95.3% compared to the DFA 

[46]. Efforts are made to decentralize rabies diagnosis in Chad (see, in this issue, article by Ser-

vice et al. – Decentralization of rabies diagnostics in Chad: Duplication of the number of cases) 

PEP availability and coverage: A survey of animal bite victims between 2008 and 2009 found an 

annual bite incidence of 12 per 100’000 and an annual human rabies incidence of 0.7 per 100’000 

in N’Djamena [49]. Madjadinan et al. investigated risk factors for rabies exposure and PEP in 

Chad and Mbaipago et al. describe the use of a free phone hotline for treatment orientation after 

a dog bite in Chad (see articles in this issue).  

Dog population estimates: A demographic survey of the dog population found a dog to human 

ratio of about 1 per 33 persons for the city of N’Djamena [53] and dog to human ratios were found 

to be much higher in rural northern (1 dog per 16 persons) and southern Chad (1 dog per 5 

persons) [85]. Most dogs were kept as watch dogs and allowed to roam freely during the day [53].  

Dog vaccination campaigns: Small scale trials of free-of-charge dog mass vaccination run in 2001 

in N’Djamena reached vaccination coverage of 70% and showed that only about 10% of the dogs 

were ownerless and therefore not accessible for vaccination [34]. The societal cost of vaccination 

was calculated to be less than 3.25 USD per vaccinated dog [34]. When dog owners had to pay 

for the vaccination, coverage dropped to 20% [52]. A willingness to pay study further corroborated 

these findings, and the authors recommended that future campaigns should be free-of-charge or 

subsidized by the government [171]. In 2012 and 2013, two consecutive city-wide dog mass vac-

cination campaigns successfully interrupted rabies transmission among dogs [172; 173], but PEP 

demand was largely unaffected due to a lack of communication between the animal and human 

health sectors [37]. Rabies cases in N’Djamena resurged nine months after the last vaccination 
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campaign with reestablishment of endemic rabies transmission to pre-intervention levels [173]. 

Mathematical modeling and phylogenetic analysis suggest that rabies resurgence may be ex-

plained by importation of rabies-exposed dogs into N'Djamena from outside the city limits rather 

than sustained ongoing transmission [173; 174]. Data on dog vaccination campaigns submitted 

to the REB between 2015 and 2018 suggest that despite the resurgence of cases, dog vaccination 

in Chad decreased [146]. 

Animal and human health communication (One Health): Chad is at the heart of several studies 

validating the concept of One Health as added value of a closer cooperation between human and 

animal health, for example demonstrating that dog mass vaccination is less costly to prevent 

human rabies than PEP after ten years [130]. However, the Chadian authorities have so far not 

put in place a formal mechanism of One Health communication that would coordinate public and 

animal health action 

Molecular studies: A phylogenetic analysis of 83 rabies-positive animal samples revealed that 

RABVs circulating in N'Djamena belonged to the Africa lineage 2, but they did not infer any cross-

border transmission [45].  

KAP studies: KAP studies conducted in rural Chad revealed that about half of the respondents 

would apply traditional medicine as a first aid measure in the event of a bite [85; 175]. Mbaipago 

et al. assessed KAP among human and veterinary workers in Chad (see article in this issue). 

Cost estimates: Based on six years of animal and human rabies surveillance data, Zinsstag et al. 

[131] developed a dog-human rabies transmission model to simulate the effectiveness of different 

intervention strategies. Detailed cost analysis of the two campaigns run in 2012 and 2013 vali-

dated and updated the dog-human transmission model from Zinsstag et al. [131]. The break-even 

point in cost of dog mass vaccination and PEP with sole use of PEP would be reached within 10 

years with maximum One Health communication [130]. Rabies surveillance is progressively being 

expanded to rural areas and the rest of the country. Based on the experiences during the two 

vaccination campaigns in N’Djamena and an estimation of the total dog population of Chad [85], 

the costs of a nationwide parenteral vaccination campaign were estimated at 1.9 to 4.7 million 

Euros [106]. A proposal for a Development Impact Bond (DIB) as an alternative financing model 

was proposed to cover the large sum of upfront capital necessary to reach sufficient coverage to 

interrupt transmission [106; 176].  

National control strategy: A national rabies control strategy has not been developed to date. 

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2016) was 1.5 
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out of 5, indicating that the foundational requirements for the development of a national rabies 

control program is in place. 

 

Côte d’Ivoire 

Established surveillance: In Côte d’Ivoire, dog rabies is endemic and remains largely uncontrolled. 

Under the framework of the GHSA, rabies was ranked among the five zoonotic diseases of great-

est national concern during a One Health zoonotic disease prioritization workshop [177]. Rabies 

control is managed by the Ministry of Public Health and the Ministry of Animal resources. Each of 

the ministries has an affiliated center overseeing rabies control: the veterinary anti-rabies center 

which is a structure of the Directorate of Veterinary Services and the human Anti-Rabies Center 

in Abidjan which is part of the National Institute of Public Health (NIPH). The veterinary anti-rabies 

center has two main tasks: a) surveillance of biting animals by a legal provision and b) analysis 

of information related to human rabies cases. To achieve these tasks on a national level, it relies 

on 20 regional directorates. Epidemiological data on PEP and human rabies cases are collected 

by the NIPH and its network of 30 local units spread throughout the entire country. Data is com-

piled and analyzed at the Anti-Rabies Center in Abidjan. The reported annual incidence of human 

rabies was estimated at 0.028 cases per 100'000 inhabitants from 2001-2009, with most cases 

occurring in urban areas [178]. A retrospective study conducted at a referral hospital in Abidjan 

identified 7 human cases between 2005 and 2009 [179]. From 2006-2013, the veterinary anti-

rabies center recorded an annual average of 672 biting animals and 56 dogs tested positive for 

rabies between 2011-2013. Tiembre et al. [180] reported an animal bite incidence of 5 per 10’000 

population in Abidjan for the year 2008. Major challenges in the fight against rabies in the Côte 

d’Ivoire are: i) inadequate reporting of animal and human cases; ii) high number of cases lost to 

follow-up; iii) low level of public rabies awareness; iv) lack of research on the burden of rabies; v) 

lack of knowledge about the dog population; and vi) low level of communication between the 

different sectors concerned by rabies. 

In 2014, the National Institute of Public Health (NIPH) initiated a program to reinforce rabies sur-

veillance [181]. The reinforced national surveillance system captured 50 human rabies cases (an-

nual incidence= 0.06-0.08 per 100’000) and 30’000 animal bites (41.8-48 per 100’000) during 

2014 and 2016 [181]. From 2016 to 2018 Côte d’Ivoire participated in a GAVI funded study on 

the burden of rabies. The results of these studies are published as parallel papers in this issue of 

Acta Tropica (see Tetchi et al. Risk factors for rabies in Côte d'Ivoire). 
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Diagnostic capacity: Animal rabies cases are analyzed at the Pasteur Institute of Côte d'Ivoire 

(IPCI) and the Central Laboratory of Pathology in Bingerville (LANADA), while human rabies sam-

ples are analyzed by a nested RT-PCR at IPCI. 

PEP availability and coverage: Bite victims presenting at health centers are referred to the nearest 

NIPH unit which are in charge of PEP administration (IM Zagreb or Essen regimen). Two studies 

reported high PEP drop-out rates, with 53% in 2009 and 59% between 2014-2015, mainly due to 

lack of financial means to complete the whole PEP regimen [182; 183]. Subjects administered the 

5-dose regimen dropped out more frequently compared to subjects administered the 4-dose reg-

imen [183]. In the course of the reinforcement of the rabies surveillance network, bite victims were 

followed-up by phone which improved compliance with PEP and drop-out rate decreased from 

59% to 45% [184]. Studies on the impact of the Thai Red Cross protocol on compliance with PEP 

and the benefit of ID vaccine regimen in Côte d’Ivoire were carried out during a GAVI funded 

study on the burden of rabies (see, in this issue, article by Tetchi et al. Impact of the Thai Red 

Cross protocol on compliance with rabies post exposure prophylaxis (PEP) in Côte d'Ivoire) 

Dog population estimates: Dog population estimates were carried out during a GAVI funded study 

on the burden of rabies (see, in this issue, article by Kallo et al. Estimation of dog population and 

exposure to bites in Côte d’Ivoire) 

Dog vaccination campaigns: Vaccination campaigns are carried out on the occasion of WRD. 

Data on dog vaccination campaigns submitted to the REB between 2015 and 2018 suggest that 

on average 9’000 dogs were vaccinated every year. These vaccination campaigns resulted in an 

estimated vaccination coverage of 0.16% - 0.75% across the total dog population between the 

years 2015 and 2018 [146]. Pilot large-scale campaigns are planned for Bouaké and San Pédro 

in 2019. 

Animal and human health communication (One Health): CdI is in the process of launching a Na-

tional One Health Platform assembling all the ministries capable of contributing to the prevention 

and control of existing zoonotic diseases [177]. A joint assessment using the SARE tool was 

carried out in 2016 to develop a rabies control plan following OIE and WHO guidelines. The eval-

uation placed Côte d’Ivoire at SARE level 1.6. Following the evaluation, a study on the burden of 

rabies and need for PEP was conducted between 2016 and 2018 by a multidisciplinary and mul-

tisectoral team with the support of GAVI, the Vaccine Alliance, making it possible to fill some of 

gaps identified by the SARE assessment. At the end of this study, the following results were 

obtained: i) estimation of the dog population; ii) vaccination coverage of the dog population; iii) 

incidence of rabies; iv) estimation of the need for PEP, v) analysis of the problem of those lost to 

follow-up; vi) establishment of risk factors of animal bites; vii) implementation of a pilot phase for 
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the use of the intradermal vaccination regimen. This information has provided an updated scien-

tific basis and provided missing data for development of a national rabies elimination strategy.  

In May 2018, a workshop to evaluate and develop an integrated rabies control plan for the Côte 

d’Ivoire was organized with the support of technical and development partners (FAO, OIE, USAID, 

CDC, CSRS, Afrique One aspire and GARC). This meeting brought together all stakeholders in 

the fight against rabies (the Multisectoral Secretariat of the One Health platform, the public health 

sectors, animal health, national education, the environment, local authorities, local rabies control 

committees, higher education, the Ministry of the Interior, the Ministry of the Budget). A technical 

working group of multidisciplinary and multisectoral experts was set up to develop the National 

Integrated Rabies Control Program. The activity was carried out in accordance with the SARE 

and GDREP tool. The current program aims to eliminate dog-mediated rabies by 2030. The work 

of this expert group made it possible to finalize the national program which was validated by all 

stakeholders in September 2018. This participatory process involved several disciplines and sec-

tors over a two-year period. It used multidisciplinary studies and a transdisciplinary approach to 

take into account scientific and community knowledge. It is, therefore, a program based entirely 

on the One Health approach. 

Molecular studies: According to Talbi et al. [185], RABVs circulating in Côte d’Ivoire belong to the 

Africa 2 lineage. 

KAP studies: A KAP study conducted in 2008 found that the majority (82%) of household heads 

in Abidjan had heard of rabies but applied inadequate care after potential rabies exposure which 

could predispose human rabies [186]. 

National control strategy: In December 2018, the National Integrated Rabies Control Program 

was approved by the two ministries in charge of public and animal health.  

Cost estimates: As an output from the GDREP tool and its customization for use in Cote d’Ivoire 

in 2018, the total cost of the elimination program is estimated to be USD17 000 000 over the 

course of 13 years. During years 1-3, USD1 498 000 per year will be necessary to strengthen 

surveillance and vaccination capacity, including demonstration projects to generate data to sup-

port scale-up. In years 4-6, an estimated USD3 947 000 is required. This phase will focus in in-

creasing national dog vaccination coverage from <18% to 70%. In years 7-13, an estimated 

USD12 000 000 (USD 1 700 000 per year) will be needed to eliminate dog rabies through mass 

dog vaccination and document rabies free status for the country. 

SARE assessment undertaken: A first SARE assessment was undertaken in 2016 (see section 

Animal and human health communication (One Health): A second in-country SARE assessment 

was done with all of the relevant governmental stakeholders in 2017. The SARE score was 2 out 
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of 5 indicating that a national control strategy is being implemented. In addition, the Practical 

Workplan towards Achieving Rabies Elimination (PWARE) tool was used to develop a govern-

mentally endorsed workplan based on the SARE output – enabling activities to be actioned in a 

timely manner.  

 

Democratic Republic of the Congo (DRC) 

Established surveillance: Initial reports of rabies in the DRC date back to 1923 [187], and the 

country has experienced recurrent outbreaks of dog rabies ever since. A multisectoral commis-

sion ranked rabies among the top five priority zoonotic diseases in DRC [188]. In 2000, the Min-

istry of Public Health (MPH) implemented the IDSR strategy with rabies included as one of the 17 

diseases with mandatory weekly summary notification and immediate notification of suspected 

cases. Human rabies cases, identified by health workers at the health facility level (health centers, 

general reference hospitals) or in the community by community health workers, are reported to 

the provincial health division and compiled at the Directorate for Disease Control (DLM). A study 

revealed, however, that surveillance of zoonotic diseases is weak because health workers do not 

clearly understand IDSR standard case definitions and reporting tools are lacking [189]. The Min-

istry of Agriculture, Fisheries and Livestock (MINAGRI) has not yet established a mandatory and 

reliable surveillance system. The rabies situation outside the capital city remains largely unknown. 

It is unclear how much of a gap there is in terms of data accuracy and lack of reliable sources of 

information to assess the true epidemiologic situation of rabies in both animals and humans in 

the DRC. In this respect, the Swiss TPH, the National Institute of Biomedical Research (INRB) 

and the National Pedagogical University (UPN) currently implement a joint study to reinforce ra-

bies surveillance in a province of the DRC and provide reliable data on the rabies burden.  

Diagnostic capacity: Diagnostic capacity is limited to the capital city and performed by the Veter-

inary Laboratory of Kinshasa (LaboVet) and INRB. In 2009, after major rabies outbreaks occurred 

in the provinces of Kinshasa, Bandundu and Kongo Central, a partnership between the US CDC 

and INRB was established with introduction of the DRIT. During the same year, Muyila et al. [190] 

reported 21 clinically-confirmed rabies cases in children at the Pediatrics Department of the gen-

eral reference hospital of Kinshasa in only 7 months. In a retrospective study of 5053 animal 

attacks between 2009 and 2013 in Kinshasa, 2.5% of attacks were found to be due to rabid ani-

mals [191]. In May 2012, FAO organized a hands-on training on rabies diagnosis at the LaboVet 

and a back to back seminar under IDENTIFY project in order to draft a national rabies control 
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plan with short-, medium- and long-term actions. In 2016, Swiss TPH equipped the rabies labor-

atory at INRB with reagents and laboratory material to perform the DFA.  

PEP availability and coverage: The only official anti-rabies treatment center (Office for Rabies 

Vaccination and Control, OVCR) is located in the capital Kinshasa, under the supervision of the 

MINAGRI. It includes both veterinary and medical personnel responsible for the care of animal 

bite victims, observation of suspected rabid animals and compilation of rabies data. The current 

PEP regimen used in the DRC is the IM administration route whereby five doses of vaccine (ad-

ministered on day 0, 3, 7, 14 and 28) are given to the exposed individual with the cost paid by the 

owner of the biting animal.  

Dog population estimates: Previous investigations found that about two-thirds of dogs in Kinshasa 

were allowed to roam freely, and that the proportion of ownerless dogs was less than 2% [192]. 

Dog population data for the rest of the country is unknown 

Dog vaccination campaigns: Studies conducted between 2014 and 2015 investigating the dog 

vaccination coverage in Kinshasa found mean coverages of 47% and 53% [192; 193]. Vaccination 

data for the rest of the country is unknown, but unlikely to be impactful in terms of rabies control 

and elimination. In 2017, Swiss TPH together with INRB, UPN and the national Veterinary Service 

organized a vaccination campaign in six cities of the province of Kongo Central on the occasion 

of the WRD [194]. During the campaign, 1053 animals were vaccinated against rabies [194].  

Animal and human health communication (One Health): A study evaluating the One Health ap-

proach in rabies control in Kinshasa revealed significant discrepancies in rabies data reported by 

the MPH and MINAGRI due to lack of inter-sectoral collaboration and communication [195]. The 

DLM registered 114 human rabies deaths between 2013 and 2016, whereas the OVCR noted 

only 33 cases for the same time period [195].  

Molecular studies: According to Talbi et al. [185], RABVs circulating in the DRC belong to the 

Africa 1 lineage. 

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: No national strategy has been developed as qualified veterinary per-

sonnel and financial resources for adequate interventions are generally lacking.  

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2016) was 1.5 

out of 5, indicating that the foundational requirements for the development of a national rabies 

control program are in place. 
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Equatorial Guinea 

Established surveillance: The rabies focal points provided no information on the rabies situation 

in Equatorial Guinea. A case report from 2009 applying the Milwaukee protocol to treat dog rabies 

in a 5-year old child is the first report of rabies in the country [196].  

Diagnostic capacity: No information available to date. 

PEP availability and coverage: No information available to date. 

Dog population estimates: No information available to date. 

Dog vaccination campaigns: No information available to date. 

Animal and human health communication (One Health): No information on inter-sectoral collabo-

ration could be obtained. 

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: No information available to date. 

SARE assessment undertaken: No SARE assessment done to date. 

 

Ghana 

Established surveillance: Dog rabies has been endemic in Ghana for decades [197] and ranks 

second among the top six priority zoonotic diseases in the country. Animal and human rabies 

cases increased in all the regions after free-of-charge anti-rabies vaccination campaigns funded 

by the Ministry of Food and Agriculture were suspended in 1998. Dog bites and rabies cases in 

humans and animals are captured through a parallel surveillance system of the human and animal 

health sector. Between 2009 and 2012, 123 clinically-confirmed human rabies cases were re-

ported by public health officials [198]. In addition, 22 cases were registered at the Korle-Bu Teach-

ing Hospital in Accra between 2010 and 2014 [199], 13 cases in Techiman health facilities be-

tween 2011 and 2016 [200] and 15 cases in the Eastern Region of Ghana between 2013 and 

2015 [201].  

Diagnostic capacity: There are currently five laboratories across the country with capacity to per-

form rabies diagnosis in animals and one laboratory for rabies diagnosis in humans.  

PEP availability and coverage: The annual incidence of animal bites ranged between 54-100 per 

100’000 population in Techiman Municipality in 2011-2016 [200] and an annual bite incidence of 

172 per 100’000 population was reported for the Eastern Region of Ghana [201]. An alarmingly 
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high number (76%) of public health facilities in a cross-sectional study in the Greater Accra Region 

between 2014 and 2015 did not have rabies vaccine in stock to treat potential bite victims [202].  

Dog population estimates: Beginning in 2018, the VSD included dogs in the national livestock 

census.  

Dog vaccination campaigns: Although dog vaccination is carried out throughout the year, it is cash 

based, and therefore only available to pet owners with sufficient financial means. As a result, 

limited vaccinations are done by VSD staff, while most is done by private Animal Health Service 

Provider and animal welfare organizations. All these efforts are largely uncoordinated and dis-

jointed with minimal impact on rabies control. The climax of public awareness and free dog vac-

cination campaigns is during annual WRD celebrations. Data on dog vaccination campaigns sub-

mitted to the REB between 2015 and 2018 suggests that on average 45’000 dogs were vaccinated 

every year. These vaccination campaigns resulted in an estimated vaccination coverage of 1.5% 

- 2.8% across the total dog population between the years 2015 and 2018 [146]. 

Animal and human health communication (One Health): Joint rabies outbreak investigations are 

conducted and rabies data is shared officially between the major stakeholders, the Veterinary 

Services Directorate (VSD) and the Ghana Health Services (GHS). However, a human rabies 

case investigation conducted by Afakye et al. [203] concluded that rabies surveillance is chal-

lenged by incomplete and poor data and weak collaboration between human and animal profes-

sionals. 

Molecular studies: Phylogenetic analysis of RABV from 76 dog and brain samples revealed that 

both Africa 1 and 2 RABV lineages are present in Ghana with probable long-distance translocation 

of RABV from East Africa together with transboundary spread [198].  

KAP studies: A KAP survey conducted in primary healthcare facilities in Greater Accra revealed 

extensive gaps in rabies knowledge pertaining to and inadequate management of dog bites 

among frontline service providers [202]. 

National control strategy: Ghana accepted the global challenge to eliminate dog-mediate human 

rabies by 2030 and developed a national rabies elimination strategy based on the SARE tool. A 

joint FAO-GARC meeting was organized in May 2018. After working through the SARE assess-

ment and determining pending activities within the country’s rabies control efforts, a comprehen-

sive workplan was generated, enabling the national stakeholders to focus their efforts on imple-

mentation. The next steps consist of implementation of the national rabies elimination strategy in 

pilot areas to demonstrate success before scaling-up to the rest of the country. A first rabies 

control project on the initiative of RIWA supported by GHS and VSD was launched in the south in 
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Suhum. So far, more than 2000 dogs were vaccinated and a rabies education program was initi-

ated in 985 schools [204].  

Cost estimate: According to a GDREP assessment undertaken in 2018, it was estimated that 

nearly $200,000 USD is currently spent on rabies vaccination programs in Ghana annually. The 

total cost of the elimination program will scale up over the course of 13 years. During years 1-3, 

an additional $443,000 USD per year will be necessary to strengthen surveillance and vaccination 

capacity, including demonstration projects to generate data to support scale-up. In years 4-6, 

additional funds needed will increase from an estimated $1.8 Million USD to $3.9 Million USD per 

year. This phase will focus in increasing national dog vaccination coverage from <18% to 70%. 

In years 7-13, and estimated $4.4 Million USD per year will be needed for to eliminate dog rabies 

and document rabies free status for the country.  

SARE assessment undertaken: An in-country SARE assessment was done in with all of the rele-

vant governmental stakeholders in 2018. The SARE score was 1.5 out of 5 indicating that the 

foundational requirements for the development of a national rabies control program is in place. In 

addition, the PWARE tool was used to develop a governmentally endorsed workplan based on 

the SARE output – enabling activities to be actioned in a timely manner.  

 

Guinea  

Established surveillance: No information was provided by the rabies focal points and very few 

studies address the rabies situation in Guinea. Youla et al. [205] carried out a retrospective study 

in all health and veterinary structures in Conakry. Over 11 years (2002-2012), 2916 dogs were 

put under observation and 0.5% were diagnosed with rabies based on clinical signs [205]. 

A total of 11 clinically-confirmed human rabies cases were recorded over the 11 years. In the 

wake of the catastrophic 2014-2016 Ebola virus outbreak in West Africa, Guinea’s existing sys-

tems and structures for zoonotic disease detection and control were assessed under the GHSA 

and rabies was ranked among the top six priority zoonotic diseases [206]. 

Diagnostic capacity: In 2018, a rabies diagnostic training was hosted at the CVL through a col-

laboration between FAO, USAID and GARC to train 6 laboratory personnel in the use of the DRIT 

[207]. Moreover, in 2018, under the umbrella of FAO related activities, IZSVe trained people at 

the CVL for DFA. Following this training, the laboratory was able to diagnose at least three dog 

rabies cases that were further confirmed and typed at IZSVe as Africa 2 RABV strains and sub-

mitted to GenBank through immediate release. 
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PEP availability and coverage: [205]. Bite victims are managed at the National Institute of Public 

Health in Conakry where owner-charged rabies vaccine is provided (~20 USD) [205]. Between 

2000 and 2007, 1294 bite victims were registered in Conakry, the capital of Guinea, of which 36 

developed rabies. Between 2002 and 2012, 7994 human rabies exposures were noted, of which 

2634 received PEP, with only half of these completing a full course of PEP [205].  

Cost estimates: As an output from the GDREP and its customization for use in Guinea in 2018, 

the total cost of the elimination program is estimated to be USD17 500 000 over the course of 13 

years. During years 1-3, USD1 498 000 per year will be necessary to strengthen surveillance and 

vaccination capacity, including demonstration projects to generate data to support scale-up. In 

years 4-6, an estimated USD3 947 000 is required. This phase will focus in increasing national 

dog vaccination coverage from <18% to 70%. In years 7-13, an estimated USD12 000 000 (USD 

1 700 000 per year) will be needed to eliminate dog rabies through mass dog vaccination and 

document rabies free status for the country.  

SARE assessment undertaken: An in-country SARE assessment was done with all of the relevant 

governmental stakeholders in 2018. The SARE score was 1.5 out of 5 indicating that the founda-

tional requirements for the development of a national rabies control program is in place. In addi-

tion, the PWARE tool was used to develop a governmentally endorsed workplan based on the 

SARE output – enabling activities to be actioned in a timely manner.  

 

The Gambia 

Established surveillance: There is little information available about the rabies situation in the Gam-

bia. A study conducted at a clinic in the Greater Banjul Area found that almost one fifth (8/49) of 

bites were likely to be from rabid animals [208].  

Diagnostic capacity: The African Union Interafrican Bureau for Animal Resources (AU-IBAR) re-

cently set up a rabies diagnosis unit in the Central Veterinary Laboratory in the capital of Banjul 

which is not yet fully operational. 

PEP availability and coverage: FP report availability problems across the country. 

Dog population estimates: No information available to date. 

Dog vaccination campaigns: A year-round free-of-charge rabies vaccination campaign was 

launched on WRD 2018 with vaccine from the OIE regional vaccine bank [152]. 

Animal and human health communication (One Health): No information on inter-sectoral collabo-

ration could be obtained. 

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP studies had been published to date. 
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Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: The Department of Livestock Services annual work plan includes an 

integrated approach for the control and elimination of rabies. 

SARE assessment undertaken: No SARE assessment done to date. 

 

Liberia  

Established surveillance: Rabies cases in Liberia were first reported in the 1950s [209]. Prolonged 

civil war (1989-2003) led to near-total destruction of Liberia’s health system, and little information 

on many public health diseases, including rabies, is available [210]. The 2014 Ebola virus out-

break is evidence of the fragility and shortfalls in Liberia’s health system [143]. A rabies outbreak 

in 2007 that claimed ten human lives triggered humanitarian assistance from FAO to mitigate 

rabies epidemics in Liberia [211]. A retrospective study conducted in three counties reported 488 

bite cases over five years (2008-2012) and an annual average of 81 human rabies deaths [212]. 

The number of annual human rabies cases for the capital Monrovia was found to be almost twice 

as high, at 155 cases [213] and slum settlements were identified as rabies hotspots [214]. Through 

improved surveillance, 1’346 animal bite cases with three related deaths and 1’645 bite cases 

with ten related deaths were reported, respectively, for 2017 and 2018 (Unpublished report, Na-

tional Public Health Institute of Liberia, 2018).  

Diagnostic capacity: Currently, rabies diagnosis is limited to the capital Monrovia and is only avail-

able for the veterinary sector carried out at the CVL. Following an FAO-led project, the CVL was 

recently renovated and supplied with crucial equipment and reagents necessary for rabies diag-

nosis. Through efforts of FAO, IZSVe, GARC, and the Swiss Tropical and Public Health Institute 

(Swiss TPH), the CVL is now able to perform the DFA, DRIT, rapid immunodiagnostic test (RIDT) 

and PCR. Technical staff is being trained with support from GAVI and the Swiss Government2. In 

2017, the first animal rabies sample was diagnosed by DFA and subsequently confirmed and 

typed by means of PCR. 

PEP availability and coverage: Arrangements are underway for the National Public Health Insti-

tute of Liberia to assume responsibility of procuring human rabies vaccine and providing free-of-

charge PEP to bite victims. 

Dog population estimates: No dog population estimate had been carried out to date. 

Dog vaccination campaigns: Small scale dog vaccination campaigns are carried out on WRD 

celebrations mostly in the capital city of Freetown. Data on dog vaccination campaigns submitted 

                                                
2 Swiss Government Excellence Scholarships 
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to the REB between 2017 and 2018 suggest that 500 and 800 dogs, respectively, were vaccinated 

against rabies which resulted in an estimated vaccination coverage of 0.15 – 0.25% [146]. 

Animal and human health communication (One Health): In the aftermath of the Ebola virus out-

break in West Africa, the United States Agency for International Development (USAID) granted 

funding to FAO under the Global Health Security Agenda (GHSA) to enhance capacity for sur-

veillance of zoonotic diseases including rabies [215]. Liberia established a national One Health 

platform bringing together many local government entities with the goal to coordinate zoonotic 

disease activities between sectors. As a notifiable disease in the top five priority zoonotic dis-

eases, rabies forms one of the subgroups under the One Health Coordination platform.  

Molecular studies: In 2012, CCPZ of the University of Ibadan sponsored a 3-year project to gather 

molecular and spatiotemporal data on animal and human rabies cases. Phylogenetic analysis of 

three RABV positive samples revealed co-circulation of Africa lineages 2 and 3 and China lineage 

2 RABVs [141].  

KAP studies: No formal KAP studies had been published to date. 

Cost estimates: Following a GDREP assessment in 2018, it was estimated that approximately 

$1,000 USD is currently spent on rabies vaccination programs in Liberia annually. The total cost 

of the elimination program will scale up over the course of 13 years. During years 1-3, an addi-

tional $75,000 USD per year will be necessary to strengthen surveillance and vaccination capac-

ity, including demonstration projects to generate data to support scale-up. In years 4-6, additional 

funds needed will increase from an estimated $326,000 USD to $662,000 USD per year. This 

phase will focus in increasing national dog vaccination coverage from <18% to 70%. In years 7-

13, and estimated $746,000 USD per year will be needed to eliminate dog rabies and document 

rabies free status for the country. These estimates are based on an estimated cost of $2.60 per 

dog vaccinated, which is a value representative of published values in the region. However, due 

to the lack of reasonably sized dog vaccination programs in Liberia additional efforts should be 

made to confirm the validity of this value. Based on a sensitivity analysis varying the cost per dog 

vaccinated from $2 to $3 / dog vaccinated the overall additional cost for dog rabies elimination in 

Liberia ranged from $5.3 to $8.0 Million USD.  

National control strategy: A national rabies control strategy has not been developed to date. 

SARE assessment undertaken: An in-country SARE assessment was done with all of the relevant 

governmental stakeholders in 2018. The SARE score was 1.5 out of 5 indicating that the founda-

tional requirements for the development of a national rabies control program is in place. In addi-

tion, the PWARE tool was used to develop a governmentally endorsed workplan based on the 

SARE output – enabling activities to be actioned in a timely manner.  
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Mali 

Established surveillance: Rabies was identified in Mali as a priority disease within WHO/AFRO’s 

framework of the Integrated Disease Surveillance and Response (SIMR) strategy in 2008, and 

dog vaccination is mandatory throughout the country. Under the framework of the GHSA, rabies 

was ranked among the five zoonotic diseases of greatest national concern during a One Health 

zoonotic disease prioritization workshop [216]. A retrospective study on rabies in Bamako identi-

fied 5870 animal bites and 10 clinically-confirmed human rabies cases between 2000 and 2003 

[217]. During the same period, 121 animal brain samples were submitted to the CVL for diagnosis, 

of which 119 were found to be positive for rabies [217]. Studies in Bamako reported an annual 

human rabies incidence of 0.4 per 100’000 persons [218] and an annual rabies incidence in dogs 

of 2.3 per 1000 unvaccinated dogs [219]. A retrospective study conducted in six Malian cities 

(Bamako, Kayes, Koulikoro, Sikasso, Segou and Mopti) between 2007 and 2009, found 43 bites 

per 100’000 population per year and an annual human rabies incidence of 0.4 per 100’000 pop-

ulation [220]. From 2016 to 2018 Mali participated in a GAVI funded study on the burden of rabies. 

The results are published as parallel papers in this issue of Acta Tropica (see article by Keita et 

al. - Burden of rabies in Mali). 

Diagnostic capacity: There is no human rabies diagnosis available but animal rabies diagnosis by 

immunofluorescence is carried out at the CVL in the capital Bamako.  

PEP availability and coverage: The country’s only anti-rabies treatment center is based in Bam-

ako, although rural health centers provide consultations for rabies exposure. The current PEP 

protocol is IM administration of anti-rabies vaccine on Day 0, 3, 7, 14 and 28. The vaccine cost 

must be paid by the patient.  

Dog population estimate: A study on dog ownership in Bamako estimated the dog to human ratio 

at 1 to 121 and the total domestic dog population of Bamako at about 14’900 [86]. A significant 

proportion of dogs (45%) were vaccinated by dog owners on their own initiative [86]. Traoré et al. 

estimated dog populations in urban and rural areas of Mali (see article in this issue, Dog demo-

graphic dynamics in urban and rural areas and biting risk) 

Dog vaccination campaigns: In September 2013, a first pilot small-scale dog vaccination cam-

paign took place in Bamako, with vaccination coverage of only 18% [87]. Subsequent analysis of 

effectiveness parameters revealed that the low coverage was mainly attributed to low participation 

by dog owners due to lack of information about the campaign [87; 88]. Data on dog vaccination 

campaigns submitted to the REB between 2015 and 2018 suggests that on average 1’400 dogs 

were vaccinated every year. These vaccination campaigns resulted in an estimated vaccination 
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coverage of 0.0% - 0.13% (no dogs were vaccinated in 2017) across the total dog population 

between the years 2015 and 2018 [146] 

Molecular studies: Genetic characterization of 32 RABV isolates showed that all RABV isolates 

belonged to the Africa 2 lineage [219].  

Animal and human health communication (One Health): The Malian government has created a 

formal One Health governance structure, bringing together representatives of the relevant minis-

tries. 

KAP studies: No formal KAP studies had been published to date. 

National control strategy: In 2019, Mali adopted a national rabies elimination strategy to eliminate 

dog rabies by 2030.  

Cost estimates: No formal cost estimates had been undertaken to date. 

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2016) was 2 

out of 5, indicating that a national rabies control strategy has been drafted and is being imple-

mented. 

 

Nigeria 

Established surveillance: An immense body of scientific literature on rabies in Nigeria exists. The 

first cases of human rabies date back to 1912, and in 1925 the disease was reported in animals 

[221]. Rabies is a notifiable disease, requiring immediate notification for suspected animal and 

human cases and bite victims. Rabies cases are captured through the National Animal Disease 

Information and Surveillance (NADIS) and the IDSR strategy which is a major component of the 

Health Management Information System. Decision making for integrating rabies surveillance, 

control and stepwise elimination as a public health challenge in Nigeria is confronted by geo-

graphic imprecision in rabies exposure data at human and animal hospitals, as well as fragmen-

tation with records kept in individual institutions, agencies and private entities of the country. It is 

notable that the country does not have a harmonized record of rabies outbreaks in chronological 

order for animal and human victims. Likewise, there is no comprehensive summary of empirically 

verifiable annual cases across the entire 36 states and Federal Capital Territory. 

Several studies assessed the incidence of dog bite victims (DBVs) and human and animal rabies 

cases in northern (Bauchi [222], Kaduna [223; 224], Kano [225] and Plateau state [226-230]) and 

southern (Cross River [231], Edo [232; 233], Ekiti [234], Enugu [235; 236]. and Lagos state [237]) 
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Nigeria. In northern Nigeria, a retrospective study in Bauchi state identified 44 animal and 5 hu-

man rabies cases over 15 years (1987-2001) [222]. Of 189 dog brain samples submitted to the 

National Veterinary Research Institute (NVRI) in Plateau state in 2006, 61% tested positive [226]. 

A study conducted at Vom Christian Hospital in Plateau state found that of 713 DBVs reported 

over a five year period (2006-2010), 42% were bitten by laboratory-confirmed rabid dogs and 95% 

of DBVs first sought help at a veterinary facility [227]. In the same state, 247 DBVs were registered 

at the ECWA Veterinary Clinic between 2009 to 2010 [228], and 554 dog brain samples were 

submitted to the NVRI between 2006 to 2008, of which 69% were positive [229]. Seven rabies 

cases in children were reported at the Pediatrics Unit of the Jos University Teaching Hospital over 

a 10 year period [230]. A similar number of rabies cases in children (5) and 44 cases of dog bites 

were recorded over 10 years (1996-2005) in the Pediatric Unit of Aminu Kano Teaching Hospital 

in Kano state [225]. In neighboring Kaduna state, two clinically confirmed human rabies cases 

and 81 DBVSs were registered over ten years (2000-2010) in a hospital [223]. A 4-year study 

(2008-2011) at the same hospital noted 132 DBVs [224]. In southern Nigeria, in a 15-year review 

of DBVs in a rural health center in Cross River state, only 11 DBVs were identified between 1990-

2004, and none of the DBVs completed PEP [231]. In Lagos state, 196 DBVs were recorded 

between 2006 and 2011 [237]. In Benin city in Edo state, 62 DBVs (62) were registered between 

1994 and 2005 [232], and 143 DBVs were recorded at the Accident and Emergency Centre of the 

University of Benin Teaching Hospital over 12 years (1997-2008) [233]. A study found a strong 

correlation between access to street food sources for dogs and the distribution of 127 DBVs and 

four human rabies cases identified between 2005 and 2011 in Enugu state [235]. Over a 10 year 

period (2004-2013), 149 DBVs and six human rabies cases were reported in the same state [236]. 

Six out of 84 DBVs identified at Ekiti State University Teaching Hospital between 2010-2014 de-

veloped rabies, and only 64% of DVBs completed PEP [234]. Between 2011 and 2016, 1226 dog 

brain samples were submitted to the NVRI from across the country, of which 686 were rabies 

positive. Of these positive cases, over 92% were associated with human exposure [238]. 

Diagnostic capacity: Each of the six geopolitical zones of Nigeria maintains a laboratory capable 

of routine rabies diagnosis. Activities to enhance rabies awareness in Nigeria on WRD have been 

carried out since the start in 2007 [239].  

Dog population estimates: Dog population studies were conducted in several states of Nigeria. 

Relatively high dog vaccination coverage was reported from Oyo (33-57%) [240; 241], Lagos 

(64%), urban Kaduna (41%) [242] and urban Abuja (53%) [243], whereas low rates were found 

in urban Bauchi (26%) [244], rural Kaduna (9%) [242] and semi-urban Abuja (23%) [243]. Similar 

dog to human ratios were found in Benue, Bauchi, and Abuja state (~1 dog to 4 humans) [243-
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245]. In Lagos, the dog to human ratio was 1 to 6, with most dogs confined [246], compared to 

other states where the majority of dogs were free roaming [241-244; 247; 248]. Dog to human 

ratios in Oyo and Kaduna were 1 to 11 [241] and 1 to 8 [242], respectively. The dog population of 

Ilorin was estimated at 1258 (dog to human ratio of 1 to 139) using a technique which combined 

street counts and remotely sensed imagery [249].  

Dog vaccination campaigns: The NVRI produces flurry Low Egg passage dog rabies vaccine 

which is sold at a subsidized price [250-252]. Studies showed that maintenance of the transport 

cold chain from anti-rabies vaccine dispensaries to veterinary clinics is not yet fully ensured in 

Nigeria [253; 254]. Data on dog vaccination campaigns submitted to the REB for the years 2015, 

2017 and 2018 suggests that on average 71’000 dogs were vaccinated every year. These vac-

cination campaigns resulted in an estimated vaccination coverage of 0.04% - 0.46% across the 

total dog population [146] 

Animal and human health communication (One Health): Following an H5N1 outbreak in 2006 in 

Nigeria, an interministerial One Health platform was established, but the OH approach currently 

appears far from institutionalized [255; 256]. Bomoi et al. [257] carried out integrated human and 

animal vaccination delivery to reach nomadic communities. 

Molecular studies: Phylogenetic analysis of RABV isolates found that RABVs circulating in Nigeria 

belong to Africa 2 lineage [185; 258-260], except for a strain which belonging to the Cosmopolitan 

clade [185]. Dog trade and slaughter for human consumption is common practice in Nigeria, and 

dog markets and slaughterhouses exist throughout the country [261]. Several studies identified 

slaughtered dogs as a source for human rabies exposure [237; 248; 262-272], and dog trade may 

influence human-mediated long-distance spread of rabies [261; 273]. 

KAP studies: In a knowledge, attitude and practice study conducted in Osun state in 2006, 62% 

of bite victims identified during the study never sought PEP [274]. In a similar study conducted 

among school children in Kaduna state, 63.7-87.5% of bite victims received PEP [275]. Overall 

knowledge of rabies was assessed to be satisfactory in Abuja, but gaps in knowledge regarding 

the appropriate treatment after a bite were identified [276].  

National control strategy: In 2016, Nigeria developed the national rabies elimination guidelines 

which provide stakeholders with the essential guides, tools, and methods for rabies elimination in 

Nigeria. The guidelines suggest MDV as a rabies control measure in Nigeria.  

Cost estimates: No formal cost estimates had been undertaken to date. 

SARE assessment undertaken: SARE assessments have only been undertaken by nominated 

rabies focal persons at PARACON meetings. The latest SARE score (obtained in 2018) was 1.5 
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out of 5, indicating that small-scale rabies control programs are in place and the country is working 

towards developing a national rabies control program. 

 

Senegal 

Established surveillance: Following the first AfroREB meeting in 2008, collection of epidemiolog-

ical rabies data began [11; 112]. One year later, the second AfroREB meeting was held in Dakar 

where 40 rabies specialists met to analyze the rabies situation in West and Central Africa. It was 

concluded that lack of information on the true rabies burden was the main barrier to control the 

disease [11]. Rabies surveillance is integrated into the surveillance of priority diseases through 

the IDSR strategy. Under the GHSA, Senegal ranked rabies among the top six priority zoonotic 

diseases [277]. A study conducted at the Infectious Disease Clinic of the National and University 

Hospital Centre of Fann between 1986 and 2005 identified 54 human rabies cases [278]. The 

reported cases were referred from across the country, with children under 15 the most affected 

group [278]. A retrospective study on rabies in the region of Fatick during 1998-2007 found an 

annual average of 15 bite victims and 0.6 human rabies deaths for an estimated population of 

about 675’500 [279].  

PEP availability and coverage: FP report availability problems across the country. 

Diagnostic capacity: Rabies diagnosis is carried out at the national rabies reference center based 

in the capital city at Pasteur Institute of Dakar and the National Livestock and Veterinary Research 

Laboratory. According to official data, 90 animal and 80 human rabies cases were registered 

between 1995-2017. 

Dog population estimates: No dog population estimate had been carried out to date. 

Dog vaccination campaigns: Dog rabies vaccine is subsidized by the government (cost ~0.85 

USD) and 10’000 doses of vaccine were procured through the OIE vaccine bank in 2017. More 

than 10’000 dogs were vaccinated against rabies on the WRD in 2018 [280]. 

Animal and human health communication (One Health): Although communication between the 

human and animal health sectors was established under the GHSA, at the operational level ac-

tions are still carried out in an isolated manner. Rabies data from the public and veterinary health 

systems are rarely cross-checked which hampers a clear picture of the epidemiological situation. 

The main challenges are institutional leadership and resource allocation for effective communi-

cation during operationalization. Without a specific annual budget for the two concerned sectors, 

integrated management will only be carried out with external resources.  
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Molecular studies: According to Talbi et al. [185], RABVs circulating in Senegal belong to the 

Africa 2 lineage. 

National control strategy: In 2018, the Senegalese government announced a national rabies con-

trol program costing 1.3 million USD [277]. In the same year, FAO in collaboration with GARC 

organized a rabies stakeholder meeting during which a national control plan and a rabies working 

group was established. 

Cost estimates: As an output from the GDREP tool and its customization for use in Senegal in 

2018, the total cost of the elimination program was estimated to be USD17 500 000 over the 

course of 13 years. During years 1-3, USD1 498 000 per year will be necessary to strengthen 

surveillance and vaccination capacity, including demonstration projects to generate data to sup-

port scale-up. In years 4-6, an estimated USD3 947 000 is required. This phase will focus in in-

creasing national dog vaccination coverage from <18% to 70%. In years 7-13, an estimated 

USD12 000 000 (USD 1 700 000 per year) will be needed to eliminate dog rabies through mass 

dog vaccination and document rabies free status for the country.  

SARE assessment undertaken: An in-country SARE assessment was done with all of the relevant 

governmental stakeholders in 2018. The SARE score was 1.5 out of 5 indicating that the founda-

tional requirements for the development of a national rabies control program is in place. In addi-

tion, the PWARE tool was used to develop a governmentally endorsed workplan based on the 

SARE output – enabling activities to be actioned in a timely manner.  

 

Sierra Leone 

Established surveillance: The first case of rabies in a dog in Sierra Leone was reported from the 

Teko Central Veterinary Laboratory in Makeni in 1949. Several dog vaccination campaigns in 

response to rabies outbreaks were carried out over the following decades. Ten years of civil war 

and the Ebola epidemic took its toll on the country’s infrastructure, and rabies diagnosis was 

discontinued at Teko CVL. There was a drastic increase in human rabies cases throughout the 

course of the civil war [281]. In 2014, rabies was included in the list of priority diseases by both 

the Ministry of Agriculture Forestry and Food Security (MAFFS) and the Ministry of Health and 

Sanitation (MOHS) following a consultative workshop to assess the country situation on rabies. 

In 2017, under the framework of the GHSA, rabies was ranked among the six zoonotic diseases 

of greatest national concern during a One Health zoonotic disease prioritization workshop [282]. 

Diagnostic capacity: In 2017, the CVL was rehabilitated by FAO in partnership with the MAFFS 

and funding from USAID as part of the Global Health Security Agenda and is expected to resume 
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animal rabies diagnosis in the near future. Meanwhile, Njala University One Health Serology and 

Molecular Diagnostic Laboratory established capacity to perform real-time PCR and ELISA for 

rabies diagnosis. As a means to decentralize rabies diagnosis in Sierra Leone, GARC – in collab-

oration with the National Livestock, Animal Welfare and Rabies Control Task Force – facilitated 

the implementation of the DRIT assay at the Sierra Leone Animal Welfare Society (SLAW) offices 

in Freetown [283]. 

PEP availability and coverage: FP report availability problems across the country.  

Dog population estimates: According to Suluku et al. [284], the civil war also led to an increase in 

urban dog populations due to migration of internally displaced people. The dog to human ratio in 

Freetown was estimated at 1 to 14 [284]. Dogs were kept for security reasons and were largely 

unrestrained and unvaccinated [281; 284]. 

Dog vaccination campaigns: In 2010, the AHC conducted a nationwide dog vaccination campaign. 

The data generated during this event is now being used to fight rabies in the country. Data on dog 

vaccination campaigns submitted to the REB between 2016 and 2017 suggests that on average 

1’200 dogs were vaccinated every year. These vaccination campaigns resulted in an estimated 

vaccination coverage of 0.07% - 1.7% across the total dog population between the years 2016 

and 2017 [146]. 

Animal and human health communication (One Health): Collaborative efforts of the National Live-

stock, Animal Welfare and Rabies Control Task Force, MAFFS, the MOHS, the Freetown City 

Council, the Sierra Leone Animal Welfare Society, Njala University, with support from international 

partners including World Animal Protection, FAO, WHO, OIE, GARC, and USAID, led to the de-

velopment of a national rabies elimination strategy for Sierra Leone.  

Molecular studies: According to Talbi et al. [185], RABVs circulating in Sierra Leone belong to the 

Africa 2 lineage. 

KAP studies: In 2008, Animal Health Clubs of the Njala University were established in response 

to the absence of qualified veterinary personnel (only five qualified veterinarians in the entire 

country). Trained AHC members visit communities to raise awareness about rabies and general 

animal health, husbandry and welfare [285; 286]. Transmission rabies from dogs to cattle has 

also been observed in parts of the country and triggered interventions [287].  

Cost estimates: No formal cost estimates had been undertaken to date. 

National control strategy: Sierra Leone’s national rabies control strategy aims to eliminate human 

rabies by 2030 through humane dog population management, MDV and appropriate PEP admin-

istration.  
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SARE assessment undertaken: An in-country SARE assessment was done with all of the relevant 

governmental stakeholders in 2017. The SARE score was 0 out of 5 indicating that the basic 

information on the epidemiology of the disease is being compiled and rabies recognized as an 

endemic disease. 

 

Togo 

Established surveillance: In Togo, surveillance of human rabies is an integral part of the IDSR 

strategy with monthly summary notification and immediate notification of suspected cases and 

bites requiring PEP. Surveillance of animal rabies is carried out through the Epidemiosurveillance 

Network of Animal Diseases. In 2010, the FAO supported the Togo Ministries of Health and Ag-

riculture to improve rabies surveillance and prevention in the country [288]. A 10-year (2001-2010) 

retrospective study of rabies in the capital city of Lomé and the Kara region found an annual 

human rabies incidence of 0.4 per 100’000 population [288; 289]. The authors reported an inci-

dence of 4 rabid dogs per 1000 in the Kara region and 2 rabid dogs per 1000 in Lomé. 

Diagnostic capacity: There is currently no laboratory capable of rabies diagnosis, but the plan is 

to establish rabies diagnostic capacities in the framework of the REDISSE project. Of 75 biting 

dogs put under observation in Lomé between 2011-2012, 32 developed rabies symptoms or died 

during the observation period [290]. Diagnostic confirmation at a partner laboratory in Ouagadou-

gou, Burkina Faso found 11 of 32 samples positive for rabies.   

PEP availability and coverage: FP report availability problems across the country. One dose of 

human rabies vaccine costs about 85 USD, while dog rabies vaccine is available at one-tenth of 

that price.  

Dog population estimates: The dog to human ratio was estimated at 1 to 4 for rural areas and 1 

to 7 for urban areas, although the sampled number of households was low [289]. 

Dog vaccination campaigns: According to the FP, dog vaccination campaigns are conducted on 

the occasion of WRD, and are unlikely to be impactful in terms of rabies control and elimination 

Animal and human health communication (One Health): Rabies cases are followed-up and inves-

tigated in close cooperation between the animal and human health sector [291].  

Molecular studies: No molecular studies had been undertaken to date. 

KAP studies: No formal KAP had been published to date. 

Cost estimates: No formal cost estimates had been undertaken to date. 

SARE assessment undertaken: No SARE assessment done to date. 
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5.5 Discussion 

In this review, we summarized existing scientific literature on dog rabies in West and Central 

Africa in conjunction with grey literature provided by rabies focal points to shed light on the current 

status of dog rabies control in 22 western and central African countries.  

Although rabies is a notifiable disease in humans and animals in the majority of the countries, 

national surveillance systems do not adequately capture the disease, as also noted by Taylor et 

al. [123]. Many countries integrate rabies surveillance into the IDRS strategy, but inadequate 

awareness, and unstandardized case definitions and health indicators hamper case recognition 

and data collection at the health facility level. Remedial actions should ensure that all of the coun-

tries adopt standard case definitions for human and animal rabies, as suggested by WHO [292], 

and also standardized epidemiological indicators to assess the disease burden, as indicated by 

PARACON [134]. Furthermore, data compiled at the central level should be submitted to the REB 

regularly and made publicly available to allow disease burden assessment across countries to be 

undertaken [134]. Paper-based surveillance systems are associated with slow data flow from pe-

ripheral to central level and render data analysis cumbersome. A mobile-phone-based surveil-

lance system was introduced in Tanzania with frontline health and veterinary workers equipped 

with mobile phones to report suspected cases of human and animal rabies, dog bite victims and 

PEP use [293]. The system facilitated data collection and improved timeliness and completeness 

of reported data [293]. Cameroon and Côte d’Ivoire successfully reinforced their rabies surveil-

lance systems recently, and the data obtained suggests that the pre-existing national systems 

underreported the disease [12]. Such demonstration projects are vital to showcase success, gen-

erate political support and attract necessary funding.  

A lack of rabies diagnostic capacity has an additional negative impact on rabies surveillance. In 

the Gambia, Niger, Togo and Gabon where rabies diagnostics are not yet established, while rou-

tine diagnostic confirmation is often limited to the capital city or major urban centers in the coun-

tries where diagnosis has been established. Human rabies diagnosis is available where there are 

international networks present, such as the International Network of Pasteur Institutes in Côte 

d’Ivoire, Senegal, CAR, and Cameroon. In the absence of transportation networks to send sam-

ples to central laboratories, surveillance data likely reflects only the urban rather than national 

rabies situation. Identifying the rabies status of biting animals through laboratory diagnosis is cru-

cial to guide human treatment and reduce unnecessary use of limited human rabies vaccine for 

PEP.  
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The updated WHO recommended one week intradermal vaccination scheme [8] has been tested 

in the GAVI supported burden of rabies project in Mali and Côte d’Ivoire (see, in this issue, articles 

by Tetchi et al. and Keita et al.), but none of the countries has yet adopted the new vaccination 

scheme. All the countries report recurrent shortages of human rabies vaccine, with vaccine avail-

ability usually limited to urban centers or capital cities, and inflated vaccine prices when the gov-

ernment does not subsidize vaccine. GAVI recently decided to invest in human rabies vaccine in 

eligible countries beginning in 2021 [294]. Modeling shows that the investment by GAVI and a 

shift from IM to the abridged WHO recommended ID vaccination scheme would avert approxi-

mately 1.4 million dog-mediated human rabies deaths between 2020 and 2035 [127]. Improved 

access to PEP is an essential pillar of the global strategic plan to eliminate dog-mediated human 

rabies deaths by 2030 [44]. This investment allows countries to redistribute resources directed at 

rabies control and catalyze MDV, which is the only mechanism that will eventually lead to dog 

rabies elimination. 

Unfortunately, a majority of the countries still apply mass culling as an emergency response to 

rabies outbreaks or increased numbers of bite incidents. The culling of dogs is strongly discour-

aged as it is proven ineffective to reduce rabies transmission among dogs [80; 295]. In these 

instances, the use of humane dog population management in collaboration with rabies elimination 

activities should be considered and adopted.  

Our study showed that subsidized dog vaccination campaigns are usually carried out on WRD. 

While such activities are indispensable to keep rabies in the public consciousness, and raise 

awareness within communities and among veterinary and health workers, they are most often not 

of the scale and intensity that is required to eliminate rabies from the dog population. Indeed, 

most of the countries reported vaccinating such small portions of the estimated dog populations 

that no real impact will be observed. If countries are to progress towards rabies freedom by 2030, 

they will need to ensure governmental buy-in towards scaling up the intensity of their MDV cam-

paigns at a national level and would thus need to obtain improved estimates of their vaccine 

requirements. Knowledge of the target dog population size and ecology is an essential factor to 

consider in planning MDV campaigns and subsequent evaluation of intervention effectiveness. 

Yet, more than half of the countries do not have reliable figures on their dog populations. Uncer-

tainty about the dog population size was stated as a limiting factor to effective rabies control in 

Africa [32]. While a large-scale vaccination campaign in N’Djamena, Chad reached sufficient cov-

erage (>70%) to interrupt rabies transmission, pilot MDV campaigns in Bamako achieved cover-

age only between 18%-27% [88] despite a similar setting. This highlights the importance of careful 
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evaluation of the sociocultural context and factors that influence community participation in rabies 

elimination programs [296; 297]. Despite the success of MDV campaigns in N’Djamena, citywide 

vaccination was discontinued due to lack of financial commitment by Chadian authorities, and 

rabies cases surged again to the pre-intervention level [173].  

Rabies control programs often lie beyond the financial capacities of western and central African 

governments. Most rabies control programs across Africa rely on international agencies for finan-

cial support, for example, rabies elimination demonstration projects in Tanzania and South Africa 

were supported by the Bill and Melinda Gates Foundation [298; 299]. MSD Animal Health, Dog 

Trust and Worldwide Veterinary Service assisted a citywide dog vaccination campaign in Blantyre, 

Malawi [300] and UBS Optimus foundation funded vaccination in N’Djamena [172]. As economic 

benefits of dog vaccination take several years to become apparent [130], long-term funding needs 

to be secured. More than two-thirds of the countries studied are in the low human development 

group (HDI ≤ 152), facing other pressing social, economic and health issues, making the possi-

bility to meet the 2030 rabies elimination goals without international solidarity low. A key challenge 

will be to secure long-term funding for sustained rabies control in Central and West Africa. DIBs 

have been suggested as an innovative funding mechanism to attract investors and catalyze rabies 

control programs [176]. DIBs are outcome-based contracts between a private investor and aid 

agencies or recipient governments (outcome funders). Private investors provide the necessary 

initial funding, and if outcomes are achieved, the outcome funders repay the private investor the 

initial investment plus a rate of return [301]. According to Clarke et al. [301], seven DIBs were 

launched between 2015 and 2018 which will help evaluate the robustness of and risks associated 

with this novel funding scheme. A DIB structure was developed for Chad and is currently market 

tested with investors and donors [106]. Instead of approaching rabies in an isolated manner, in-

tegrative programs could be built up such that resources and infrastructure are shared to address 

other neglected zoonotic diseases, e.g., leishmaniasis and echinococcosis, at the same time 

[176]. As stated in the Global Strategic Plan to end human deaths from dog-mediated rabies by 

2030 [44]: “The capacity-building required for rabies elimination is an investment not only in the 

elimination of a fatal but preventable disease but also in building capacity in the world’s most 

neglected regions and improving access to health services within these communities.” 

The SARE score has not yet been assessed for one country in Central Africa (Equatorial Guinea) 

and three countries in West Africa (Burkina Faso, The Gambia, and Mauritania). These countries 

have thus not benefitted from the SARE tool’s outputs that enable a country to identify pending 
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activities in their rabies control program before being able to generate a workplan for them. Ga-

bon, Niger, Sierra Leone, and Togo are currently at SARE stage 0 and the Central African Re-

public is at SARE stage 0.5, meaning that these countries are in very early stages of rabies control 

with only limited data on the disease available. About half of the countries in Central and West 

Africa (Benin, Cameroon, Chad, Congo Brazzaville, DRC, Ghana, Guinea (Conakry), Liberia, Ni-

geria, Senegal) are between SARE stage 1 and 1.5, meaning they are currently assessing the 

local rabies epidemiology and working on a short-term action plan. Only two countries (Mali and 

Côte d’Ivoire) reached SARE stage 2– indicating that their national governments have truly prior-

itized rabies elimination and are thus providing the necessary support and political buy-in required 

to achieve success. It is possible that some reported assessments are out-dated and that some 

countries may have progressed to a higher level. One-third of the countries have worked out 

national rabies elimination strategies. 

West and Central Africa seem to be divided into countries such as Cameroon, Ghana, Côte 

d’Ivoire and Nigeria, which have accepted the challenge to eliminate rabies with governments 

committed to pushing forward rabies elimination along with support from international agencies. 

These countries represent ideal candidates for the start-up phase of the Global Strategic Plan to 

end human deaths from dog-mediated rabies by 2030 [44]. On the other hand, there are countries 

where some progress occurred, but elimination efforts remain stuck due to lacking government 

commitment and financial constraints. Leading countries should act as role models, sharing their 

experiences and capacities so that no country is left behind. An example is Togo, where rabies 

diagnosis is currently not available but has been outsourced to a laboratory in Burkina Faso, thus 

confirming that rabies is present in the country. Such unified efforts reflect the spirit of a One 

Health approach and are necessary to reach the common goal of zero human rabies deaths by 

2030. Ultimately, because of the transnational transmission, successful rabies control requires a 

high level of regional coordination as has been shown by the rabies elimination campaigns in 

Europe [65] and Latin America [31]. Panafrican (African Union) and regional (ECOWAS) should 

lead such coordination activities as they require careful science base regional planning of a West 

and Central African rabies mass vaccination campaign [302]. Such a regional campaign that could 

begin in Mauritania, situated between the geographical barriers of the Sahara desert and the 

Atlantic Ocean, and create a rabies free zone progressively extending towards the South and the 

East of the continent.  



Dog rabies control in West and Central Africa: A review. 

Seite 71 von 280 
 

5.6 Acknowledgements 

We thank Lisa Crump for proofreading the article, Dr. Ousman Ceesay who provided information 

on the rabies situation in The Gambia and Dr. Emmanuel Rivyalyn Nakouné Yanndoko who pro-

vided information about rabies in the Central African Republic.  

  



A One Health-based surveillance strategy to estimate the burden of rabies in the Kongo Central 
province, Democratic Republic of the Congo. 

Seite 72 von 280 
 

6 A One Health-based surveillance strategy to estimate the burden of rabies in 

the Kongo Central province, Democratic Republic of the Congo. 

Céline Mbilo1,2, Pati Patient Pyana3,4, Jean-Baptiste Kabongo3, Bobo Luntadila3,4, Léonard Ntunu-

anga5, Boniface Phanzu6, Théodore Tshibemba Kalala7, Féfé Phasi Makunia8, Jan Hattendorf1,2, 

Jakob Zinsstag1,2,* 

*Corresponding author: Jakob Zinsstag, jakob.zinsstag@swisstph.ch 

 

1 Swiss Tropical and Public Health Institute, P.O. Box, CH-4002 Basel, Switzerland 

2 University of Basel, Petersplatz 1, CH-4001 Basel, Switzerland 

3 Université Pédagogique Nationale de Kinshasa, BP: 8815, Binza, Kinshasa, République Dé-

mocratique du Congo 

4 Institut National de Recherche Biomédicale (INRB), Avenue de la Démocratie, BP 1197, 

Kinshasa/Gombe, République Démocratique du Congo 

5 Bureau Provincial de la Production et Santé Animales, Matadi, République Démocratique du 

Congo 

6 Inspection territoriale de l’Agriculture Pêche et Elevage de Muanda, Muanda, République Dé-

mocratique du Congo 

7 Inspection territoriale de l’Agriculture Pêche et Elevage de Songololo, Kimpese, République 

Démocratique du Congo 

8 Hôpital Général de Référence de Muanda, Muanda, République Démocratique du Congo 

 

 

 

 

 

 

 

To be submitted to PLOS Neglected Tropical Diseases 

 



A One Health-based surveillance strategy to estimate the burden of rabies in the Kongo Central 
province, Democratic Republic of the Congo. 

Seite 73 von 280 
 

6.1 Abstract 

In the Democratic Republic of the Congo (DRC), rabies has long been a public health problem 

with first reports dating back to 1923. Despite recurrent disease outbreaks across the country 

ever since, little is known about the epidemiological rabies situation in the DRC due to inadequate 

disease surveillance. Effective surveillance is key to reliable country-specific rabies burden esti-

mates and a cornerstone of the global strategic plan to eliminate human deaths from dog-medi-

ated rabies by 2030. We used a One Health approach to strengthen rabies surveillance in the 

Kongo Central province and gather reliable baseline epidemiological data on human and animal 

rabies incidence and incidence of animal bites. Between July 2017 and December 2018, we reg-

istered a total of 786 animal bite victims (overall annual bite incidence of 44 per 100’000 popula-

tion) along with ten suspected human rabies cases of which five were laboratory confirmed. Based 

on our data and using a probability decision tree model we predict 169 human rabies deaths for 

the Kongo Central province each year. We analyzed 138 brain samples from rabies suspected 

animals of which 71% were rabies-positive. This translates into an average of 1.7 rabid animals 

per week or an annual incidence of 1.2 laboratory-confirmed dog rabies cases per 1000 dogs. In 

this study, we demonstrated that it is possible to enhance rabies surveillance in a resource-poor 

setting with engagement and targeted training of human and veterinary personnel and limited 

financial support for basic equipment and logistics. We hope the data provided through this study 

will contribute to political will to invest in rabies prevention and control in the DRC. 

Keywords: Rabies, surveillance, Democratic Republic of the Congo, zoonosis, dog, Integrated 

Bite Case Management, One Health 

6.2 Introduction 

The majority of infectious diseases are zoonoses spread between humans and animals, causing 

an estimated 2.7 million human deaths and 2.5 billion cases of human illness every year [3]. 

Rabies is a prime example of a zoonotic disease best controlled through a One Health approach 

[29]. That is, the added value of a closer cooperation between the animal and human health sector 

for cost-effective and sustainable disease prevention and control [303]. 

Animal bites are the primary route of rabies transmission to humans. While rabies has been 

largely controlled in high-income countries, it remains endemic in domestic dog populations in 

developing countries causing an estimated 59’000 human deaths each year – mostly children in 

remote rural communities [9]. Human rabies can be prevented through prompt administration of 

costly post-exposure prophylaxis (PEP), but disease elimination can only be achieved through 
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targeted intervention, i.e. vaccination, at the animal source. It is estimated that the highest per 

capita rabies mortality rates are in sub-Sahara Africa [110], but reliable surveillance data to 

demonstrate the true impact of disease on human and animal health are scarce across the region 

[304; 305]. Therefore, rabies is not perceived as an urgent public health problem in many sub-

Saharan African countries, thus little resources are attributed to control and prevention fueling a 

cycle of neglect [305].  

In the Democratic Republic of the Congo (DRC), rabies has long been a public health problem 

with first reports dating back to 1923 [187] and recurrent epidemics across the country ever since 

[306]. Recent estimates suggest that the DRC has the highest annual number of human rabies 

deaths (~5600) on the African continent and third highest worldwide [110]. Still, due to the lack of 

adequate surveillance, the true number of human and animal rabies cases in the DRC is unknown 

and there are discrepancies in official figures reported by the Ministry of Public Health (MPH) and 

Ministry of Agriculture, Fisheries and Livestock (MINAGRI) highlighting the lack of intersectoral 

communication [195]. Two studies address rabies in humans [190] and animals [191] in the capital 

city of Kinshasa. Muyila et al. [190] report 21 clinically-confirmed rabies cases in children within 7 

months in a hospital in Kinshasa in 2009 and Twabela et al. [191] found that 2.5% of 5053 animal 

bites recorded throughout the city between 2009 and 2013 were likely due to rabid animals. Out-

side the capital city, the rabies situation remains largely unknown, especially in rural areas where 

healthcare access is limited. A community-based study conducted in a province of the DRC found 

an annual dog bite incidence of 5.2/1000 person-years and a large proportion of unvaccinated 

free-roaming dogs, suggesting that exposures to rabies are likely to occur in this community [307].  

Recently, a multisectoral commission ranked rabies among the top five zoonotic diseases of 

greatest national concern [188]. The DRC is assessed as stage 1.5 on the Stepwise Approach 

towards Rabies Elimination (SARE) ladder, indicating that the foundational requirements for the 

development of a national rabies control program are in place. In DRC’s Integrated Disease Sur-

veillance and Response (IDSR) strategy, rabies is listed among the 17 priority diseases with 

weekly mandatory summary notifications [42]. However, decades of civil conflicts have taken a 

toll on DRC’s health care system and left many parts of the country with devastated infrastructure. 

The weak road network combined with insecurity due to armed militias render much of the coun-

try’s terrain poorly accessible and disease surveillance in remote communities and timely sub-

mission of weekly disease reports are extremely difficult. A recent study found that rabies data 

captured through DRC's IDSR did not reflect actual morbidity and should not be used for public 

health purposes [43]. Moreover, inadequate training of health workers in surveillance methods, 
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lack of standardized report forms, unfamiliarity of health workers with standard case definitions 

and insufficient supervision by higher-level health authorities were among the factors contributing 

most to poor surveillance of zoonotic diseases in the DRC [189]. 

Effective surveillance is key to reliable country-specific rabies burden estimates [12] and a cor-

nerstone of the global strategic plan proposed by the United Against Rabies (UAR) collaboration 

to eliminate human deaths from dog-mediated rabies by 2030 [44]. To better understand the ep-

idemiology of rabies in the DRC and contribute to the 2030 goal, the Swiss Tropical and Public 

Health Institute, the National Institute of Biomedical Research (INRB) and the National Pedagog-

ical University (UPN) of Kinshasa worked to strengthen rabies surveillance in the Kongo Central 

province using a One Health approach. The system was implemented to gather reliable baseline 

epidemiological data on human and animal rabies incidence and incidence of animal bites. 

6.3 Methods 

6.3.1 Study design 

We report on a longitudinal observational study conducted in the Kongo Central province of the 

DRC over an 18 month period from July 2017 to December 2018. 

6.3.2 Study site: 

The DRC is Africa’s second largest country located in the heart of the continent with a population 

of about 85 million. The DRC remains one of the poorest countries in the world ranking 176 out 

of 189 on the Human Development Index (HDI) [39], with 61% of the population living on less 

than 1.9 USD a day [308].  

Kongo Central is the westernmost province of DRC’s 26 provinces, bordering the Republic of the 

Congo and the Angolan enclave Cabinda in the north and Angola in the south (Figure 3). The 

province has an estimated population of about 5.5 million people, of whom 25% live in urban 

areas, and covers an area of 53’920 km2 [309]. It is primarily tropical in climate, with a long dry 

season ranging from mid-May to mid-September and a short dry season from February to mid-

March. Kongo Central is the only province with an ocean coastline, supporting DRC’s two main 

ports, Matadi and Boma, which serve as major gateways for external trade. Due to its economic 

importance, Kongo Central is one of the most developed and accessible provinces in the country. 

Administratively, the province divides into 2 cities (Matadi and Boma) with 6 communes and 34 

neighborhoods (urban entities) and 10 territories with 55 sectors, 376 groupings, 17 towns and 

6514 villages (rural entities). 
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Human Health sector: DRC’s health system is structured with three levels: national (or central), 

provincial (or intermediate) and peripheral (or operational) level. The Kongo Central Province is 

located at the intermediate level. At this level, the Provincial Health Division (DPS), headed by a 

Provincial Minister in charge of Health, supervises implementation of strategies and policies de-

veloped at the central level. The province divides into 31 health zones, with the network of health 

centers headed by general referral hospitals.  

Animal health sector: The province registers only 18 official veterinarians, with only one veterinary 

clinic in Matadi, the provincial capital.  

Figure 3: Map of the Kongo Central province. 
Cities (Matadi and Boma) and towns (Kisantu, Mbanza-Ngungu and Muanda) where rabies units were 
established are outlined in orange. 

 

6.3.3 Rabies surveillance in the DRC 

Human rabies is a notifiable disease under the IDRS strategy. In theory, suspected human rabies 

cases and exposures are identified at the health facility level (health centers and general referral 

hospitals) reported to the DPS through the health zones and compiled at the Directorate for Dis-

ease Control (central level). The only official anti-rabies treatment center is in Kinshasa. The PEP 

costs of ~50 USD per dose are paid by the owner of the biting animal or, if the latter cannot be 

identified, by the bite victim. The official PEP regimen used is intramuscular injection of five doses 
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of vaccine, on day 0, 3, 7, 14 and 28 (Essen). Human rabies diagnoses are solely based on 

clinical symptoms. There is a transportation network for human samples through the health zones, 

but capacity is limited and shipment of samples is conducted irregularly. 

The MINAGRI has not yet instituted a mandatory animal surveillance system. Laboratory diagno-

sis of animal rabies is limited to the capital city, performed by the rabies laboratory at INRB and 

the Veterinary Laboratory of Kinshasa (LaboVet). DRC’s animal health sector suffers from chronic 

neglect. Equipment for routine rabies sample collection is lacking, and there is no official sample 

transportation network. 

6.3.4 Surveillance reinforcement measures 

We used a One Health approach involving both the human and animal health sectors in rabies 

surveillance. Staff of the rabies laboratory at INRB and the Faculty of Veterinary Medicine of the 

National Pedagogical University Kinshasa in collaboration with the Swiss Tropical and Public 

Health Institute supervised and coordinated surveillance activities and delivery of PEP to the study 

site.  

In order to improve rabies surveillance in the Kongo Central province, we strategically placed 

rabies units at six locations along the national route 1 where i) both official veterinarians and 

general referral hospitals were present, ii) a large area of the province was covered, and iii) sam-

ples could easily be shipped to the rabies reference laboratory in Kinshasa (Figure 3).  

A rabies unit consisted of two veterinary and two medical focal points with one supervisor each. 

Veterinary focal points (VFPs) and their supervisors were identified through the Provincial Inspec-

torate of Agriculture, Fisheries and Livestock (IPAPEL) and based at the Territorial Inspectorate 

of Agriculture, Fisheries and Livestock (ITAPEL) of Kisantu, Kimpese, Mbanza-Ngungu, Boma 

and Muanda and the government veterinary clinic in Matadi. VFPs collected animal rabies sam-

ples, put suspected rabid animals under observation and centralized data on bite victims. Medical 

focal points (MFPs) and their supervisor were identified through the health zones and recruited at 

the Pediatric and Emergency Departments of general referral hospitals of the six sites where 

VFPs were present (Figure 3). MFPs were responsible for administration of PEP to bite victims 

and data collection on rabies exposures and human rabies cases.  

Integrated Bite Case Management 
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Only a fraction of animal bites are actual exposures to rabid animals [310]. We used Integrated 

Bite Case Management (IBCM) as a strategy to rapidly detect suspected rabid animals and im-

prove rabies risk assessment of human exposures to avoid unnecessary administration of costly 

PEP. MFPs referred each bite victim to VFPs to trigger an investigation of biting animals. VFPs 

immediately tried to locate biting animals and assess their rabies status (see Data collection). A 

stock of WHO prequalified human rabies vaccine (VERORAB ®, Sanofi Pasteur) was maintained 

at the rabies laboratory at INRB to ensure correct storage and maintenance of the cold chain. 

Upon request by rabies units, vaccines were sent to the study site within 24 hours. The transport 

network which delivered rabies vaccine was also used to convey animal and human rabies sam-

ples from study sites to the rabies laboratory in Kinshasa. PEP was administered using the Zagreb 

4-dose intramuscular regimen, consisting of 2 doses on day 0, followed by 1 dose on days 7 and 

21. When several bite victims were injected simultaneously, the 2-site intradermal (ID) regimen 

of 0.1ml on days 0, 3, 7 and 28 was applied [311]. Because of limited availability of WHO prequal-

ified human rabies vaccine in the DRC, PEP was delivered applying WHO recommendations ap-

plicable under advanced surveillance conditions [116], PEP was delayed if a dog was healthy at 

the time of the bite and available for quarantine. However, following high risk exposure, i.e. bites 

to children, to the head, neck or other highly innervated sites, multiple or deep wounds, ownerless 

animals and animals that were not available for observation, PEP was initiated immediately. Bite 

victims who requested PEP despite not considered exposed could purchase vaccine from the 

study stock at the purchase price (~18 USD per dose). Because all bite victims interacted with 

the VFPs to initiate investigation on biting animals, and due to excessive workloads of MFPs, 

VFPs were responsible for centralization of data on bite victims.  

Training of veterinary and medical rabies focal points 

All rabies units received on-site training through a two-day joint rabies workshop. The aims of the 

workshop were to establish direct communication channels between VFPs and MFPs and famil-

iarize FPs of their respective roles and responsibilities in rabies surveillance. On the first day, 

rabies units heard lectures on i) rabies surveillance, prevention and control, ii) biosecurity and 

safety and iii) integrated bite case management. On the second day, MFPs were trained on ID 

administration of human rabies vaccine and saliva sample collection and VFPs were trained on 

brain sample collection. Each rabies unit received case report forms (CRFs), material for sample 

collection, preservation and shipment and a manual handout of standard operating procedure.  

Awareness raising and vaccination campaign 
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Effective rabies surveillance depends on the veterinary and human health system but community 

participation is likewise important. The population recognizes and informs the veterinary services 

of suspected rabid animals and needs to be aware of preventive measures taken following an 

animal bite, such as seeking PEP. We, therefore, conducted an awareness raising and vaccina-

tion campaign on World Rabies Day 2018 to increase sample submission from suspected rabid 

animals and encourage people to seek treatment after a bite incident. Posters in French, Kikongo 

and Lingala, including drawings illustrating best practices after a bite injury, were distributed to 

health centers, general referral hospitals and veterinary health facilities throughout the study site. 

Radio broadcasts emphasized the importance of reporting suspected rabid animals to the veteri-

nary service and PEP. 

6.3.5 Data collection  

Human rabies exposures and cases 

We developed standardized CRFs to collect data on human rabies exposures and cases (Appen-

dix 2: Supplementary information for chapter 6, Figure 31, Figure 32 and Box 2). Upon presenta-

tion, exposed persons had their wounds washed and disinfected. When necessary, additional 

wound care (e.g., tetanus vaccine and antibiotics) was administered. Data on the completion rate 

of PEP was not recorded in this study. Based on WHO standard case definitions for animal and 

human rabies, we assessed the rabies exposure status of bite victims based on the rabies status 

of the biting animal (Box 1).  

The MFPs managed suspected clinical cases of human rabies presenting at general referral hos-

pitals. Three saliva samples were collected at three hour intervals from each patient and stored 

at -20°C until they were transported to the INRB rabies laboratory accompanied by a CRF.  
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Box 1: Standard case definitions for human and animal rabies according to WHO [116] and human 
rabies exposure based on animal rabies status.  

 

Suspected rabid animals 

MFPs informed VFPs about bite incidents by phone and asked bite victims to contact the VFPs 

to provide details about the biting animal. In response, VFPs initiated an investigation to identify 

the biting animal and conduct follow-up observations. If the animal appeared healthy at the time 

of capture, regardless of vaccination status, it was put under observation for 10 days. If the animal 

died at the time of capture, displayed symptoms consistent with rabies (Box 1), or became sick 

or died during the observation period, a brain sample for rabies diagnosis was collected. An ani-

mal rabies CRF was completed for every biting animal with information on the biting animal (spe-

cies, ownership, vaccination and health status) and human exposure (age and sex of bite victim, 

type, time and place of exposure). Because VFPs did not have official transportation at their dis-

posal, they received 25 USD per animal rabies sample collected. The amount allowed VFPs to 

operate in a radius of 25-30km (depending on season and road condition) from their home base 

and send samples to the rabies laboratory in Kinshasa. Payment was via mobile money service 

Case definition of human rabies: 

 suspected: a case that is compatible with the clinical case definition of human rabies*; 

 probable: a suspected case plus a reliable history of contact with a suspected, probably or confirmed rabid 

animal; 

 confirmed: a suspected or probable case that is confirmed in the laboratory. 

*an acute neurological syndrome (i.e. encephalitis) dominated by forms of hyperactivity (furious rabies) or paralytic 
syndromes (paralytic rabies) progressing towards coma and death, usually by cardiac or respiratory failure, typically 
within 7–10 days of the first signs if no intensive care is instituted. The syndrome may include any of the following: 
aerophobia, hydrophobia, paresthesia or localized pain, dysphagia, localized weakness, nausea or vomiting. 
 

Case definition of animal rabies and human exposure: 

 suspected case/exposure: a case that is compatible with the clinical case definition of animal rabies#/a person 

exposed by a suspected rabid animal 

 probable case/exposure: a suspected case with a reliable history of contact with a suspected, probably or 

confirmed rabid animal and/or an animal with suspected rabies that is killed, died or disappeared within 4–5 

days of illness being observed/ a person exposed by a probably rabid animal; 

 confirmed case/exposure: a suspected or probable case that is confirmed in a laboratory/ a person exposed 

by a confirmed rabid animal; 

 not a case/non-exposure: a suspected or probable case that is ruled out by laboratory tests or epidemiologi-

cal investigation (i.e. appropriate quarantine period of eligible animals)/ a person exposed by a non-rabid ani-

mal. 

#an animal that presents with any of the following signs: hypersalivation, paralysis, lethargy, unprovoked abnormal 
aggression (biting two or more people or animals and/or inanimate objects), abnormal vocalization and diurnal activity 
of nocturnal species. 
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(M-Pesa), with half of the amount transferred immediately upon request by VFPs and the pending 

amount transferred upon receipt of the sample at the laboratory.  

Laboratory diagnosis of animal and human rabies samples 

Prior to initiating the study, a dedicated room for processing rabies samples was established, and 

the laboratory was equipped with supplies required for rabies diagnosis. All animal brain samples 

were tested by using the direct fluorescent antibody (DFA) [312] and direct rapid immunohisto-

chemical test (DRIT) [313]. Because diagnosis for human rabies samples was not available at 

INRB, human rabies samples were tested at the Pasteur Institute in Paris (IP-Paris). Viral RNA 

was extracted from all five human saliva samples and from a subset of 90 animal brain samples 

according to the Direct-zolTM RNA MiniPrep Protocol (Zymo Research). The extracted RNA was 

then analyzed by real-time polymerase chain reaction (RT-PCR) at IP-Paris. Laboratory results 

were communicated by phone to VFPs and MFPs who communicated the information to the bite 

victims.  

Follow-up of rabies units 

A rabies hotline was available at all times allowing rabies units to be in permanent contact with 

INRB. An agent based at the rabies laboratory at INRB, conducted a monthly phone follow-up of 

rabies units to obtain information on the number of exposed persons, suspected rabid animals 

and human rabies cases. In addition, VFPs reported the number of exposed persons and sus-

pected rabid animals to the head of the Provincial Animal Health Office who disseminated monthly 

surveillance reports to the IPAPEL. Supervisory visits were conducted on average every 6 months 

to collect CRFs, provide rabies units with fresh material, discuss difficulties and refresh training. 

In urgent cases, material was shipped to the site using local transport.  

6.3.6 Data analysis 

Human and animal CRFs were entered into Epi Info, exported as comma-separated value files 

and analyzed using R software version 3.5.0 [314]. Maps were created with QGIS version 3.4.4. 

Incoherent or missing data were confirmed at the source whenever possible.  

Bite and dog rabies incidence 

Only bite (722/786) and dog rabies (694/725) cases that occurred in the six sites were included 

in bite and dog rabies incidence estimation. The human population of the six sites was used as 

the population at-risk denominator for the bite incidence estimate (see Appendix 2: Supplemen-

tary information for chapter 6,Table 27). Bite incidence was expressed as the number of bite 
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victims seeking health care after a bite per 100’000 population per year. We estimated dog rabies 

incidence based on the number of confirmed, probable and suspected dog rabies cases observed 

over the study period assuming that 80% of probable and suspected dog rabies cases were true 

rabies cases. The dog population was estimated for each site based on the dog/human ratio of 

1:37.7 reported by Mbilo et al. [307] (see Appendix 2: Supplementary information for chapter 

6,Table 27). The dog rabies incidence was expressed as the number of rabid dogs per 1000 dogs 

per year. 

Estimate of human rabies deaths 

We adapted the decision tree probability model developed by Cleaveland et al. [124] for human 

rabies mortality estimation in Tanzania to estimate the probability of death (Pdeath) after a bite 

and the number of human rabies deaths. Bite cases that occurred outside the six sites (64/786) 

were excluded from the estimate. Pdeath was calculated from the probability parameters using 

the formula: 

Pdeath = Prabid * Pinfect * [(1-Pseek) + Pseek * (1-Ppep)], 

where Prabid is the proportion of bites that are considered true rabies exposures due to confirmed, 

probable and suspected rabid animals, Pinfect is the probability of developing rabies after a bite 

from a rabid animal, Pseek is the proportion of bite victims that seek treatment and Ppep is the 

probability of receiving PEP. We assumed that no deaths resulted from incomplete PEP. We 

estimated confidence limits for Pdeath by assigning probability distributions to the input parame-

ters and running Markov chain Monte Carlo simulations for 1000 steps. A detailed description of 

the parameters used for the decision tree model is provided in Appendix 2: Supplementary infor-

mation for chapter 6, Figure 33 and Table 28. 

The number of rabies deaths (Ndeath) per year in the six sites was calculated using the formula:  

Ndeath=(I*Q*Pdeath/100 000), 
 

where I is the incidence of bites per 100,000 population at-risk per year and Q the total population 

at-risk (n=1098575). 

6.4 Results 

6.4.1 Bite victims and biting animals 

From July 2017 to December 2018, we registered a total of 786 animal bite victims in the study 

area, with a monthly average of 44 bite victims (range: 8-62). The mean number of bite victims 
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registered was 50.4 during the dry season and 37.7 during the rainy season. Due to missing 

values in some CRFs, sample size varied for each element of the CRFs analyzed. About 5% 

(36/784) of the bite victims reported scratch wounds in addition to bite injuries. Dogs were the 

most common species involved in human exposures, responsible for 96% (750/780) of all bites, 

followed by cats (3%) and monkeys (0.5%). Two persons (0.3%) reported bites inflicted by other 

humans.  

Matadi reported almost half (385/786, 49%) of all bite victims, while only six bite cases were 

reported from Mbanza-Ngungu. About 8% (64/786) of bites were reported to have occurred in 

rural areas outside the six sites. More men (457/767, 60%) were attacked by animals, and 43 % 

(316/737) of the bitten population were less than 15 years of age. In 97 % (707/726) of cases, 

bite victims sustained wound category II or III injuries. Bite victims (n=775) were more often bitten 

on the lower extremities (leg and foot) (68%) or upper extremities (hand and arm) (23%) com-

pared to the head, neck or face (17%) and body (9%). About 29% of bite victims sustained multiple 

bites by the same animal. 

Eighty percent (514/718) of the bite victims presented to the clinic within the first 48 hours (range 

0 to 120 days) after the bite. Upon presentation (n=775), 79% had their wounds washed with 

water and 82% had their wound disinfected. In addition, 65% and 62% received a tetanus toxoid 

and antibiotics, respectively. 

A total of 725 animals were involved in the human exposures of which 59 were confirmed, 266 

probable, 3 suspected and 378 non-rabid animals, while the rabies status could not be assessed 

for 19 animals (Table 4). The median proportion of confirmed, probable and suspected rabid an-

imals across the six sites was 45%, with a minimum proportion of 34% in Kisantu and a maximum 

proportion of 75% in Mbanza-Ngungu (although the sample size was low in this site). Nearly three 

quarters (74%) were owned animals, but only 16% were reported to be vaccinated against rabies 

of which about two-thirds (61%) had a valid vaccination (vaccination <1year). More than half of 

the biting animals (52%) were put under observation, during the course of which 17 animals died. 

Of these, 6 were subsequently tested rabies-positive and 8 rabies-negative, while 3 were not 

submitted for laboratory analysis. Of the 59 confirmed rabid animals, 90% were immediately killed 

by a community member after the bite.  
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Table 4: Characteristics of biting animals disaggregated by rabies status. 

 Confirmed  Probable  Suspected Unknown  Non-rabid  

Total (n=725) 59 (8.1%) 266 (36.7%) 3 (0.4%) 19 (2.6%) 378 (52.1%) 

Species (n=719)      

   Dog 54 (91.5%) 257 (97%) 3 (100%) 16 (88.9%) 364 (97.3%) 

   Other 5 (8.5%) 8 (3%) 0 (0%) 2 (11.1%) 10 (2.7%) 

Ownership status (n=705)      

   Owned 27 (45.8%) 124 (47%) 3 (100%) 11 (73.3%) 358 (98.4%) 

   Unowned 32 (54.2%) 140 (53%) 0 (0%) 4 (26.7%) 6 (1.6%) 

Vaccination status (n=683)      

   Don’t know 26 (51%) 200 (77.5%) 1 (33.3%) 5 (50%) 114 (31.6%) 

   No 23 (45.1%) 49 (19%) 1 (33.3%) 3 (3%) 149 (41.3%) 

   Yes 2 (3.9%) 9 (3.5%) 1 (33.3%) 2 (20%) 98 (27.1%) 

Outcome (n=706)      

   Died during observation 6 (10.2%) 0 (0%) 3 (100%) 0 8 (2.1%) 

   Disappeared 0 (0%) 207 (77.8%) 0 (0%) 0 0 (0%) 

   Killed 53 (89.8%) 59 (22.2%) 0 (0%) 0 0 (0%) 

   Survived observation 0 (0%) 0 (0%) 0 (0%) 0 370 (97.9%) 

*Other species: Cats (n=18), monkeys (n=3), humans (n=2), pigs (n=1) and goats (n=1) 
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Rabies exposure status of bite victims 

Based on the rabies status of the biting animal, we were able to assess the rabies exposure status 

of 767 bite victims, of which 50% were likely exposed to rabies (13% confirmed, 36.5% probable 

and 0.5% suspected exposures) and 50% were non-exposures (Table 5). Of all likely exposures, 

almost half occurred in children 15 years of age or younger and 60% occurred in males.  

Table 5: Characteristics of likely exposed and non-exposed bite victims, including place and type 
of exposure and delay in presentation to clinic.  
Bite victims for whom the exposures could not be assessed (n=19) are not included in the table. 

 Likely exposed*  Not exposed  

Total (n=767) 381 (49.7%) 386 (50.3%) 

Sex (n=748)   

   Female 147 (40.1%) 155 (40.7%) 

   Male 220 (59.9%) 226 (59.3%) 

Age (n=719)   

   <5yrs 27 (7.5%) 22 (6.2%) 

   5-14yrs 137 (38%) 125 (34.9%) 

   ≥15yrs 197 (54.5%) 211 (58.9%) 

Biting animal (n=762)   

   Dog 362 (95.3%) 372 (97.4%) 

   Other 18 (4.7%) 10 (2.6%) 

Zone (n=767)   

   Rural 37 (9.7%) 26 (6.7%) 

   Urban 344 (90.3%) 360 (93.3%) 

Wound category (n=712)   

   Category I 11 (3.2%) 8 (2.2%) 

   Category II 60 (17.6%) 90 (24.3%) 

   Category III 271 (79.2%) 272 (73.5%) 

Delay in presentation [days] (n=704)   

   Median 1 1 

   Range 0 - 120 0 - 90 

*Confirmed (n=98), probable (n=280), suspected (n=3) exposures 
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Figure 4: Time series of confirmed and probable animal rabies cases and human exposures cap-
tured by the surveillance system based on month of exposure.  
For 12 bite victims and 9 biting animals the date of exposure was not available. 

 

Human rabies cases 

A total of ten human rabies cases were identified through the surveillance system over the 18 

month study period in the general referral hospitals of Muanda (n=4), Matadi (n=3) and Kimpese 

(n=2). One case presented at a hospital in Kinshasa, but the bite occurred in the Kongo Central 

province. Two of the four cases that presented at the general referral hospital of Muanda were 

originally from the bordering town of Soyo, Angola (Table 6). Saliva samples were collected from 

five patients, of which all were confirmed rabies-positive by PCR. Of the remaining five, two were 

suspected and three were probable cases.  
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Table 6: Details of the ten human rabies cases identified through the surveillance system over the 18 months study period (July 2017- 
December 2018). 

Case Locality  Zone Sex Adult/Child Age (years) Biting animal  Ownership status Date of death Date Bite 

Confirmed Muanda* Urban Male Adult 30 Dog Owned July 2017 Apr 17 

Confirmed -# Urban Male Child 4 Dog -  - 

Confirmed Maunda* Urban Male Adult 28 Dog - January 2018 - 

Confirmed Muanda Rural Male Child 4 Dog - January 2018 Sep 17 

Confirmed Muanda Rural Female Adult 27 Dog Unowned October 2017 Aug 17 

Probable Matadi Rural Female Child 8 Dog Owned Nov 18 - 

Probable Matadi - - Child 7 Dog Owned February 2018 - 

Probable Matadi Rural - Adult >15 Dog - February 2018 January 2017 

Suspected Kimpese Rural - Child  - Dog - - - 

Suspected Kimpese - - Adult - Dog - - - 

* Bite victims presented at the general referral hospital in Muanda but bite occurred in Soyo, Angola 
# Bite victim presented at a hospital in Kinshasa but bite occurred in the Kongo Central province  
- unknown 
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Animal rabies samples: 

Between July 2017 and December 2018, we analyzed 138 brain samples from rabies suspected 

animals at the rabies laboratory at INRB. The median time between sampling and receipt of sam-

ple was 3 days (IQR: 1-4). Almost three-quarters (71%) of samples were rabies-positive. This 

translates into an average of 1.7 rabid animals per week. The majority (93%) of samples came 

from domestic dogs, of which half (66/128) were owned dogs with known owners. Table 7 gives 

an overview of the samples collected during the study period. Boma submitted more than two-

thirds (67%) of all samples. Rabies samples were predominantly collected within (54%) and 

around (40%) urban centers with only a minority (7%) collected in rural areas. More than half 

(55%) of the animals showed rabies symptoms, amongst which the most common were aggres-

siveness (68%) followed by dysphonia (22%). About half (48%) of the animals tested were in-

volved in bite incidents. These 66 animals exposed a total of 113 persons. The median number 

of humans exposed by one animal was 1 (IQR: 1-2). The proportion of rabies-positive samples 

was 88% among animals involved in human exposure and 57% in non-biting animals. About one 

in ten animals were aggressive towards other animals. 

Table 7: Details on animal rabies samples from the Kongo Central province analyzed at the rabies 
laboratory at INRB between July 2017 and December 2018 

 

Negative  

(n=40) 

Positive  

(n=98) 

Total  

(n=138) 

Species    

   Dog 37 (92.5%) 91 (92.9%) 128 (92.8%) 

   Other 3 (7.5%) 7 (7.1%) 10 (7.2%) 

Site    

   Boma 32 (80%) 60 (61.2%) 92 (66.7%) 

   Kimpese 4 (10%) 7 (7.1%) 11 (8%) 

   Kisantu 1 (2.5%) 1 (0%) 2 (1.4%) 

   Matadi 1 (2.5%) 7 (7.1%) 8 (5.8%) 

   Mbanza-Ngungu 0 (0%) 1 (1%) 1 (0.7%) 

   Muanda 2 (5%) 22 (22.4%) 24 (17.4%) 

Zone    

   Peri-urban 18 (45%) 37 (37.8%) 55 (39.9%) 

   Rural 2 (5%) 7 (7.1%) 9 (6.5%) 

   Urban 20 (50%) 54 (55.1%) 74 (53.6%) 

Symptoms    

   No 9 (22.5%) 8 (8.2%) 17 (12.3%) 

   Yes 12 (30%) 64 (65.3%) 76 (55.1%) 

   Don’t know 19 (47.5%) 26 (26.5%) 45 (32.6%) 
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Human exposure    

   No 27 (67.5%) 36 (36.7%) 63 (45.7%) 

   Yes 8 (20%) 58 (59.2%) 66 (47.8%) 

   Don’t know 5 (12.5%) 4 (4.1%) 9 (6.5%) 

Animal exposure    

   No 12 (30%) 14 (14.3%) 26 (18.9%) 

   Yes 1 (2.5%) 12 (12.2%) 13 (9.4%) 

   Don’t know 27 (67.5%) 72 (73.5%) 99 (71.7%) 

Distribution of animal rabies cases by time 

The median number of samples submitted per month was 6 (range: 1-19), with a median number 

of 4.5 (IQR: 3-6.75) rabies-positive samples per month. The median proportion of rabies-positive 

samples per month was 80% (IQR: 66.7%-95.5%). The monthly average of samples submitted 

during the dry season was almost twice the number submitted during the rainy season (10.2 vs. 

5.8). The proportion of rabies-positive samples was 72% during the dry and 70% during the wet 

season.Appendix 2: Supplementary information for chapter 6, Figure 34 provides a time series of 

rabies-positive and –negative samples analyzed at the rabies laboratory in Kinshasa between 

July 2017 and December 2018.  

Bite and dog rabies incidence 

The overall annual bite incidence was 44 per 100’000 population and ranged from a low of 3 

bites/100’000 persons in Mbanza-Ngungu to 272 bites/100’000 persons in Muanda. We estimated 

the annual dog rabies incidence at 9.4 (95% CI: 8.8-9.9) per 1000 dogs across the six sites. The 

lowest incidence was found in Mbanza-Ngungu with 0.5 (95%CI: 0.1-0.67) per 1000 dogs and the 

highest in Muanda with 31.6 (95% CI: 25.4-38.1) per 1000 dogs. Figure 5 shows the spatial trends 

of bite and dog rabies incidence across the six sites in the Kongo Central province. 
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Figure 5: Spatial and temporal trends of bite and dog rabies incidence in the Kongo Central province. Maps depict (A) annual bite incidence (num-
ber of bite victims seeking health care after a bite per 100’000 persons), stars indicate locations where human rabies cases were identified between July 
2017 and December 2018; (B) annual dog rabies incidence per 1000 dogs in the six sites with rabies units; (C) monthly average bite incidence per 
100’000 population; and (D) monthly average dog rabies incidence per 1000 dogs 
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Estimate of human rabies deaths 

The decision tree model estimated a probability of dying of rabies after a bite of 7% (95% CI 2% 

– 15%). Given the bite incidence of 44/100’000 population per year we would expect 34 human 

rabies deaths across the six sites (equivalent to an annual human rabies incidence of 3.1 per 

100’000). Extrapolated, we predict 169 human rabies deaths for the Kongo Central province. 

6.5 Discussion 

We implemented a One Health-based surveillance system engaging both medical and veterinary 

personnel to provide reliable epidemiological data on the burden of rabies in the Kongo Central 

province. Prior to this study, animal rabies surveillance was not routinely conducted and human 

rabies surveillance was non-systematic and inconsistent with minimal collaboration between the 

two sectors. To our knowledge, this is the first study that assesses rabies burden in the DRC. Our 

results demonstrate that rabies is a significant public health problem in the DRC, which is largely 

underestimated by official statistics. 

During the 18 month study period, 786 bite victims were reported through the surveillance system 

along with ten suspected human rabies cases of which five were laboratory confirmed, likely the 

first human rabies samples ever analyzed from the DRC. Our predictive model estimated that 169 

human rabies deaths occur each year in the Kongo Central province. This is more than 80 times 

higher than the 2 cases officially reported in 2018 for the entire province.  

Bite incidence varied considerably between the six sites, with the highest incidence found in 

Muanda. This may be explained by an increased level of rabies awareness among this community 

due to high personal engagement of the VFPs in rabies prevention in this area. Prior to the study, 

surveillance of bite victims included that all bite victims who presented to health centers and the 

general referral hospital were referred to the official veterinarian. This suggests that a higher pro-

portion of bite victims seeking treatment after a bite was captured in this site. It is not uncommon 

that bite victims from neighboring Angola seek PEP in Muanda if it is not available in their country, 

which is also reflected in the two human rabies cases that originated in Angola but died in the 

general referral hospital of Muanda. However, we excluded these cases from bite incidence esti-

mates. The lacking engagement in surveillance activities and communication between the VFPs 

and MFPs noticed during our follow-up visits in Mbanza-Ngungu might explain the low number of 

bite victims captured in this site.  
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Through enhanced communication between the human and animal health sectors using IBCM, 

we were able to assess the rabies exposure status of most (98%) bite victims based on investiga-

tion of the biting animal. About 50% of bite victims were likely exposed to rabies. Slightly higher 

proportions were reported from other African countries, such as Tanzania (62%) [315] and Ethio-

pia (73%) [316]. In line with findings from other rabies endemic settings, dogs were the source of 

most bites, with children and males disproportionately affected [37; 49; 310; 315-317].  

The vast majority of non-exposures (96%) could be ruled out through observation of the biting 

animal, in contrast to only 4% ruled out based on a rabies-negative test result. Most animals (97%) 

that were put under observation survived the ten day period indicating that VFPs were quite com-

petent to distinguish between animals that appeared healthy at the time of the bite and animals 

that displayed signs of illness. In settings with advanced rabies surveillance, PEP may be delayed 

for low risk exposures (i.e., when animals appear healthy at the time of the bite) to limit unneces-

sary PEP use [116]. IBCM is very attractive from an economic perspective [310; 318], and clinical 

identification of suspected rabid animals is highly sensitive [319; 320]. However, the mental stress 

to which bite victims are subjected while awaiting the results over a ten day observation period 

should not be ignored. In the DRC where rabies surveillance is limited and human and animal 

health professionals are not trained for IBCM, PEP should be initiated immediately after a bite. 

Improved access to PEP is an essential pillar of the global strategic plan to eliminate dog-mediated 

human deaths by 2030 [44]. GAVI recently decided to invest in human rabies vaccine, and the 

DRC is among the eligible countries. [294]. Hopefully, this will improve PEP availability across the 

DRC in the near future. A shift from IM to ID administration, as applied in this study, could further 

increase PEP availability and reduce costs for bite victims.  

Between 2009 and 2013, 44 rabies samples from the entire DRC were tested at both the INRB 

and LaboVet (~9 samples per year) [191]. Ten times more rabies samples (92) were submitted to 

the INRB within one year of the enhanced surveillance. The proportion of rabies-positive samples 

(71%) is higher than that reported from other rabies endemic countries in sub-Sahara Africa (53% 

in Chad [37], 64% in Kenya [321], 68% in Tanzania, 67% in Namibia [322]) indicating that reco-

gnition of rabies among VFPs was high. Two-thirds of the project samples were submitted from 

Boma. The increased number of samples submitted from this site is explained by the fact that 

Boma also collected samples from animals that were not involved in human exposures (66% of 

samples), whereas four of the five remaining sites only submitted samples from animals involved 

in human exposures. On their own initiative, VFPs from Boma involved community members in 

the surveillance of suspected rabid animals which led to the detection of non-biting animals. Ra-

bies-positivity was still 57% among non-biting animals, suggesting that community members are 
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also capable of recognizing rabid animals. The monthly average of animal samples submitted 

during the dry season was almost double the number of samples submitted during the rainy sea-

son (10.2 vs. 5.8), but the proportion of rabies-positive samples was similar (72% during the dry 

compared to 70% during the rainy season). Probably the decreased number of samples submitted 

during the rainy season is related to difficulties in sample collection because of poor road condi-

tions rather than reduced rabies transmission. Similar to the bite incidence, dog rabies incidence 

varied across the six sites with the highest incidence also found in Muanda and the lowest in 

Mbanza-Ngungu. We assumed the same dog/human ratio across the six sites, and differences in 

incidence could be due to variations in dog population size. However, only one rabies sample was 

submitted from Mbanza-Ngungu and lack of engagement was noticed during follow-up visits. Con-

sidering that the same disparity was seen in bite incidence, we believe that the low dog rabies 

incidence seen in Mbanza-Ngungu is more likely due to poor surveillance. We found a high annual 

dog rabies incidence, at 9.4 rabid dogs per 1000 dogs across the study site. However, unlike other 

studies, we estimated incidence based on the number of confirmed plus probably and suspected 

rabid dogs instead of based on laboratory-confirmed dogs only. When based on confirmed rabid 

dogs only, the DRC incidence decreases to 1.2 per 1000 dogs, which is similar to a comparable 

urban setting (in terms of dog population size and human population) in Chad, at 1.4 per 1000 

dogs [47].  

We faced several challenges when implementing the surveillance system in the Kongo Central 

province. A major constraint to effective rabies surveillance is the chronic neglect of the animal 

health sector in the DRC. The limited financial resources allocated to the animal health sector are 

mainly focused on prevention of diseases in economically valuable livestock. Even if veterinary 

services are motivated to engage in rabies surveillance, they simply lack the equipment and 

means of transportation for routine collection of animal rabies samples and the human resources 

to conduct follow-up investigations of suspected rabid animals. To put this into perspective, there 

are currently only 18 official veterinarians in the Kongo Central province to cover a population of 

5.5 million people and an unknown number of animals. In addition, dog owners have to pay for 

observation and laboratory diagnosis of suspected rabid animals. Given that over 60% of Congo-

lese live on less than 1.9 USD a day, it is obvious that many are unable or unwilling to pay for 

these follow-up investigations, which is a clear disincentive for veterinarians to investigate rabies 

activities. It is also important to note that dog vaccination constitutes a source of income for many 

veterinarians. Fear of losing this valued additional revenue could cause veterinarians to not sup-

port increased rabies control activities, such as subsidized dog vaccination campaigns. The ab-
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sence of an official sample transport network hampers laboratory diagnosis of animal rabies, es-

pecially from remote rural areas. Health zones were willing to assist in shipment of animal sam-

ples, but transportation was slow and conducted irregularly. For timely submission and diagnosis 

of animal samples to provide accurate advice for bite victims about PEP, we had to establish our 

own transportation network at a cost of about 25 USD per sample collected. Hence, sample sub-

mission is likely not sustainable and expected to decrease after the project end.  

Community participation is a key component in effective rabies surveillance, for instance, reporting 

bite incidents and suspected rabid animals. Less than 50% of animals that were killed after a bite 

incident were brought to the veterinary service for laboratory testing. This supports findings from 

a previous study that there is a lack of rabies awareness among the community [307]. Likewise, 

rabies case recognition among health care workers is low [189] resulting in non-detection of cases. 

It is difficult to link a bite that occurred several months ago to the non-specific symptoms present 

in rabies patients, potentially leading to misdiagnosis. After training of health care workers, ten 

human rabies cases were identified. Subsequent laboratory confirmation in five of these cases 

was a rewarding motivation for the health personnel. Human rabies diagnosis is not yet possible 

at INRB, but efforts to install PCR are underway.  

Sustainability of the surveillance system will be a challenge. While MFPs and VFPs were not re-

munerated for participating in the study, communication fees and sample collection consumables, 

coolers and packing materials for sample shipment, as well as personal protective equipment were 

provided by the project. Without active governmental support, scaling up surveillance to rural ar-

eas and other provinces will be difficult.  

Limitations: 

Most human rabies exposures (92%) and animal rabies samples (93%) came from in and around 

the six sites where rabies units were located. It is likely our data reflects the urban rabies situation 

rather than that of the entire province. However, it is well recognized that rabies mortality is higher 

in rural areas [14; 316]. Therefore, we believe that our figures are a conservative estimate of the 

human rabies burden in the Kongo Central province, and the actual number of human rabies 

deaths is higher. We assumed that no rabies deaths resulted from incomplete PEP, although there 

is no data on such outcomes currently available. In a study investigating bite incidence among a 

community in the Kongo Central province, Mbilo et al. [307] found a community-level bite incidence 

of 520/ 100’000 population per year. Given our health facility-level bite incidence of 44/ 100’000 

population, assuming that all bite victims seeking health care were captured by the surveillance 

system, this indicates that less than 10% of bite victims seek treatment after a bite. However, our 

surveillance of bite victims was limited to general referral hospitals and the veterinary services, so 
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we missed bite victims who presented to health centers and pharmacies. In Ethiopia, extensive 

tracing of non-registered bite victims found that 71% of bite victims present to a health facility after 

a bite [316]. A similar proportion (84%) was found in Madagascar [323]. Enrolling more health care 

providers in surveillance of bite victims would help to better define the proportion of bite victims 

who attend a health facility after a bite and further improve estimates of human rabies deaths. 

Conclusion 

This study demonstrates that it is possible to enhance rabies surveillance in a resource-poor en-

vironment with engagement and targeted training of human and veterinary personnel and limited 

financial support for basic equipment and logistics. We hope the data provided through this study 

will contribute to political will to invest in rabies prevention and control. The established collabora-

tion between the animal and health sectors builds a foundation for surveillance of other zoonotic 

diseases, which is an additional incentive in countries like the DRC which experience recurrent 

outbreaks of zoonotic diseases like Ebola, yellow fever and monkey pox.  
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7.1 Abstract 

Despite the existence of safe and efficacious human and animal rabies vaccines, millions of peo-

ple remain at risk of exposure to this deadly zoonotic disease through bites of infected dogs. Sub-

Saharan African countries, such as the Democratic Republic of the Congo (DRC), bear the highest 

per capita death rates from rabies where dog vaccination and availability of lifesaving post-expo-

sure prophylaxis (PEP) is scarce. Mass dog vaccination is the most cost-effective and sustainable 

approach to prevent human rabies deaths. We conducted a cross-sectional household survey in 

a rabies-affected community in Matadi, DRC, to estimate the size of the owned dog population 

and dog bite incidence and assess knowledge and practices regarding rabies, as preparation for 

future mass dog vaccination campaigns. Our study revealed that the owned dog population in 

Matadi was almost ten times larger than assumed by local veterinary officials, with a large propor-

tion of free-roaming unvaccinated dogs. The annual dog bite incidence of 5.2 per 1000 person 

years was high, whereas community rabies knowledge was low resulting in poor practices. Given 

these findings, human rabies deaths are likely to occur in this community. Lack of disease aware-

ness could negatively affect participation in future mass dog vaccination campaigns. A public sen-

sitization campaign is needed to promote appropriate rabies prevention (washing bite wounds and 

PEP) and control (dog vaccination) measures in this community. 

Keywords: Rabies; free-roaming dog; dog ecology; dog bite incidence; zoonosis; Democratic Re-

public of the Congo 

7.2 Introduction 

Rabies, a fatal viral disease transmitted through the bite or scratch of an infected animal, is esti-

mated to cause about 21,500 human deaths per year in Africa [110]. Domestic dogs are the main 

reservoir species of the rabies virus (RABV) and by far the most common transmitter of the dis-

ease to humans [9]. Because most human rabies exposures (>99%) result from dog bites and 

highly efficacious dog rabies vaccines are available, the disease in humans can be prevented 

through vaccination of its animal source. 

In 2018, the Global Strategic Plan to end human deaths from dog-mediated rabies by 2030 was 

launched by the United Against Rabies (UAR) collaboration of four international organizations, the 

World Health Organization (WHO), the World Organisation for Animal Health (OIE), the Food and 

Agriculture Organization of the United Nations (FAO), and the Global Alliance for Rabies Control 

(GARC) [44]. The global strategic plan emphasizes mass dog vaccination as key for sustainably 
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preventing human rabies, along with increasing disease awareness and ensuring prompt post-

exposure prophylactic treatment (PEP) for bite victims. 

Rabies transmission among dogs (and therefore exposure to humans) can be interrupted when a 

sufficient proportion of the dog population is immunized [56]. The threshold proportion pc of the 

population that needs to be immunized to interrupt transmission under assumptions of homoge-

neity is determined by the basic reproductive number R0 of an infectious disease as pc = 1-1/R0. 

R0 of rabies transmission between dogs is estimated to be relatively low, between 1.05 and 1.72 

[324; 325]. Based on empirical data and disease modeling, the UAR collaboration recommends 

annual vaccination campaigns that attain at least 70% of the dog population to sustain interrupted 

transmission [44; 56; 292]. Recent work based on social contact networks of dogs confirmed the 

recommended coverage of 70% [326]. Therefore, the size of the target dog population is a critical 

factor to consider in planning vaccination campaigns. A straightforward approach to obtain a rough 

estimate of the owned dog population is a household survey to determine the dog/human ratio, 

with subsequent extrapolation to a given area [327]. 

Even though the dog rabies vaccine is highly efficacious, final effectiveness in the field, in terms 

of vaccination coverage, depends on accessibility of the dog population for vaccination and many 

other effectiveness factors [87; 88; 296; 303; 328], which are influenced by the sociocultural con-

text [172]. Accessibility of dogs for parenteral vaccination is affected by their ownership status. 

Increasing evidence suggests that the majority of dogs in Africa are owned but allowed to roam 

freely and that the proportion of ownerless dogs is low [32; 327]. Proof-of-concept studies in Africa 

were successful in reducing human and animal rabies cases but mainly targeted the owned dog 

population [172; 173; 298; 299; 329]. Lack of disease awareness and inability of dog owners to 

handle their dog can be a constraint to participation in vaccination campaigns [87; 172].  

While dog vaccination is essential to sustainably control rabies in the reservoir population and 

prevent human deaths, individuals also need to be aware of preventive measures following an 

animal bite, such as seeking PEP and informing the veterinary service of suspected rabid animals. 

It is thus critical to understand the local context and assess community awareness on rabies prior 

to implementation of mass dog vaccination campaigns. Knowledge, attitude, and practices (KAP) 

studies within rabies-affected communities expose factors that influence response to vaccination 

campaigns and identify knowledge gaps and practices that hamper rabies prevention and control. 

Dog bites have been widely used as a proxy to estimate human rabies deaths based on decision-

tree probability models [110; 124; 317; 330]. Epidemiological data on dog bites are often obtained 
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from health facilities, but not all dog bite victims seek care in the formal health care sector. There-

fore, such data fail to capture the true incidence of dog bites in the community and are likely to be 

biased towards more severe bites that require medical attention [304]. Community population-

level estimates of actual dog bite incidence are needed to assess the burden of rabies in a given 

area. 

In the Democratic Republic of the Congo (DRC), first reports of rabies date back to 1923 [187] 

and recurrent outbreaks have occurred across the country ever since [190; 306; 331]. In 2009, 21 

clinically-confirmed rabies cases in children were registered in the Pediatrics Department of a 

single hospital in the capital city of Kinshasa in only seven months. In a retrospective study of 

5053 animal attacks in Kinshasa between 2009 and 2013, 2.5% were likely due to rabid animals 

[191]. Despite this alarming situation, no official rabies control program is in place and very limited 

data on dog population and community awareness regarding rabies exist. In the DRC, dog vac-

cination is not governmentally subsidized. The Congolese National Order of Veterinarians 

(ONMVC: Ordre National des Médecins Vétérinaires du Congo) fixed the price for dog rabies 

vaccination at no less than 20 USD [193], although it has been shown earlier in a similar setting 

that cost above 2 USD cannot be borne by the community[171]. Recent studies found dog vac-

cination coverage between 24% and 81% in different communes of Kinshasa [192; 193]. The 

vaccination status of dogs appeared to depend on access to vaccine and the dog owner’s eco-

nomic situation [192; 193]. About two-thirds of dogs were allowed to roam freely, and the propor-

tion of ownerless dogs was estimated to be less than 2% [192].  

In this article, we report the findings from a cross-sectional household survey conducted in a ra-

bies-affected community in the DRC to study both the human and dog population as a preparation 

for future dog mass vaccination campaigns in the DRC. The aims of the study were to collect 

baseline data on the size and characteristics of the owned urban dog population, assess commu-

nity knowledge and practices regarding rabies and, provide a community-level estimate of dog 

bite incidence.  

7.3 Methods 

7.3.1 Study Site 

Our study took place in Matadi (5°49′03″S 13°28′15″E, Figure 6), the capital of the province of 

Kongo Central, located in the western part of the DRC. Matadi was selected due to the occurrence 

of several rabies outbreaks over the past few years (personal communication, government veter-

inary clinic of Matadi) and its accessibility by road from Kinshasa. Compared to other provinces, 



Dog ecology, bite incidence and disease awareness: a cross-sectional survey among a rabies-
affected community in the Democratic Republic of the Congo. 

Seite 100 von 280 
 

Kongo Central is relatively well developed as it is the only province with access to the Atlantic 

Ocean and harbors DRC’s two main ports. In the second Demographic and Health Survey (DHS), 

81% of the households in Kongo Central were categorized into the three highest quintiles of the 

wealth index [309]. This is still low in comparison to Kinshasa, where over 97% of households are 

classified in the highest quintile of the wealth index [309]. Matadi is located on the Congo River 

and divided into three communes comprising 17 neighborhoods. According to the 2015 annual 

report of the municipality, an estimated 301,644 people live in Matadi across 110km2. The gov-

ernment veterinary clinic of Matadi recorded 873 dogs living in the city in 2017 (personal commu-

nication, 2018). 

 

Figure 6: Maps indicating the Democratic Republic of the Congo (A) and the Kongo Central prov-
ince (B) with the study site Matadi (C). 

In May 2017 (dry season), we conducted a cross-sectional household survey among the residents 

of Matadi. A structured questionnaire in French based on the Report of WHO Consultation on Dog 

Ecology Studies Related to Rabies Control [332] and the Guidelines for dog population manage-

ment [333] was developed and pre-tested in 40 Matadi households during an exploratory visit in 

July 2016. The questionnaire consisted of three sections. The first part contained questions on 

household sociodemographic characteristics, while the second part gathered information on the 

respondent’s knowledge and practices regarding rabies and animal bite incidents occurring in the 

household in the last three years. The third part captured detailed data on individual dogs older 

than three months owned by the household. A household was defined as one person living alone 

or a group of persons, related or not, occupying a housing unit (house, apartment, a single or 

group of rooms), with shared living accommodation and meals under the lead of a household 

head. 
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7.3.2 Sample Size Calculation and Household Sampling Procedure 

Due to the lack of a household register or clearly defined administrative boundaries of neighbor-

hoods, we applied the sampling procedure proposed by Schelling & Hattendorf [334] using ran-

dom geo-coordinates. A set of numbered random geo-coordinates that served as interview start-

ing points for the survey teams was generated with R software version 3.3.1 [314] and exported 

as a kml file to Google Earth software version 7.1.2.2041. Points lying outside the city boundary 

were discarded. 

Based on expertise gathered from research projects in Bamako (Mali), Iringa (Tanzania) and 

N'Djamena (Chad) [86; 335; 336], we assumed a prevalence of dog owning households of 14%. 

To obtain a point estimate with a precision, defined as one half-length of the confidence interval, 

of 4.5 percentage points, we needed to survey 50 clusters with 20 households each, assuming an 

intra-cluster correlation coefficient of 0.2.  

Four field teams conducted the house-to-house survey. Each team consisted of an interviewer 

and a local guide. Three interviewers were recruited at the veterinary faculty of the National Ped-

agogical University in Kinshasa. One interviewer and four veterinary technicians who served as 

local guides were recruited at the government veterinary clinic of Matadi. Teams were trained on 

the household selection process and administration of the questionnaire during a pre-test in July 

2016 and two days prior to the launch of the survey in May 2017. The head of the government 

veterinary clinic of Matadi supervised and coordinated the four field teams. After pre-testing, one 

question regarding household sanitary situation was removed from the questionnaire because it 

was considered inappropriate by respondents. Several questions were rephrased to improve un-

derstanding. Based on the experience gained during the pre-test, we deemed data collection in 

21 households per team and day attainable and estimated study completion within 13 days.  

The study lasted from May 15 to May 28, 2017. On the survey days, the four field teams gathered 

at the government veterinary clinic of Matadi at 07:30 AM. Each team was guided to a random 

geo-coordinate starting point using the free, open source mobile application MAPS.ME. Facing 

north, the nearest household on the right side of the street was chosen for a first interview, then 

every third household was interrogated. At cross roads, the team first turned left and then right at 

the next cross road and so on. After completion of seven households, the teams moved back to 

the starting point and repeated the same procedure facing east, south, and west until a total of 21 

households were visited. If for any reason the survey could not be carried out in a household (e.g. 

nobody is at home, the person refuses to participate or was too young, the house was a shop), 
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the neighboring household continuing in the direction of movement was selected. The question-

naire was administered to the household head or another occupant over 16 years of age. Depend-

ing on the respondent’s preference, interviews were conducted in French or the local languages 

Lingala or Kikongo. Each interviewer was equipped with a computer tablet (Trekstor SurfTab 

breeze) configured with Open Data Kit (ODK) software and a solar battery charger. In non-dog 

owning households, interviews were limited to the first two parts of the questionnaire. At the end 

of each survey day, completed questionnaires were downloaded from the tablets to a password 

protected external hard drive.  

7.3.3 Data Analysis 

Data collected during the study were downloaded from ODK software in comma-separated value 

files and analyzed using R software version 3.5.0 [314]. Maps were created with QGIS version 

3.4.4.  

We applied generalized estimating equations (GEE) for binary distributed outcome variables, i.e. 

dog ownership status (yes/no), having heard of rabies (yes/no), rabies knowledge (adequate/in-

adequate), and history of animal bite in the household (yes/no), with a logit link function and inde-

pendent correlation structure to account for the clustered nature (random geo-coordinates) of the 

questionnaire data. Association with explanatory variables (age, sex, education, household posi-

tion, livestock ownership, dwelling ownership status, water source, residence) were analyzed us-

ing univariable and multivariable analysis. All explanatory variables with p-values <0.2 in univari-

able analysis were included in the multivariable model [337]. Estimates are presented as odds 

ratios (OR) and adjusted OR with corresponding 95% confidence interval (CI). The significance 

level was set at p-value ≤ 0.05. To estimate the dog/human ratio, we used GEE for negative bino-

mial distributed outcomes and independent correlation structure to account for the over-dispersed 

nature of the distribution of dog counts per household. The point estimate and CI were divided by 

the mean number of persons per household. 

We constructed knowledge and practices scores for respondents who had heard of rabies (n = 

551) based on eight and three questions, respectively (see Appendix 3: Supplementary infor-

mation for chapter 7, Table 31). All questions were equally weighted with a maximum score of 4 

per knowledge and 3.5 per practices question. No penalty was given for incorrect answers. A 

respondent could obtain overall scores of 32 for rabies knowledge and 10.5 for practices, when 

all questions were correctly answered. Respondents that obtained 16 points or higher were clas-

sified as knowledgeable about rabies. We assessed the relationship between the practices score 
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(outcome variable) and knowledge score (explanatory variable) using GEE for normal distributed 

outcome variables with an identity link function and independent correlation structure.  

Based on proxy markers similar to those used in the DHS conducted in the DRC in 2013-2014, 

we assessed the socioeconomic status (SES) of households [193; 309]. We used the following 

five housing characteristics: availability of piped drinking water, wall material, roof type, livestock 

ownership, and fenced property. A score of 0 or 1 was attributed to each item: 0 in case of una-

vailability of piped water, straw/wooden wall, straw roof, non-ownership of livestock, and unfenced 

property, and 1 in case of availability of piped water, cement/brick wall, sheet roof, ownership of 

livestock, and fenced property. Households that scored ≤ 2 points were assigned low SES, while 

households that scored ≥3 were classified as middle SES. Our SES was well in line with the DHS 

wealth index [309]. 

7.3.4 Ethical Approval 

We obtained research permission from EKNZ (Ethics Committee for Northwest/Central Switzer-

land, EKNZ BASEC Req-2017-00395) and ethical clearance from the Ministry of Public Health 

ethics committee at the Clinique Ngaliema, Kinshasa (COMETH/TKK/PRES 002/2017). Study 

participants were verbally informed about the purpose of the survey, and we obtained verbal con-

sent from each participant before administering the questionnaire. Respondents were free to re-

fuse or discontinue participation at any time. Before the beginning of the study, a meeting was 

held with the mayor of Matadi, who provided written permission to conduct the study. 

7.4 Results 

7.4.1 Household and Respondent Characteristics 

In May 2017, we approached a total of 1095 households in the city of Matadi of which 1056 com-

pleted the survey (96%). The total number of occupants living in the 1056 households was 6742 

with a median household size of 6 (IQR: 4–8). Details about household and respondent charac-

teristics are given in Table 8. More women (63%) were interviewed and about half (44%) of the 

interviews were conducted with the wife of the head of household. Most respondents (90%) had 

secondary (78%) or higher education (12%) and around half (49%) were older than 40 years. Two-

thirds of households were owned and slightly more than half (53%) were located in peri-urban 

parts of the city. Almost all households (97.5%) had no fence around their premises, meaning that 

dogs could enter and leave the premises without restriction. Two-thirds of households (67%) dis-

posed of garbage so that it was easily accessible for roaming dogs.  
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Table 8: Characteristics of the 1056 households and respondents surveyed in Matadi, Democratic 
Republic of the Congo (DRC) in May 2017. 

 Overall 

(n = 1056) 

Sex of respondent  

Female 669 (63.4%) 

Male 387 (36.6%) 

Age of respondent (years)  

16-29 259 (24.5%) 

30-39 281 (26.6%) 

>40 516 (48.9%) 

Level of education of respondent  

None 23 (2.2%) 

Primary 85 (8.0%) 

Secondary 818 (77.5%) 

Tertiary 130 (12.3%) 

Socioeconomic status  

Middle 920 (87.1%) 

Low 136 (12.9%) 

Position of respondent in the household  

Wife of head of household 464 (43.9%) 

Head of household 317 (30.0%) 

Child of head of household 211 (20.0%) 

Other relative of head of household 64 (6.1%) 

Occupation of respondent  

Private sector 603 (57.1%) 

Public sector 316 (29.9%) 

Unemployed 101 (9.6%) 

Retired 36 (3.4%) 

Dwelling ownership status  

Owner 629 (59.6%) 

Tenant 427 (40.4%) 

Source of water  
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 Overall 

(n = 1056) 

Improved 893 (84.6%) 

Unimproved 163 (15.4%) 

Waste disposal  

Open 707 (67.0%) 

Closed 349 (33.0%) 

Livestock ownership  

No 769 (72.8%) 

Yes 287 (27.2%) 

Residence  

Peri-urban 557 (52.7%) 

Urban 499 (47.3%) 

History of bite incident  

No 964 (91.3%) 

Yes 92 (8.7%) 

Dog ownership  

No 956 (90.5%) 

Yes 100 (9.5%) 

*Source of water was categorized as improved or unimproved according to WHO Water, sanitation and hygiene (WASH) standards 

[338] 

# Open waste disposal: public/private waste disposal site, burying waste/ closed waste disposal: incineration of waste 

7.4.2 Dog Ownership and Dog-Keeping Practices 

The percentage of dog-owning households (DOHH) was 9.5%, with 1–9 dogs per DOHH (median: 

1, IQR: 1-2). We recorded a total of 178 dogs during the household survey. The dog/human ratio, 

when considering the 6742 persons represented in this survey, was 1:37.7 (95% CI: 32.1–44.3). 

An estimate of the owned dog population based on an extrapolation of the dog/human ratio pre-

dicts 8001 dogs for the city of Matadi (95% CI: 6809–9397), resulting in a dog density of 74/km2.  

More than two-thirds of dog owners (63%) allowed their dogs to roam freely at all times, while the 

remainder confined their dogs part time either during the day (35%) or night (2%). Dogs were 

primarily kept for security (92%) and livestock herding (7%). Only one household (1%) reported 

using dogs for hunting. The majority of dogs (93%) were fed with leftovers from human consump-

tion and/or slaughterhouse (16%), while 3% of dogs were provided commercial dog food. Less 

than one in four dog owners (22%) stated that they provided some level of veterinary care to their 
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dogs. Dog owners reported that their dogs would spend most of their time on (86%) or in front of 

the dog owner’s premises (8%), with only a small minority roaming the streets (6%). The most 

common way to acquire a dog was through purchase (52%) or as a gift (30%), followed by off-

spring from another household dog (15%) or adoption from the street (3%). Among households 

that purchased a dog, about two-thirds (58%) were bought in another neighborhood of the city, 

36% were acquired in the same neighborhood and 6% were purchased outside the city.  

When asked if ownerless dogs were present in the neighborhood, the majority of respondents 

(82%) stated that there were no ownerless dogs, while 17% reported having seen ownerless dogs 

and 1% could not provide a response to this question. The median number of ownerless dogs 

stated by 154 out of 182 respondents who reported having seen ownerless dogs was 2 (IQR: 1–

4), the remaining 28 respondents did not provide an estimate of the ownerless dog population in 

the neighborhood. 

Among non-dog owning households (956/1056) reasons given for non-ownership were a dislike 

of dogs (39%), no necessity for keeping a dog (18%), not enough space (13%), or no specific 

reason (10%). Only 8% stated that they were afraid of the public health risks associated with dog-

ownership. The remaining 12% provided various other reasons. 

Factors Associated with Dog Ownership 

The results of the univariable and multivariable analysis of factors associated with dog ownership 

are presented in Table 9. In the final multivariable model, livestock owning households had twice 

the odds of owning a dog as compared to households without livestock (95% CI: 1.25–3.23, p = 

.004). Similarly, the odds of owning a dog were greater among dwelling owners as compared to 

tenants (adj OR = 2.37, 95% CI: 1.36–4.15, p = 0.002). We found no association with residence 

or household socioeconomic status. 
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Table 9: Uni- and multivariable generalized estimating equation models for binomial outcome variables to determine household characteris-
tics associated with dog ownership in Matadi, Democratic Republic of the Congo (DRC) in May 2017. 

Variables 
 

%(Npos) OR 95% CI p-value Adj OR 95% CI p-value 

         
Socioeconomic status Middle 10% (90/920) reference 

     

 
Low 7% (10/136) 0.73 0.37–1.44 .366 

   
         

Dwelling ownership status Tenant 5% (21/427) reference 
  

reference 
  

Owner 13% (79/629) 2.78 1.65–4.68 <.001 2.37 1.36–4.15 .002 

         

Livestock ownership No 7% (55/769) reference 
  

reference 
  

 
Yes 16% (45/287) 2.41 1.53–3.8 <.001 2.01 1.25–3.23 .004 

         

Residence Peri-urban 10% (56/557) reference 
     

 
Urban 9% (44/499) 0.87 0.54–1.39 .55 

   

 

 

 

 

 

 



Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der 
hier angezeigt werden soll. 

7.4.3 Dog Population Characteristics 

Of the 178 dogs identified during the household survey, 57 (32%) were puppies (0–3 months), 31 

(17%) young dogs (4–11 months), 89 (50%) adult dogs (1–7 years), and 1 old dog (> 7 years). 

Detailed information on 106 dogs older than 3 months was available, while data on 3 young dogs 

and 12 adult dogs were missing. The study dog population consisted of 53 males (50%) and 53 

females (50%) with a sex ratio of exactly 1:1 (Figure 7). The 57 puppies were not sexed. None of 

the female dogs and only 3 out of 53 male dogs were neutered. Roughly three-quarters of dogs 

(71%) were local nondescript breeds, followed by mixed breeds (29%). Twenty-six out of 53 (49%) 

females gave birth in the 12 months preceding the study with a median litter size of 6 puppies 

(IQR: 4–7). Of the 142 puppies born, 37% died, and the remainder were kept in the household 

(42%), sold (11%) or given away (10%).  

 

Figure 7: Age and sex distribution of surveyed dogs older than 3 months.  
Note that age categories are not distributed equally. 

Dog Vaccination and Accessibility for Parenteral Vaccination 

According to dog owners, 25 out of 106 dogs (24%) were vaccinated against rabies at some point 

in their lifetime. Of these, only three-quarters of dogs (72%, 18/25) had a vaccination booklet and 

one-third of vaccinations (33%, 6/18) were outdated at the time of the survey. Vaccination status 

of the 57 puppies was not available. When asked about reasons for non-vaccination, almost one-

third of dog owners (30%) refused to respond to this question. One in three dog owners lacked 

the money to purchase the vaccine, while 16% did not know where to find the vaccine and 14% 

thought that their dog was too young for vaccination. About 7% of dog owners did not know that 

their dog should be vaccinated against rabies. Dogs living in households assigned a high SES 

were more often vaccinated than dogs owned by low SES households (30% vs. 0%). Three-

quarters of dog owners (74%) claimed that they would be willing to spend money on dog vaccina-

tion and the median amount they would be willing to pay for dog vaccine was 2.1 USD (IQR: 0-
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3.6 USD). The majority of dog owners (92.5%) stated that they could handle their dog for paren-

teral vaccination.  

7.4.4 Animal Bite Incidents 

Almost one in ten households (9%) had at least one family member who experienced an animal 

bite in the previous three years. A total of 97 bite victims were reported, of which 62 % were adults 

and 38% children. Sex of the bite victim was not recorded. We estimated a dog bite incidence of 

5.2 per 1000 person years (95% CI: 4.3–6.2). All bite victims were bitten by dogs, which were in 

most cases (89%) known by the bite victim, reported as a neighbor’s dog (60%), a dog owned by 

the household (16%) or a community dog (13%). Only 7% were bitten by an unfamiliar ownerless 

dog. Dog ownership was positively associated with the occurrence of a bite incident in the house-

hold (OR = 2, 95% CI: 1.01–3.85, p = 0.034). More than one in ten bite victims (11%) died before 

the survey, and 64% of respondents stated that the death was related to the bite incident, i.e. the 

bite victims died after showing symptoms of rabies.  

7.4.5 Community Rabies Knowledge 

When asked if respondents knew of diseases transmitted by dogs, the most common (37%) dis-

ease mentioned was rabies, followed by tetanus (14%). Slightly more than half of respondents 

(52%) had previously heard of rabies, with the majority (95%) correctly describing rabies as a 

disease. Only study respondents who had heard of rabies were further questioned (n = 551). Most 

respondents (88%) knew that rabies was transmitted through the bite of an infected animal but 

were unaware of other modes of transmission. Almost all respondents (94%) mentioned dogs as 

the principal reservoir of rabies, followed by cats (19%). Forty percent of respondents correctly 

described the symptoms of rabies (mentioned one or more symptoms) in animals. Aggressive-

ness (95%) was the most commonly mentioned symptom, followed by behavior change (40%). 

Figure 8 gives an overview of animal rabies symptoms stated by the participants. About half of 

respondents (45%) were able to state one or more rabies symptoms in humans. A wide range of 

symptoms were identified by the study participants, with monologizing (23%), insanity (23%), 

barking like a dog (22%) and aggression (8%) most frequently mentioned. Of the 551 respond-

ents, 33% claimed to know someone who died of rabies and 30% stated that they had encoun-

tered a rabid animal. The odds of correctly describing animal rabies symptoms were 3.43 times 

higher among respondents who had seen a rabid animal (95% CI: 2.14 – 5.5, p < .001). There 

was no similar association found between knowing someone who died of rabies and correctly 
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describing human rabies. Around three-quarters of respondents (73%) stated that rabies is a pre-

ventable disease, and half of respondents (51%) knew that human rabies is preventable through 

dog vaccination. However, only 3% of respondents mentioned human vaccination as a preventive 

measure and only 14% knew that rabies is fatal following the onset of symptoms. 

 

Figure 8: Animal rabies symptoms mentioned by the study participants in Matadi, Democratic 
Republic of the Congo (DRC) in May 2017. 
The left plot displays the proportion of respondents that did not mention any rabies symptoms and the 
proportion of respondents that stated correct and incorrect symptoms. The right plot displays frequently 
mentioned correct and incorrect animal rabies symptoms. 

Factors Associated with Rabies Knowledge 

The mean knowledge score was 13.65 (SD: 4.85, median: 13), with a minimum of 0 and a maxi-

mum of 26 points. The most frequent knowledge scores were 12 and 13 (11.4% and 17.4%, 

respectively). Using the cut-off score of ≥ 16 to classify high and low level of rabies knowledge, 

189 out of 551 (34%) respondents were classified as having a high knowledge about rabies. Re-

sults of the multivariable analysis indicated that rabies knowledge was higher among respondents 

who were i) male, ii) 40 years or older, and iii) had a high level of education, whereas urban 

residence was negatively associated with knowledge (Table 10).  
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Table 10: Uni- and multivariable generalized estimating equation models for binomial outcome variables to determine respondent and 
household characteristics associated with rabies knowledge in Matadi, Democratic Republic of the Congo (DRC) in May 2017. 

Variable 
 

%(Npos) OR 95% CI p-value  adjOR  95% CI p-value 
          

Sex Female 29% (86/299) reference 
   

reference 
  

 
Male 41% (103/252) 1.71 1.25–2.34 .001 

 
1.44 1.02-2.03 .038 

          

Age 16-29 24% (28/118) reference 
   

reference 
  

 
30-39 31% (39/128) 1.41 0.78–2.53 .252 

 
1.63 0.85–3.11 .14 

 
>40 40% (122/305) 2.14 1.28–3.58 .004 

 
2.21 1.29–3.78 .004 

          

Level of education Low 32% (149/466) reference 
   

reference 
  

 
High 47% (40/85) 1.89 1.19–3.01 .007 

 
1.87 1.22–2.87 .004 

          

Socioeconomic status Middle 36% (176/493) reference       

 Low 22% (13/58) 0.52 0.24–1.15 .107  0.49 0.22–1.1 .084 

          

Livestock ownership No 32% (126/392) reference 
   

reference 
  

 
Yes 40% (63/159) 1.39 0.87–2.21 .17 

 
1.14 0.71–1.83 .599 

          

Residence Peri-urban 41% (126/311) reference 
   

reference 
  

 
Urban 26% (63/240) 0.52 0.29–0.95 .033 

 
0.5 0.28–0.91 .024 

          

History of bite incident No 34% (170/494) reference 
   

reference 
  

 
Yes 33% (19/57) 0.95 0.53–1.73 .874 

    

          

Dog ownership No 35% (173/491) reference 
   

reference 
  

 
Yes 27% (16/60) 0.67 0.39–1.14 .14 

 
0.59 0.34–1.02 .06 
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Practices Towards Suspected Rabid Animals 

When asked about measures they would take when encountering a rabid animal, two-thirds (62%) 

of respondents would kill the animal, while 15% would chase it away or run from it and 3% would 

do nothing. Twenty percent of respondents would inform the veterinary service of the suspected 

rabid animal. Only 2% of respondents would take the carcass of a suspected rabid to the veteri-

nary service for laboratory testing, while the majority would bury it (82%) or throw it away (16%).  

Health Seeking Behavior 

After an animal bite, only 2% of respondents would wash the wound with water as a first aid 

measure. Respectively, 85% and 4% would report to a health facility or the veterinary service 

immediately after a bite. Only 2% would seek anti-rabies vaccine, while 6% would get anti-tetanus 

vaccination. A small fraction would contact a traditional healer (0.5%) or do nothing after a bite 

(0.5%). When asked about where to find human rabies vaccine, respondents stated at a health 

facility (41%) and/or veterinary service (39%). One-fifth of respondents indicated that they did not 

know where to obtain human rabies vaccine. 

Relationship between Rabies Knowledge and Practices 

Overall practices scores were low with a mean of 3.11 (SD: 1.05, median: 3.5), minimum of 0, and 

maximum of 6.5 out of 10.5 possible points. We found a significant positive correlation between 

the knowledge and practices score (Beta = 0.056, p < .001). Figure 9 shows the relationship be-

tween the knowledge and practices score by level of education.  
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Figure 9: Relationship of knowledge and practices score by level of education. Small random 
noise was added to avoid over-plotting. 

7.5 Discussion 

Despite recurrent rabies outbreaks across the DRC, the disease remains neglected with few ra-

bies-focused studies limited to Kinshasa [190-193]. Controlling rabies in the animal reservoir 

through mass dog vaccination is the most cost-effective and sustainable approach to prevent dog-

mediated human rabies cases [31; 36; 44]. Knowledge of the dog population size is a prerequisite 

for adequately planned vaccination campaigns, and understanding community rabies awareness 

is critical to adapt rabies interventions to the local context and ensure high community acceptance 

and participation. This study revealed several important findings that help plan prospective dog 

rabies awareness raising and vaccination campaigns in the city of Matadi and DRC urban areas. 

First, the owned dog population in Matadi was almost ten times larger than assumed by veterinary 

officials. Secondly, a large proportion of the owned dog population was unvaccinated and free-

roaming. Thirdly, the annual community-level dog bite incidence was high as compared to other 

sub-Saharan African settings. Lastly, rabies awareness among the community was low with 

knowledge gaps that result in poor practices.  

7.5.1 Dog Ownership and Dog-Keeping Practices 

In our study, about one in 10 households owned at least one dog. This proportion of DOHH is 

comparable to studies carried out in neighboring countries. For example, 7% and 14–15% of 

households in coastal and inland urban areas in Tanzania [336; 339] and 11% of households in a 

suburb of the capital city of Zambia owned dogs [340]. In other sub-Saharan African areas, the 
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proportion of urban DOHH was higher (17% in South Africa [341], 28% in Chad [335], 61% in 

Ethiopia [342], 89% in Madagascar [343], and 95% in Nigeria [246]). An exception in West Africa 

was Mali, where only 9% of households in the capital city of Bamako owned a dog [86]. The 

observed dog/human ratio of 1:37.7 is lower than the dog/human ratio of 1 to 21 (95% CI: 12.5–

37.1) determined by a meta-analysis for urban Africa [14] and generally lower than dog/human 

ratios found in other urban sub-Saharan African areas (Chad: 1:20.7 [335], Tanzania: 1:14 [336; 

339]. South Africa: 1:12.7 [341], Nigeria: 1:3.5-5.7 [243; 246], Madagascar: 1:4.5 [343]) with two 

exceptions, Zambia (1:45) [340] and Mali (1:121) [86]. In rural areas, dog/human ratios are gen-

erally higher but the dog density per km2 is lower [327]. Based on the dog/human ratio, we esti-

mated the owned dog population of Matadi at 8113 individuals. This was almost ten times higher 

than the official number of 873 assumed by the government veterinary clinic of Matadi. This finding 

has large financial implications for planning prospective dog vaccination campaigns, in terms of 

vaccine doses and human resources needed to reach the 70% vaccination coverage of recom-

mended by the UAR collaboration. Although our data indicates a tenfold underestimation of the 

owned dog population, this figure is still a rough estimate of the actual dog population size and 

should be refined after vaccination campaigns using post-vaccination transects as suggested by 

Sambo et al. [344]. The study compared different methods to estimate dog populations and found 

that estimates based on household surveys were often imprecise due to relatively small sample 

sizes.  

One limitation of our study is that the method used to estimate the dog population size did not take 

into account the unowned dog population. The majority of study participants (82%), however, re-

ported that there were no ownerless dogs in their neighborhood, which could indicate that the 

proportion of ownerless dogs is low. This result is further corroborated by a study conducted in 

Kinshasa which found that ownerless dogs accounted for less than 2% of the entire dog population 

[192] and the widely accepted assumption that the proportion of unowned dogs across sub-Sa-

haran Africa is low [327; 345]. 

Many of our findings concerning dog keeping practices agree with previous studies conducted in 

urban sub-Saharan Africa, specifically that the majority of dogs were free-roaming [86; 243; 335; 

336; 340-343], fed regularly by their owners [246; 342; 343; 346; 347], and primarily kept for se-

curity and livestock herding [246; 335; 339; 340; 342; 343; 346; 347]. In contrast, in a municipality 

of Kinshasa, more than half of the surveyed dogs were confined. [193]. A possible explanation is 

the relative higher standard of living in Kinshasa compared to Matadi. Dogs in middle- and high-

income residential areas in Kinshasa are typically kept within fenced properties to guard the prem-



Dog ecology, bite incidence and disease awareness: a cross-sectional survey among a rabies-
affected community in the Democratic Republic of the Congo. 

Seite 115 von 280 
 

ises [193]. Only a fraction (2.5%) of the properties in Matadi had fences that kept dogs from roam-

ing. This difference in SES between the capital city and Matadi is also reflected in the preference 

of residents of Kinshasa for hybrid breeds (purchase price about 400 USD per puppy) [193], 

whereas the majority of dogs in Matadi were local nondescript breeds.  

7.5.2 Dog Vaccination and Accessibility 

Although most dogs could roam freely, they remained mainly on (86%) or in front (8%) of the dog 

owner’s premises, indicating that most dogs would be accessible during a door-to-door vaccina-

tion campaign. Almost all dog owners (92.5%) were confident they could handle their dog for par-

enteral vaccination. During a vaccination campaign conducted in Matadi on World Rabies Day 

2017, no problems restraining dogs and no dog bites were noted [194]. However, difficult dogs 

might not have been presented for vaccination. Twenty-five out of 106 (24%) dogs were reported 

to be vaccinated against rabies but only 11% had a valid vaccination booklet. This is far below the 

70% coverage recommended by the UAR collaboration and the reported vaccination coverages 

from Kinshasa, which varied between 24%–81% [192; 193]. Kazadi et al. [193] explained the high 

vaccination coverages in Kinshasa as due to increased willingness of dog owners in middle- and 

high-income neighborhoods to pay for vaccination of expensive hybrid dogs. In Matadi, dog owner 

economic status seems to partially affect dog vaccination status. One in three dog owners stated 

that they lacked the money for vaccination and dogs in households with a middle SES were more 

often reported as vaccinated compared to dogs from low SES households (30% vs. 0%). Almost 

one-third of respondents refused to answer why their dog was not vaccinated, which could be 

explained as fearing legal consequences for non-vaccination. On average, dog owners would be 

willing to pay 2.1 USD for dog vaccination, which is in line with findings from Chad [51] and ten 

times less than the vaccination price of US$ 20 fixed by the Congolese National Order of Veteri-

narians. Although per dog vaccination cost seems to vary between different regions [328], the 

mean price willing to pay is below the actual per dog vaccination cost of $ 4.9–5.4 USD found in 

a similar urban setting in Chad [36]. Given that 61% of Congolese live of less than US$ 1.9 a day 

[308], dog vaccination is not affordable by a large part of the population. Willingness to pay surveys 

always have limitations because actual behavior might differ from hypothetical claims when con-

fronted with real payment and we recommend further studies (e.g. double bounded dichotomous 

choice contingent valuation [348]) to validate dog owner’s willingness to pay for dog rabies vac-

cine. Freedom of dog rabies should be declared a public good and dog rabies vaccination subsi-

dized by the government to achieve dog rabies elimination effectively. Development Impact Bond 

(DIB) financing schemes should be tested for their suitability for dog rabies elimination in the DRC 

[106].  
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7.5.3 Dog Population Characteristics 

Similar to other urban dog populations in sub-Saharan Africa, our dog study population was young 

(32% puppies, 49% < 1yr) [243; 246; 336; 340; 342; 345; 347], indicating rapid population turno-

ver, and very few dogs were neutered [336; 341; 342]. The mean litter size per female dog was 6, 

higher than the average litter size of 4.7–5.7 reported from other sub-Saharan African countries 

[86; 335; 336; 349]. Sex ratios skewed towards male dogs are a consistent feature reported in 

studies on urban dog populations in sub-Sahara Africa [86; 243; 327; 336; 340; 341; 343; 345; 

347; 349; 350], with the exception of Lagos State, Nigeria [246]. Possibly, dog owners have a 

preference for male dogs which are assumed to perform better as guard dogs [351]. Another ex-

planation might be a male-biased birth ratio and a lower female survival rate [352]. We did not 

observe a predominance of male dogs in our study (sex ratio exactly 1:1), although puppies were 

not sexed. Hambolu et al. [246] explained the predominance of female dogs in Lagos State (Ni-

geria) as use of dogs for breeding.  

7.5.4 Animal Bite Incidents 

Bite victims in this study were exclusively bitten by dogs. Sex and age are two demographic char-

acteristics frequently identified as risk factors for dog bites worldwide, with children and males 

being disproportionately affected [49; 124; 317; 353-360]. Our finding that 38% of bites occurred 

in children is in accordance with age distributions of bite victims reported in these studies. We did 

not record the sex of bite victims. The increased risk of dog bites in children is attributed to the 

fact that children enjoy playing with dogs but are unable to read their behavioral signals and emo-

tions. Children are at higher risk of rabies because their shorter stature makes them more likely to 

incur dangerous bites to the neck and face and they may not report bites to caregivers [6]. There-

fore, children present an important at-risk population that needs to be educated about the dangers 

of dog bites and appropriate care measures after a bite. Meta-analyses of educational programs 

on bite prevention in children found no direct evidence that such programs are effective in reducing 

bite rates [361; 362], but school-based interventions were successful in encouraging children to 

report bite injuries and increasing knowledge about appropriate PEP [363-365]. Almost all bite 

victims (89%) in this study were bitten by a familiar dog, meaning the majority of biting animals 

could be identified and subsequently put under observation or tested for rabies to inform decision-

making on the need for PEP. 

Dog bite incidence can be used to indirectly estimate human rabies deaths [124]. Epidemiological 

data on dog bites are often available from health facilities but are likely to be biased because not 

all bite victims seek care after a bite. To date, little data is available on community-level incidence 
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of dog bites. In this study, we found an annual dog bite incidence of 5.2 per 1000 population. When 

extrapolated to the population of the city of Matadi, we would expect 1500–1600 dog bite victims 

per year. The dog bite incidence found in this study is considerably higher than the annual dog 

bite incidence of 0.5/1000 persons and 1.2/1000 persons reported in Mali and Côte d’Ivoire, re-

spectively [366; 367], but is similar to the annual dog bite incidence documented in Chad. Higher 

incidences were reported from rural areas in Asia, for example, 72.9/1000 population in Bangla-

desh [368], 48.4/1000 population in Cambodia [369], and 17–19.6/1000 population in India [356; 

370; 371]. Previous studies have shown that dog/human ratios are typically higher in rural settings 

[327] potentially resulting in more frequent dog-human interactions and thus an increased risk of 

bite incidents.  

7.5.5 Community Knowledge 

Only half of our study population had heard of rabies. This proportion is considerably lower than 

reported in other sub-Saharan African countries, where 76%–99% of respondents had heard of 

rabies [85; 186; 335; 342; 372; 373]. The majority of respondents knew that rabies is primarily 

transmitted through infected dogs (94%) via bites (88%). Rabies seems to be typically associated 

with dogs, reflected in the local name of the disease “Maladie Ya Mbwa” meaning “disease of the 

dog”, and is similar to the Arabic term   داء الَكْلب (“dog disease”) used in Sahel countries. Although 

respondents were familiar with rabies transmission, they were unaware of disease symptoms, 

prevention, and control. In order to detect suspected rabid animals within the community and take 

appropriate measures, such as informing the veterinary service, the public needs to be aware of 

the signs of rabies. Study participants who claimed to have seen a rabid animal had higher odds 

of correctly describing the symptoms of rabies in animals indicating that the disease really is prev-

alent in the study area. However, a minority (1%) mentioned paralysis as a possible symptom of 

rabies in animals, despite being typical for the paralytic (or dumb) form of rabies. This may result 

in cases of paralytic rabies going undetected. We did not find an association between knowing a 

person who had died of rabies and correctly describing the symptoms of human rabies. Clinical 

manifestation of human rabies is non-specific, which can lead to misdiagnosis of the disease [114]. 

It is particularly worrisome that 86% of respondents did not know that rabies is fatal after onset of 

symptoms. About half of respondents knew of dog vaccination and only 3% knew of PEP as a 

preventive measure. While dog vaccination is crucial to control rabies at its animal source, timely 

administration of PEP is essential to prevent rabies infection after a bite.  

https://en.bab.la/dictionary/arabic-english/داء-الكَلْبِ
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7.5.6 Community Practices 

The general poor rabies knowledge is reflected in the community’s practices towards suspected 

rabid animals and health seeking behavior. Although two-thirds of respondents would kill a sus-

pected rabid animal, only one in five would report the incident to the veterinary service. This will 

likely affect rabies surveillance efforts because cases will go undetected. A minority of respond-

ents would wash their wound with water and soap if bitten by a dog. Low awareness about first 

aid measures following a bite seems to be a common feature across sub-Saharan Africa [49; 85; 

166; 342; 374; 375]. Washing a bite wound with water and soap for 15 minutes is a simple but 

potentially lifesaving first aid measure that can prevent an infection through mechanical removal 

or inactivation the RABV [311]. The knowledge gap about PEP as a preventive measure aligns 

with the alarmingly low proportion of respondents (2%) who would seek PEP after a bite. In con-

trast to other studies [85; 376], our study population would not rely on traditional medicine in case 

of a bite. Even though most respondents would seek medical care after an animal bite, this does 

not guarantee receiving adequate treatment. For example, in Ghana, 60% of primary health care 

providers were not aware of the importance of PEP after a bite and 76% of health care facilities 

did not have human rabies vaccine in stock [202]. Because a high proportion of potential bite 

victims would seek medical care, health care provider’s knowledge about rabies and management 

of bite wound should be assessed. The positive correlation between the knowledge score and 

practices score indicates translation of knowledge into practice.  

Like most observational studies, this study has potential limitations. Because of lack of alterna-

tives, random geo-coordinates were used as starting points for the household survey. Therefore, 

households from less densely populated areas might be overrepresented. As mentioned, the study 

population represents urban communities. Dog/human ratios in rural areas are generally higher, 

therefore expanding data collection to rural areas is necessary to allow extrapolation to the entire 

DRC. In addition, we did not investigate the unowned dog population, although their number is 

considered to be less than 2% of the total dog population [192]. Furthermore, we asked respond-

ents about bite incidents in the last three years, and respondent-reported data could be subject to 

recall bias. Finally, we did not evaluate respondents’ source of rabies information. This could target 

common sources, for example, media, health workers, or community leaders, for future awareness 

raising campaigns and effective information channels. Ideally, the KAP study should be repeated 

after an awareness raising campaign to assess the impact on the community’s knowledge and 

monitor changes in the practices. 
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7.6 Conclusion 

Given the large proportion of unvaccinated, free-roaming dogs coupled with a high dog bite inci-

dence and poor community knowledge about rabies prevention and control, human rabies deaths 

are likely to occur in this community. Even though findings from this study indicate that the owned 

dog population is accessible for parenteral vaccination, lack of disease awareness could nega-

tively influence community participation in future dog mass vaccination campaigns. This highlights 

the urgent need for a public sensitization campaign to promote appropriate prevention (washing 

bite wounds and PEP) and control (dog vaccination) measures in this community. Our results can 

support veterinary and public health officials in planning dog vaccination and awareness raising 

campaigns in the DRC. 
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8.1 Abstract  

Canine rabies transmission was interrupted in N’Djaména, Chad, following two mass vaccination 

campaigns. However, after nine months cases resurged with re-establishment of endemic rabies 

transmission to pre-intervention levels. Previous analyses investigated district level spatial heter-

ogeneity of vaccination coverage, and dog density; and importation, identifying the latter as the 

primary factor for rabies resurgence. Here we assess the impact of individual level heterogeneity 

on outbreak probability, effectiveness of vaccination campaigns and likely time to resurgence after 

a campaign. Geo-located contact sensors recorded the location and contacts of 237 domestic 

dogs in N’Djaména over a period of 3.5 days. The contact network data showed that urban dogs 

are socially related to larger communities and constrained by the urban architecture. We devel-

oped a network generation algorithm that extrapolates this empirical contact network to networks 

of large dog populations and applied it to simulate rabies transmission in N’Djaména. The model 

predictions aligned well with the rabies incidence data. Using the model we demonstrated, that 

major outbreaks are prevented when at least 70% of dogs are vaccinated. The probability of a 

minor outbreak also decreased with increasing vaccination coverage, but reached zero only when 

coverage was near total. Our results suggest that endemic rabies in N’Djaména may be explained 

by a series of importations with subsequent minor outbreaks. We show that highly connected dogs 

hold a critical role in transmission and that targeted vaccination of such dogs would lead to more 

efficient vaccination campaigns.  

8.2 Author summary  

Rabies transmission between dogs and from dogs to humans can be interrupted by mass vac-

cination of dogs. Novel geo-referenced contact sensors tracked the contacts and locations of sev-

eral hundred dogs in N’Djaména, the capital of Chad. With the data generated by the sensors we 

developed a contact network model for rabies transmission dynamics. The model results com-

pared well to incidence data. The model explains the relationship between vaccination campaigns 

and number of cases better than previous models. Highly connected dogs play a critical role in 

rabies transmission and targeted vaccination of these dogs would lead to more efficient vaccina-

tion campaigns.  

8.3 Introduction 

The viral disease rabies, transmitted between mammals through bites, is fatal following the onset 

of symptoms. Although human rabies can be prevented by appropriate post-exposure prophylaxis 

(PEP), approximately 60,000 people die annually from rabies, mainly in Africa and Asia, [377]. 
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The main source of exposure for human rabies is the domestic dog, so vaccinating dogs is an 

effective way of reducing rabies transmission among dogs and from dogs to humans [378], [379]. 

Rabies is endemic in N’Djaména, the capital city of Chad, with an average incidence of one labor-

atory-confirmed infected dog per week [37]. A deterministic model of rabies transmission predicted 

that mass vaccination of dogs would be sufficient to interrupt transmission for six years [378]. 

Vaccination campaigns in dogs were conducted in 2012 and 2013, with both campaigns exceed-

ing 70% coverage [380]. Rabies transmission was interrupted in January 2014 after the second 

vaccination campaign [379], but there was a resurgence of cases nine months later. Subsequent 

analyses considered reasons for the quick resurgence, including spatial heterogeneity of vaccina-

tion coverage, and dog density; underreporting of cases; and importation. Simulation results from 

a deterministic metapopulation model suggested that importation was the most likely reason for 

the case resurgence [381]. Although deterministic models can predict the effect of large scale 

vaccination campaigns and the overall population dynamics, they do not adequately capture ef-

fects of stochasticity in low level endemic settings. This becomes important towards the end of an 

elimination campaign or upon re-establishment after interruption of transmission [382]. Previous 

models did not include fine scale heterogeneity at the individual level or the network structure of 

dog to dog contacts. 

The importance of including host contact structure in infectious disease modeling has been high-

lighted in many studies [383], [384], [385]. Theoretical analysis of epidemic processes on graphs 

has shown that the basic reproductive ratio not only depends on the expected value but also on 

the standard deviation of the degree distribution of the graph [386] and that on scale-free networks 

diseases can spread and persist independently of the spreading rate [387]. These theoretical in-

sights led to better understanding of disease transmission dynamics for different diseases, includ-

ing pertussis [28], influenza [388], severe acute respiratory syndrome (SARS)[389], human immu-

nodeficiency virus and acquired immune deficiency syndrome (HIV/AIDS) [390] and gonorrhea 

[391], and inspired novel control measures such as acquaintance immunization [392], contact 

tracing [393] and ring vaccination [394], [395]. 

Due to the substantial influence of network structure on disease transmission dynamics, many 

studies have collected data on host interactions. Human contact network models are generally 

established using contact diaries [396], [397], [398], proximity loggers [399], [400] , [401], [402], 

video recording [403] or mobile phones [404]. Contacts have also been studied in a wide range of 

animal species. The most common method for measuring animal contacts is behavioral observa-

tion, but other methods such as radio tracking, Global Positioning System (GPS) trackers, prox-

imity loggers or powder marking are also utilized [405]. 
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In the past decades, several rabies models with host contact structure have been published. [406] 

simulated fox movement pathways using home range size estimates, data from radio tracking and 

behavioral encounter observations to estimate contact probabilities for different seasons and fox 

densities. They found that the rabies front set off by an incursion of rabies into a healthy population 

moved more slowly than in a previous model of homogeneous fox populations. Including contact 

behavior in the model also resulted in a substantially higher predicted rabies control success rate. 

[407] used data from 30 raccoons fitted with proximity loggers to assess properties of the raccoon 

contact network. Unlike in earlier radio telemetry studies, they found a highly connected population 

and discussed possible implications of the social network on the spread of rabies. [408] used 

proximity logger data from 15 raccoons to build a contact network model of 90 raccoons and sim-

ulate rabies spread. They studied the effects of seasonality, differences in vaccination coverage 

and impact of behavioral changes in infected raccoons on disease spread. [409] used a contact 

network model of rabies transmission among owned free-roaming dogs in Australia to estimate 

the impact of a hypothetical rabies incursion from Indonesia. They differentiated transmission 

within households, between households and between communities. The probability of between 

household transmission was based on GPS data from 69 dogs, while between community trans-

mission was estimated using questionnaire data. [410] developed a contact network model for 

rabies in the wild dog population in Australia. They constructed a function for dog contact proba-

bilities, using a wide range of different values to generate contact networks and then implemented 

a rabies transmission model based on parameters from literature. 

However, individual based models of dog rabies transmission in endemic settings are lacking, so 

this study equipped 300 dogs in N’Djaména with purpose developed geo-referenced contact sen-

sors. This is the first study to collect contact data among dogs as well as the first to integrate 

contact data from such a large subset of an animal population into a rabies model. The individual 

based model of rabies transmission we developed includes distance between home locations and 

a degree distribution fit to a contact network structure of dogs in N’Djaména. We compared our 

model results to 2016 outbreak data from two quarters of N’Djamena. We examined the re-estab-

lishment probability of rabies over different vaccination coverage and compared outbreak proba-

bility over time with rabies incidence in N’Djaména from 2012 to 2016. Finally, we investigated the 

role of individual heterogeneity among dogs and the effect of targeted vaccination strategies. 
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8.4 Materials and methods 

8.4.1 Contact network data collection 

Contact network data was collected in three districts of N’Djaména, Chad, using 300 geo-located 

contact sensors (GCS) developed specifically for this study. The devices contain Global Position-

ing System (GPS) modules to track the location and movements of dogs and Ultra-High-Fre-

quency (UHF) technology sensors to measure close-proximity events between dogs. The GCS 

devices record locations at one minute intervals. For the contact recording, the devices broadcast 

beacons at one minute intervals and constantly scan for beacons ensuring that no contacts with 

durations of at least one minute will be missed. Close proximity events were defined as records 

with a received signal strength indicator (RSSI) of more than -75dBm. Static tests of the devices 

showed that, independently of the angle between two devices, all contacts closer than 25 cm are 

registered when signal strength is above that value (Appendix 4: Supplementary information for 

chapter 8,Figure 35)  

Collars fitted with the devices were placed on free roaming domestic dogs in three city districts 

(Table 11, Figure 10) with different dog densities (low, medium and high), that were easily acces-

sible. The zones were chosen to include urban and peri-urban areas. Data were collected during 

the dry season in December 2016. In the selected districts, all dog-owning households in a pre-

defined area of 1km2 were identified in order to capture as many of the contacts between dogs as 

possible, bearing in mind that only contacts between dogs that both wear a sensor can be cap-

tured. Dog owners were asked to enroll their pets. Only one dog owner refused to participate in 

the study. The GCS units remained on the dogs for 3.5 days. After retrieval of the GCS units, dogs 

were vaccinated against rabies. We excluded study zone 3 from the network analysis due to the 

low proportion of devices usable for analysis. 

Zone District Location Dog density Number of 
dogs 

Deployed 
devices 

Devices useable for 
analysis 

1 6 urban high 328 290 237 

2 1 peri-urban medium 94 80 66 

3 8 urban low 59 41 25 

Table 11 Characteristics of the three study zones.  
The reason for the discrepancy between the number of dogs and the number of deployed devices is that 
some collars could not be attached because dogs resisted. In study zone 1 the number of deployed devices 
was also limited by the fact that we had only 300 devices at our disposal. The discrepancy between deployed 
and usable devices is due to broken or lost GCS units, battery failure or failure in the data downloading 
process.  
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Figure 10: The location of the three study zones (red squares) and Chagoua and Abena quarters 
(green rectangle) in N’Djamena.  
The solid purple line denotes the border to Cameroun. The maps were generated using OpenStreetMap 
contributors. 
 

The data from the contact sensors were used to establish an empirical contact network, where the 

nodes correspond to the dogs and any two nodes are connected by an edge if at least one contact 

between the two dogs was registered. Appendix 4: Supplementary information for chapter 8, Fig-

ure 36  shows the number of edges in the empirical network during different subintervals of the 

study period. 

8.4.2 Rabies cases data 

Surveillance of canine rabies in N’Djaména consists of passive reporting of cases confirmed with 

an immunofluorescence antibody test (IFAT). In 2012, prior to the vaccination campaign, there 

was, on average, one case of dog rabies per week. After the vaccination campaigns in 2012 and 

2013, no rabies cases were reported for nine months. In October 2014, new rabies cases were 

reported in district number 9, south of the Chari River. In January 2016, the first case north of the 

river was reported in the Chagoua quarter of district 6 (Figure 10). An additional 6 cases of dog 

rabies were reported in 2016 in Chagoua and the neighboring Abena quarter. 

8.4.3 Dog population estimates 

We simulated rabies incursion into Chagoua and Abena quarters to compare the model results to 

the outbreak data. Dog population estimates were derived from the 2012 mass vaccination cam-

paign coverage assessment to determine the number of nodes in the network. A total of 2775 
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dogs were vaccinated during the 2012 campaign in Chagoua, Abena and the neighboring Dembe 

quarters [380]. A capture-mark-recapture model estimated vaccination coverage in that area at 

67%. In a second stage of the campaign, additional dogs were vaccinated in Chagoua, Abena and 

Dembe. During the latter stage, the proportion of dogs originating from Chagoua and Abena was 

assessed at 86% of dogs. Assuming that this proportion was the same in the first round, we esti-

mated the dog population in Chagoua and Abena to total 3,500 dogs. This was confirmed through 

a household survey conducted after the vaccination campaign, which estimated the dog/human 

ratio to be 1/20. The proportion of ownerless dogs was between 8% and 15% [380]. The total 

human population in Chagoua and Abena was 72,000 people. 

8.4.4 Network construction 

We developed a spatially explicit network construction algorithm to expand the empirical contact 

network to a synthetic network with more nodes, which allows for more realistic simulations of 

rabies transmission. When applied to a set of nodes of the same size as the empirical network, 

this algorithm generated a network with a similar degree distribution. The outbreak probability and 

size of a rabies transmission model on the empirical and the synthetic network were similar, mean-

ing we captured the features of the empirical network which are relevant for disease transmission 

in the construction algorithm. 

The steps of the algorithm to create the synthetic network are described below. We first create a 

graph with n nodes and zero edges. The number of nodes n corresponds to the number of nodes 

in the empirical network. Each node is assigned a position consisting of x and y coordinates in a 

square. The coordinates are sampled using Latin Hypercube sampling. Any two nodes i and j are 

connected with a probability pij given by pij = exp(−κΔij), where Δij is the Euclidean distance be-

tween node i and node j and κ is a scaling parameter. Next a proportion 1 − τ of the nodes are 

selected uniformly at random. For each node i in that subset of nodes a number m is sampled from 

a Poisson distribution with mean λ. The node i is then connected to exactly m other nodes out of 

all the nodes in the graph. The probability of selecting node j into the m nodes is given by �̃�𝑖𝑗 =

 
𝑘𝑗

∑ 𝑘𝑙
𝑛
𝑙=1

, where kj is the degree of node j and ∑ 𝑘𝑙
𝑛
𝑙=1  is the sum of the degrees of all the nodes in the 

graph. 

The three scaling parameters, κ, τ and λ are chosen such that the Kolmogorov distance between 

the degree distribution of the synthetic network and the degree distribution of the empirical network 

is minimal. We minimize the Kolmogorov distance by using a gridsearch and confirm the results 

by minimizing a second metric, the χ2 distance. The optimal values of the parameters κ, τ and λ for 
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the two study zones are displayed in Table 12. Larger networks are constructed by choosing the 

desired number of nodes in the networks and following the steps described above with the optimal 

values for λ, τ and κ. The properties of the empirical and the synthetic networks are displayed in 

Table 13. When optimizing the parameters κ, τ and λ only the degree distribution of the two net-

works is taken into account. Therefore, other network properties such as clustering do not neces-

sarily align between the synthetic and the empirical network. 

Table 12: Optimal values for the three scaling parameters of the network construction algorithm for 
the two study zones.  
The optimal values minimize the distance between the degree distributions of the empirical and the simu-
lated networks. The distance is calculated using the Kolmogorov or the Chi-Square metric. 

 λ τ  κ 

Zone 1 Kolmogorov 24 0.75 25 

Chi-Square 23 0.75 25 

Zone 2 Kolmogorov 7 0.7 10 

Chi-Square 6 0.7 11 

 

Table 13: Properties of the empirical and the synthetic contact networks for the two study zones. 
For the synthetic network five point summary statistics of 1000 runs of the construction algorithm are dis-
played. 

 empirical synthetic 

min p25 p50 p75 max 

Zone 1 nodes 237   237   

edges 1739 1630 1756 1782 1812 1914 

density 0.0622 0.0582 0.0628 0.0637 0.0648 0.0648 

av. de-
gree 

14.68 13.8 14.8 15.0 15.3 16.2 

max. de-
gree 

64 39 46 48 50 67 

clustering 0.562 0.129 0.157 0.164 0.172 0.198 

Zone 2 nodes 66   66   

edges 272 238 280 292 305 365 

density 0.125 0.111 0.131 0.136 0.142 0.170 

av. de-
gree 

8.24 7.2 8.5 8.8 9.2 11.1 

max. de-
gree 

19 19 20 21 29  

clustering 0.516 0.159 0.230 0.246 0.263 0.339 

8.4.5 Transmission model 

We used an individual based transmission model to simulate the spread of rabies in a contact 

network. All nodes of the network are assigned a status; susceptible, exposed, infective or re-

moved. Nodes infect adjacent nodes with a transmission rate β and progress from exposed to 



The importance of dog population contact network structures in rabies transmission 

Seite 128 von 280 
 

infectious and from infectious to removed with average transition periods σ and δ. For each in-

fected dog the individual incubation period and infectious period is sampled from a Poisson distri-

bution, with mean σ or δ, respectively. The model ignores birth and natural mortality. The param-

eter values are displayed in Table 14. The incubation period, σ, is chosen from recent literature 

[411] and fits with the observed time between cases in the incidence data from Chagoua and 

Abena. The duration of the incubation period is only marginally relevant for our simulations, be-

cause it only affects the outbreak duration and not the outbreak probability or size. The infectious 

period, δ, is chosen based on the assumption that a rabid dog in an urban setting would be killed 

earlier than a natural death from rabies. Our observation that more than two thirds of all samples 

tested at the rabies laboratory are positive supports the hypothesis that people are likely to rec-

ognize the symptoms of rabies since they are less likely to send non-rabid dogs for testing. If 

people recognise rabies they are more likely to kill rabid dogs [37]. The transmission rate is chosen 

using (1). We calculated the mean and variance of the empirical degree distribution, choosing the 

transmission rate such that R0 is smaller or equal than 1. We reasoned that rabies is endemic in 

N’Djaména, with a constant low number of cases and no large outbreaks observed. The transmis-

sion rate choice is further supported by the comparison of the simulation results to the outbreak 

data from Chagoua and Abena. 

Table 14: Parameters of the rabies transmission model.  
Time is measured in days 

 Description Unit Distribution Range/Mean 

σ incubation period time Poisson 90 

δ infectious period time Poisson 2 

β transmission rate 𝑡𝑖𝑚𝑒−1 Uniform [0.015,0.02] 

8.4.6 Network construction validation 

We used an individual based transmission model to test whether the properties of the empirical 

and the reconstructed network lead to similar outbreak probability and size for different transmis-

sion rates. The results for 1000 simulation runs of this model on the empirical and the synthetic 

network are shown in Figure 11. We differentiate between minor outbreaks, which are outbreaks 

where more than one and less than one percent of the nodes gets infected, and major outbreaks, 

which are outbreaks where more than one percent of the nodes get infected. Incursions denote 

all outbreaks where more than one node gets infected and therefore include both minor and major 

outbreaks. The figure suggests the construction algorithm performs well since the empirical and 

the simulated network yield similar results in outbreak probability and size. The values of the pro-

portion of simulation runs with outbreaks correspond to the values of the average relative outbreak 

size, that is the sum of all the final outbreak sizes divided by the number of nodes in the network 
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and the number of simulation runs. This is consistent with the theoretical result that the probability 

of a major outbreak and the relative size of such a major outbreak are equal [412]. This holds 

despite the clustering of the synthetic network being higher than in a random graph due to the 

spatial component of the network construction algorithm. In Figure 11 the outbreak size increases 

steeply for transmission rate values that are slightly larger than 0.02. This is consistent with the 

basic reproductive ratio R0 given by 

𝑅0 =  𝑝 (𝜇 +  
𝑣𝑎𝑟(𝐷) −  𝜇

𝜇
)     (1) 

where p is the transmission probability given a contact and μ and var(D) are the expected value 

and the variance of the degree distribution [412]. In the case of the described network R0 takes 

the value of 1 if the transmission rate β is 0.02. Since major outbreaks are only possible when R0 is 

greater than one, the observed increase of the average outbreak size for values of the transmis-

sion probability greater than 0.02 aligns well with the theoretical result, even though not all condi-

tions are met in the case of the described networks. 
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Figure 11: Outbreak probabilities and sizes of the transmission model on the empirical and the 
constructed network in study zone 1.  
In each simulation run, one randomly chosen dog is infected from the outside. The simulation ends when 
there is no more transmission. The incursion probability is the proportion of simulation runs where the 
number of infected dogs was greater than one. The probability of a minor outbreak is the proportion of 
simulation runs where more than one dog and less than 1 percent of the population get infected. The 
major outbreak probability is the proportion of simulation runs where more than 1 percent of the population 
get infected. The outbreak size is the cumulative proportion of infected dogs over the whole course of the 
infection. In the left panel the lines correspond to the mean over 1000 simulation runs for each value of 
the transmission rate. In the right panel the lines correspond to the median over 1000 simulation runs for 
each value of the transmission rate and the shaded area corresponds to the interquartile range.  

8.5 Results 

8.5.1 The empirical contact networks 

In study zone 1, the network consisted of 237 nodes and 1739 edges, with an average degree of 

15 and maximal degree of 64. In zone 2, the network consisted of 66 nodes and 272 edges, with 

an average degree of 9 and a maximum degree of 20. In both zones, nearly all dogs were part of 

one connected component, that is a sub-graph where any two nodes are connected by a path. 

The network can be divided into communities using a modularity optimization algorithm [413]. This 

algorithm optimizes both, the number of communities and the assignment of each node to a spe-

cific community, such that the modularity, that is the density of links within communities compared 

to links between communities, takes the maximum possible value. When the network of study 

zone 1 is divided into communities using this algorithm it becomes visually obvious that commu-

nities mainly consist of dogs which live close together and do not frequently crossrange across 

roads with traffic (Figure 12). This suggests, that roads with high traffic intensity constitute a func-

tional barrier which substantially reduces contact between dogs residing on either side. 
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Figure 12: Contact network and home location of the 237 dogs in study zone 1.  
In the left panel each node corresponds to a dog. The size of the node is proportional to the degree of 
the node and the color corresponds to the community the node belongs to. Contacts between dogs are 
shown as grey lines. In the right panel each dot on the map corresponds to a home location of a dog. The 
colors correspond to the community in the network. The maps were generated using OpenStreetMap 
contributors. 

8.5.2 Comparing simulation results to outbreak data 

Rabies was absent from the Chagoua and Abena quarters of N’Djaména for more than a year 

prior to the outbreak in 2016. The 7 cases were the first to occur north of the Chari River. Chagoua 

and Abena are virtually separated from other quarters to the west, north and east by main traffic 

roads and to the south by the Chari River. The area of these two quarters is approximately 4km2, 

and the total number of dogs is estimated to be around 3,500. We simulate the course of the 

infection after the incursion of one rabid dog. We found that in 450 out of 1000 simulations the 

chain of transmission was longer than 1, in other words additional dogs get infected. Among these 

chains of transmission the median of the cumulative incidence of all simulation runs aligns well 

with the cases observed in Chagoua and Abena (Figure 13). This suggests that the transmission 

rate in our model is a reasonable choice and that our simulations yield realistic results. Since 

rabies is often underreported, the true number of cases is likely to be higher than the reported 

number of cases. We accounted for this in a sensitivity analysis on the reporting probability (Ap-

pendix 4: Supplementary information for chapter 8, Figure 37). We found that if more than 60% of 

the cases are reported, the median of the simulations does not differ more from the incidence data 

than with perfect reporting. The final outbreak sizes are shown in Appendix 4: Supplementary 

information for chapter 8, Figure 38. 
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Figure 13: Incidence data and simulation results for the quarters Chagoua and Abena in 2016.  
The red line is the cumulative number of confirmed rabies cases. The black lines show median and quar-
tiles the cumulative number of cases in simulation runs where the number of rabid dogs was greater than 
1. Individual simulation runs are displayed as gray lines. 

8.5.3 Outbreak probability, size and duration for different vaccination coverages 

To assess the impact of vaccination coverage on the outbreak probability and size after the intro-

duction of one rabid dog, we constructed a network with a large number of nodes. We considered 

a 4 × 4 kilometer square and a dog population with the same density as the dog population in 

study zone 1, which yields a network with 4930 nodes. We ran rabies incursion simulations on 

that network. The outbreak probabilitiy, size and duration across different vaccination coverage 

are shown in Figure 14. The probability of a major outbreak, defined as more than 1% of the dog 

population becoming infected, is substantially reduced when vaccination coverage is above 70%. 

The probability of minor outbreaks also decreases with vaccination coverage, but only reaches 

zero with nearly complete vaccination coverage. Even though a minor outbreak, by definition, 

could affect up to 1% of the population (50 dogs) the simulated average outbreak size is, in fact, 

very low. This is consistent with the theoretical result that the final number of infected nodes con-

verges to a two point distribution. A proportion of simulation runs stays close to zero whereas the 

other proportion ends up near the major outbreak size (for an example see Appendix 4: Supple-

mentary information for chapter 8, Figure 39). The minor outbreaks, therefore, only capture the 

short chains of transmission. These chains include, on average, 5 dogs and last approximately 20 

weeks, yielding an average number of one infected dog per month which aligns well with the 

observed endemic situation in N’Djaména [37]. 
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Figure 14: Fig 5. Outbreak probability, size and duration on a network of 4930 dogs for different 
vaccination coverages.  
In each simulation run, a proportion of the dogs is randomly assigned the status vaccinated and one 
randomly chosen susceptible dog is infected from the outside. The simulation ends when there is no more 
transmission. Simulation runs where more than one dog gets infected are classified as incursion. Simu-
lation runs where more than one dog and less than 1% of the population get infected are classified as 
minor outbreaks. Simulation runs where more than 1% of the population gets infected are classified as 
major outbreaks. Incursions include minor and major outbreaks. The outbreak probability is the proportion 
of simulation runs with outbreaks. The outbreak size is the cumulative proportion of infected dogs over 
the whole course of the infection. The outbreak duration is the number of weeks until the last infected dog 
dies. In the left panel the lines correspond to the mean over 1000 simulation runs for each value of the 
vaccination coverage. In the center and the right panel the lines correspond to the mean over 1000 sim-
ulation runs for each value of the vaccination coverage and the shaded areas correspond to the inter-
quartile ranges. The axis of the indented figure in the center panel are the same as in the surrounding 
figure. 

8.5.4 Time to resurgence 

After the vaccination campaigns in 2012 and 2013, no rabies cases were reported north of the 

Chari River until October 2014. We used a deterministic model [378] to estimate vaccination cov-

erage over time and the contact network model to calculate outbreak probability for the respective 

coverage. Comparing these probabilities with the incidence data (Figure 15) showed that the first 

case after the vaccination campaigns could not establish a chain of transmission because the 

probability for a major outbreak was very low at that time. Later, in February 2016, the respective 

probability was higher which could explain the subsequent cases. 
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Figure 15: Outbreak probabilities and rabies cases north of the river Chari from 2012 and 2016.  
For each week the vaccination coverage was calculated using a deterministic transmission model. Vac-
cination coverages were then translated to outbreak probabilities using the contact network model. 

8.5.5 Comparing vaccination strategies 

We used the empirical contact network from zone 1 to compare different types of vaccination 

strategies. Dogs can be vaccinated at random or in a targeted way, based on the contact network 

structure among the dogs or based on the movements of the dogs. We considered four different 

ways of targeting dogs: (i) vaccination in order of the degree centrality of the nodes, (ii) vaccination 

in order of the betweenness centrality of the nodes, (iii) vaccinating each node with a probability 

that is linearly proportional to the average distance the corresponding dog spent away from the 

home location of the owner and (iv) vaccinating each node with a probability that is linearly pro-

portional to the area covered by the corresponding dog, where the area was estimated by fitting a 

minimal convex polygon to the GPS locations of the dog. The outbreak probability and size for 

each type of vaccination and different coverages are shown in Figure 16. Consistent with previous 

findings [414], [415] we observed that targeted vaccination reduces the outbreak probability and 

size more than random vaccination. Targeting nodes by degree yields a lower outbreak probability 

and size than targeting nodes by betweenness. The betweenness centrality of a node i is the pro-

portion of shortest paths between any pair of nodes in the network that pass through node i. Nodes 

with high betweenness centrality are therefore part of many short paths between nodes, which is 

why removing them affects the global network structure and reduces the size of the largest com-

ponent, while targeting nodes by degree operates on a local level and reduces the total number 

of edges more rapidly. In our case, chains on average are short, so the local structure is more 
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important than the global structure. Vaccination based on movement also reduces the outbreak 

probability and sizes. 

 

Figure 16: Outbreak probability and size for random and targeted vaccination and different cov-
erages. 
For each coverage a fraction of nodes is considered as immunized and therefore removed from the net-
work. These nodes are chosen either randomly (blue lines), in descending order of degree (red lines) or 
descending order of betweenness (yellow line). To simulate the effect of oral vaccination, the probability 
of a node being immunized was chosen to be linearly proportional to the average distance from the home 
location (purple line) or the area of the minimal convex polygon fitted into the gps logs (green line). The 
centrality values of the nodes are recalculated after each node removal. For each strategy and coverage 
1000 simulation runs are conducted. 

8.5.6 Sensitivity analysis 

We conducted a Partial Rank Correlation Coefficient (PRCC) sensitivity analysis [416] to assess 

the impact of the network construction and transmission model parameters on the model output, 

with ranges as displayed in Appendix 4: Supplementary information for chapter 8, Table 32. The 

results are shown in Figure 17. The most sensitive parameter is τ, a scaling parameter of the 

network construction algorithm. For low values of τ, a large proportion of nodes are sampled to 

connect both to spatially close nodes and any other node in the network. These nodes have a 

higher degree and betweenness centrality than the other nodes in the network, resulting in an 

overall larger outbreak size and duration. The remaining two network construction parame-

ters, κ and λ, do not have a large effect on the model output. Among the parameters of the trans-

mission model the infectious period, δ, is most sensitive. Since the model ignores birth and natural 

mortality, the incubation period σ is only relevant for the outbreak duration and not for the outbreak 
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size. A sensitivity analysis of the outbreak probability, size and duration for different vaccination coverages 

is shown in Appendix 4: Supplementary information for chapter 8, Figure 40 and Figure 41. 

 

Figure 17: Partial Rank Correlation Coefficient sensitivity analysis of the outbreak size and out-
break duration. 
The parameter κ is a network construction parameter involved in the scaling of the spatial connection. 
The parameter τ is a network construction parameter that alters the proportion of far roaming dogs. The 
parameter λ is a network construction parameter that alters the mean number of peers of far roaming 
dogs. The parameter δ is the infectious period. The parameter σ is the incubation period. The parame-
ter β is the transmission rate. 

8.6 Discussion 

This study used empirical contact data to develop a contact network model of dog rabies trans-

mission. We validated the simulation results with 2016 outbreak data from N’Djaména. We used 

the model to compare the probability of rabies establishment after incursion across different vac-

cination coverage. We showed that vaccination coverage above 70% prevents major outbreaks, 

which is consistent with previous findings [379]. 

In contrast to deterministic models, our individual-based model allowed us to investigate the whole 

possibility space of outbreak scenarios. Differentiating between minor and major outbreaks re-

vealed that even though the probability of major outbreaks is very low for high vaccination cover-

age, minor outbreaks can still occur even at nearly complete vaccination coverage. These minor 

rabies outbreaks consist of approximately 5 dogs, which aligns well with current observations from 

N’Djaména [37]. The endemicity of rabies in N’Djaména could be explained as a series of rabies 

introductions with subsequent minor rabies outbreaks, as has been observed in Bangui [57]. 

We showed that targeting dogs by degree centrality, betweenness centrality or based on their 

movement substantially increases the impact of vaccination. Targeted vaccination based on be-

tweenness centrality does not perform better than targeted vaccination based on degree centrality. 
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The observation that vaccination by degree performs as well as vaccination according to other 

network centralities is consistent with previous findings in humans [415]. The degree or between-

ness centrality can only be assessed using expensive methods like the tagging with geo-located 

contact sensors conducted in this study. Such methods cannot be used in routine surveillance. 

We have shown that vaccination based on movement also reduces the outbreak probabilities and 

sizes. This might indicate that oral vaccination would be an effective intervention because dogs 

which cover a lot of territory would be more likely to encounter oral vaccine baits. Oral vaccination 

has been shown to effectively prevent rabies in dogs [417] and is currently recommended by the 

WHO as a complementary measure to increase coverage in mass vaccination campaigns [418]. 

Oral vaccination must be carefully planned with regard to biosafety, for example by assuring that 

vaccinators retrieve unconsumed baits [419]. It has been successfully implemented to eliminate 

fox rabies in central Europe [420]. Further consideration of oral vaccination of dogs is warranted 

based on these results. 

We observed a dog population where only a few dogs were not part of the largest component, 

similar to [407], who used proximity loggers to reveal a highly connected population in raccons. 

In contrast to the raccoon rabies model of [408], which concluded that with vaccination coverage 

of 65% the probability of a large outbreak remains around 60–80%, we noted a substantial drop 

in the probability of a major outbreak. This might be due to the fact that, while raccoons remain 

infectious until death from rabies, we assumed that dogs remain rabid for only two days on aver-

age because we hypothesized that in an urban setting a rabid dog would be killed by the commu-

nity. Therefore, major rabies outbreaks could be prevented by rabies awareness and locally reac-

tive interventions. 

Unlike [409] who found that even at a vaccination coverage of 70% approximately half the dog 

population dies from rabies, we found outbreak sizes of less than 1% of the population for high 

vaccination coverage. This might be due to the fact that Dürr et al. considered reactive vaccination 

after incursion rather than preventive vaccination. 

There are several limitations to our study. Our simulations are based on the assumption that rabid 

dogs stay infective for two days on average, which does not consider the fact, that rabid dogs can 

be infectious for several days before they show symptoms. Previous models of rabies in wildlife 

indicated an effect of seasonality on outbreak sizes and durations. Collecting contact data at dif-

ferent times of the year is currently planned, and subsequent analyses will explore the impact of 

seasonality on contact rates. Dog contacts were only measured for a period of 3.5 days, the extent 

of battery life. While this observation window is longer than the average infectious period, we 
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cannot be certain that the structure of the network would remain the same when measured for a 

longer time. Also, contacts with untagged owned dogs and unowned dogs (approx. 8% to 15% of 

the dog population) were not recorded. Furthermore, we did not include the change of behavior of 

a rabid animal. However, [408] found that assuming a combination of paralytic and furious rabies 

in the population leads to little quantitative change in the outbreak size. 

We found that major rabies outbreaks are unlikely when vaccination coverage is above 70%. Our 

results suggest that the endemicity of rabies in N’Djaména might be explained as a series of im-

portations with subsequent minor outbreaks. Further investigation of determinants of dog roaming 

and contact behavior could inform potential targeted vaccination strategies. 
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9 Exploring the contact and roaming behavior of free-roaming dogs in an African 

city. 

9.1 Introduction 

In N’Djamena, the capital of Chad, dogs are the principal reservoir of rabies. Although this is also 

the case throughout Africa, little is known about the contact and roaming behavior of owned free-

roaming dog populations on the continent, and how these might affect the spread of rabies. Indi-

vidual variation in contact patterns has considerable implications for the epidemiology of an infec-

tious disease [21; 421], and the presence of highly connected individuals may substantially influ-

ence the course of a disease outbreak [422; 423]. The aim of this study was to investigate the 

contact and movement of dogs and identify intrinsic and extrinsic factors associated with highly 

connected dogs. 

9.2 Material and Method 

We collected ata on the contact and movement behavior of owned free-roaming dogs during the 

dry season (December 2016) and rainy season (August 2017) in N’Djamena, Chad, using geo-

located contacts sensors (GCS). The GCS and sampling methodology are described in detail 

elsewhere [326]. In short, GCS contain Ultra High-Frequency (UHF) technology sensors to meas-

ure close-proximity events between dogs and Global Positioning System (GPS) modules to track 

the location and movement of dogs. Using four field teams, we did a  census of all owned dogs 

within pre-defined 1km2 areas in three city districts with high (study zone 1), medium (study zone 

2) and low (study zone 3) dog density. The goal of the study was explained to the dog owners 

and, upon approval, collars with GCS units were fitted to their dogs. Only one dog owner refused 

to participate in the study. For each participating dog, a structured questionnaire was completed 

to gather information on the religion of the dog owner and sex, age (categorized as young dog <1 

year, adult dog: 1-7 years and old dog > 7 years), neutering status, confinement and diet of the 

dog. The GCS remained on the dogs for 3.5 days. All dogs were immunized against rabies after 

retrieval of the GCS. We recruited data collectors from the Livestock Research Institute for Devel-

opment (IRED). They were trained in administration of the questionnaire and deployment of the 

GCS collars in a pre-test which included 30 dogs in July 2016. 

Contact and GPS data downloaded from the GCS units to an iOS device using the Dog Logger 

application were finally stored on an online password-protected server. For data analysis, data 

were downloaded from the server in comma-separated value files and analyzed using R software 

3.5.0 [314].  
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9.3 Data analysis 

We quantified the space use of each dog over the study period (i.e., a dog’s home range) by 

applying dynamic Brownian Bridge movement models (dBBmm) using the adehabitatHR package 

in R. Compared to traditional Kernel Density estimators, these models have the advantage that 

they incorporate the temporal information contained in movement data rather than only the posi-

tion of the GPS fixes [424]. Home range (HR) size was derived from the 95% isopleth of the 

utilization distribution (UD) which quantifies the probability of encountering a tracked dog in a given 

area during the study period. HR size was estimated for a subset of 32 dogs (n=19 dry season 

and n=13 rainy season) from study zone 3. We used the net squared displacement (NSD) to 

investigate the activity patterns of dogs during the study period. The NSD calculates the squared 

distance between the starting location of a dog’s movement path (in our case, likely the dog’s 

home location) and each subsequent location of a dog’s trajectory. 

Table 15: Characteristics of the three study zones and devices available for analysis in dry and 
rainy season 

Study 

zone 
Location 

Majority reli-

gion 

Number of dogs 

counted/km2 

Number of devices 

available for analysis 

dry season 

Number of devices 

available for analysis 

rainy season 

1 Urban Christian 328 228 158 

2 Peri-urban Christian 94 61 64 

3 Urban Muslim 59 19 13 

9.4 Results 

In the dry season, we counted a total of 481 dogs across the three study zones, of which 411 dogs 

from 242 households were successfully collared with a GCS unit. Due to lost or damaged GCS 

and battery failure, only 308 GCS were available for final data analysis corresponding to 64% of 

the originally identified dog population (Table 15). The median recording time of the GCS units 

was 2.82 days (IQR: 2.4-3.5). Table 16 provides an overview of the study population characteris-

tics. The majority of dogs were intact males (73%) and adult dogs (81%) aged between 1 and 7 

years. About three-quarters of dogs (74%) were allowed to roam freely at any time of the day. 

According to dog owners, all dogs were fed at home. Half of the dogs lived in a multi-dog house-

hold, i.e., households owning more than one dog.  
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In the rainy season, we collared a total of 458 dogs from 201 households. A total of 235 GCS units 

were available for final data analysis. The composition of the study population was similar to the 

dry season study population (Appendix 5: Supplementary information for chapter 9, Table 33).  

Table 16: Characteristics of the study dog population in the dry season (December 2016). 

 

Overall  

(n=308) 

Religion of the owner (n=306)  

   Christian 274 (89.5%) 

   Muslim 32 (10.5%) 

Sex (n=307)  

   Female 49 (16.0%) 

   Male 223 (72.6%) 

   Neutered male 35 (11.4%) 

Age (n=307)  

   Young dog (< 1y) 38 (12.4%) 

   Adult dog (1-7 y) 250 (81.4%) 

   Old dog (> 7y) 19 (6.2%) 

Confinement (n=306)  

   None 225 (73.5%) 

   Daytime 45 (14.7%) 

   Nighttime 36 (11.8%) 

Multi-dog household (n=308)  

   Yes 155 (50.3%) 

   No 153 (49.7%) 

9.4.1 Contact behavior 

The median daily number of contact partners (“peers”) per dog was 3.4 and ranged from 0 to 42.4 

across the three study zones (IQR: 1.8-5.8). The median daily time spent with each peer was 42.8 

minutes (IQR: 9.1-104.8 minutes). The median daily number of peers in study zone 1 was four 

times higher as compared to study zone 3 (4 vs 1) and about two times higher as compared to 

study zone 2 (4 vs 2.4). When excluding contacts to dogs living in the same household, the daily 

number of peers dropped slightly to 3.2 (IQR: 1.7 to 4.6). We observed no noteworthy difference 

in the mean daily number of peers according to sex, age confinement, and religion of the owner 

(Appendix 5: Supplementary information for chapter 9, Figure 42 and Figure 43). The few dogs 

with a very high number of daily peers (> 20) were all male (Figure 18).  
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Figure 18: Density plot of number of daily peers grouped by sex 

In the rainy season, the median daily number of peers per dog dropped to 0.8 with a range from 

0 to 19.5 across the three study zones. The median daily time spent with each peer was shorter, 

at 16 minutes (IQR: 0.01 -151.6 minutes). The median daily number of peers was 1.4 (IQR: 0.5-

3) in study zone 1 and 0.2 (IQR: 0-0.7) in study zone 2. No contacts were recorded in study zone 

3. 

NSD revealed a daily movement pattern, with dogs being most active throughout the night. Figure 

19 shows the movement pattern of the 228 tracked dogs in study zone 1 over the 3.5 day study 

period.  

 

Figure 19: Net squared displacement of 228 dogs collared in study zone 1 during the dry season 
(December 2016). 

The median home range size was similar in the two seasons, with a median size of 1.42 hectares 

(ha) (IQR: 0.68-2.92 ha) in the dry and 1.24 ha (IQR: 0.64- 4.92 ha) in the rainy season.  
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Figure 20: GPS fixes of the same dog tracked during both the dry season (blue dots) and rainy 
season (red dots) 

Through visual inspection, we identified two roaming patterns of dogs: stay-at-home dogs with 

circular HRs around their home location and far roaming dogs with variably shaped HRs. Figure 

21 depicts the HR of a far roaming and a stay-at-home dog. The daily number of peers did not 

differ between far roaming and stay-at-home dogs, and both male and female dogs exhibited both 

patterns. 

  

Figure 21: GPS location fixes (black dots) and the corresponding HR (blue lines, 95% isopleth of 
the UD) of a far roaming dog (left) and stay-at-home dog (right). 
The red dot indicates the dog’s home location.  

9.5 Discussion 

We investigated the contact and movement behavior of owned free-roaming dogs in N’Djamena, 

Chad during two different seasons. We found that the number of contact partners per dog was 

higher in study zones with higher dog densities and during the dry season, while HR sizes were 

similar between the two seasons. Incidence data on dog rabies cases in N’Djamena do not sug-

gest seasonality of disease spread (personal communication Monique Lechenne), however, Frey 

et al. [49] reported more dog bites in N’Djamena during the dry season as compared to the rainy 
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season. HR sizes are similar to those found in other studies [425-427]. Dürr et al. [425] reported 

that male dogs had larger HR sizes as compared to female and neutered male dogs. We did not 

investigate predictors for HR size in this study. Hudson et al. [428] identified similar roaming pat-

terns (stay-at-home, roamer and explorer dogs) among a free-roaming domestic dog population 

in Australia. No intrinsic (sex, age, neutering status) or extrinsic (religion of the owner or diet) 

factor was clearly associated with highly connected dogs. Dogs were more active during the night 

as compared to the day. This might be explained by the fact that dogs are primarily kept for security 

reasons, guarding the house while dog owners are away. In addition, temperatures in N’Djamena 

throughout the day are extremely high which likely affects the nocturnal activity seen in this dog 

population.   

Limitations 

The dogs were tracked for 3.5 days which is rather short to estimate HR sizes. Moreover, fewer 

GCS were available for analysis in the rainy season which might influenced the number of contacts 

observed.  
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10.1 Abstract 

The inevitably fatal outcome of rabies makes it one of the most well-known and feared zoonoses. 

But rabies is still a neglected zoonotic disease (NZD), despite being one of the oldest diseases 

known. Dog mediated rabies is the main cause of human rabies and is globally responsible for 

approximately 59 000 human deaths per year, nearly all occurring in low- and middle-income 

countries (LMICs). Most African countries and connected regions are high risk areas for contract-

ing rabies. Highly effective vaccines and post exposure prophylaxis (PEP) for humans allow for 

the disease to be 100% preventable. But PEP is often unavailable or too expensive for affected 

persons in LMIC. Recently several new and low tech diagnostic solutions have been developed, 

which offer opportunities to establish rabies diagnosis in remote areas and decentralize rabies 

laboratories. 

Rabies has gained more global attention in recent years with development of new tools, formation 

of regional networks and implementation of a realistic global drive to eliminate canine-mediated 

human rabies by 2030. Canine rabies elimination is biologically feasible due to efficacious, safe 

and cheap vaccines and the low basic reproductive ratio (R0) of the disease. It is well known that 

mass dog vaccination is a cost-effective, sustainable measure to eliminate the disease at its 

source. Domestic dogs are tied to human populations, so the role of humans in rabies spread 

needs to be further investigated, for example through anthropogenic landscape features like roads 

or vaccine corridors, human movements and sociocultural factors. Combining powerful ap-

proaches, such as landscape epidemiology and genetics, can facilitate strategic control programs 

and, for example, enable appropriate placement of vaccine barriers and surveillance points. It is 

known that major landscape features, such as oceans, mountains and deserts can act as natural 

barriers to disease spread. However, very little is known about barrier effects at smaller scales. 

Long-distance transport of infected dogs by humans poses a risk of rabies introduction in novel 

places. For successful rabies control, it is also important to guarantee access to pre- and post-

exposure prophylaxis, to build capacity in disease diagnosis and to conduct educational cam-

paigns. Well-functioning, continuous rabies surveillance systems are crucial to provide reliable 

data to increase political commitment, which is eminently important for successful, sustainable 

disease control. For elimination of rabies in Africa and the connected regions, a multidisciplinary, 

transdisciplinary and regionally well-coordinated approach, with sustained vaccination programs 

to maintain sufficient vaccination coverage, across political boundaries is required. To foster re-

flection on strategic rabies elimination on the African continent, one scenario of a possible spatio-

temporal dynamic of dog rabies elimination in West Africa is proposed. Dog rabies elimination 

might, for example, start in northwestern Mauritania. The approach should be highly coordinated 
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between the involved countries, to avoid cross-border transmission and return of disease in rabies-

free zones. It is difficult to mobilize large sums initially, but development impact bonds (DIB) offer 

an alternative funding mechanism. The total cost is estimated at 800 million to one billion Euros 

for rabies elimination in sub-Sahara West Africa, including Chad and Cameroon.  

Keywords: Rabies, dogs, rabies control, vaccination campaigns, zoonoses, PARACON, ‘One 

Health’ 

10.2 History 

The inevitably fatal outcome of rabies, a disease caused by a neurotropic virus, makes it one of 

the most well-known and feared zoonoses. A zoonotic disease is defined as a disease which can 

be transmitted between humans and vertebrate animals. The majority of rabies cases around the 

world are caused by the canine-associated classical rabies virus (Family Rhabdoviridae, Genus 

Lyssavirus), but rabies-related viruses of the same genus, mostly circulating in bat species, can 

also cause rabies (Lagos bat virus, Mokola virus, Duvenhage virus, European bat lyssavirus-1 & 

2, Australian bat lyssavirus and others). In general, all mammalian species can be infected by the 

rabies virus [429]. In Western and Central Africa, rabies virus mainly belongs to the lineage ‘Africa 

2’ [185]. 

10.3 Geographical distribution, economic/public-health impact and epidemiology 

Canine rabies is the main cause of human rabies, being globally responsible for approximately 59 

000 human deaths per year, the majority which are in Asia (60%) and Africa (36%) [9]. Almost all 

human cases occur in low- and middle-income countries (LMICs), with children being the most 

affected group. In resource poor countries, the virus is mainly transmitted through dog bites, but 

transmission is also possible through infected wild animals [429; 430]. It is believed that rural areas 

are more affected by rabies deaths than urban areas [14]. Most African countries and connected 

regions are high risk areas for contracting rabies [431].  

Highly effective vaccines and post exposure prophylaxis (PEP) for humans allow for the disease 

to be 100% preventable. PEP consists of local wound care, vaccination and immunoglobulin ap-

plication. Every year, over 15 million people globally are exposed to rabies and should receive 

PEP, at considerable monetary cost. But PEP is often unavailable or too expensive for affected 

persons in LMIC. In some contexts, inappropriate recommendation of PEP use by health person-

nel was observed [9; 36; 430].  
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Different factors contribute to the burden of rabies, including: mortality and productivity lost due to 

premature death, morbidity from adverse events following vaccination (nerve tissue vaccines), 

psychological effects and direct and indirect costs of PEP. In 2015, the global rabies burden was 

estimated to be 3.7 million disability-adjusted life years (DALYs), with over 95% lost in Africa and 

Asia [9]. Since political will and interest often depends on the economic burden of a disease, the 

annual economic losses due to premature death, costs of PEP and costs to the veterinary sector 

were estimated, reaching 8.6 billion USD globally [9]. In Africa alone, the costs of rabies were 

estimated to be 1.3 billion USD annually [432].  

Today, rabies is classified as a neglected zoonotic disease (NZD), despite being one of the oldest 

diseases known to humankind. In many affected countries, the control of the disease is still ham-

pered by a low level of political commitment, most likely due to lack of reliable data [430; 433]. 

The fact that many bite victims in LMICs do not visit medical facilities and lack of laboratory con-

firmation of cases leads to underreporting of the disease, contributing to the cycle of neglect [111; 

430]. Poor disease surveillance prevents decision-makers and stakeholders from making informed 

decisions regarding allocation of funding and resources towards better control and intervention 

strategies. However, because of lack of funding, it is difficult to improve surveillance [434]. In 

Tanzania, a 10 to 100 fold higher incidence of human rabies cases was estimated when incidence 

was extrapolated from animal bite occurrence by using a probability decision tree modeling 

method to determine the likelihood of clinical rabies in humans after the bite of a rabid dog, com-

pared to the officially reported human incidence estimated through passive surveillance data [124]. 

Ninety-nine per cent of human rabies cases are likely to be unreported in Tanzania [435]. Knobel 

et al. [14] estimated a rate of underreporting of 160 times for Africa in general. Misdiagnosis also 

adds to underreporting, as seen in Malawi where children with rabies were falsely diagnosed with 

cerebral malaria [114].  

10.4 Symptoms and Lesions 

After saliva containing virus comes in contact with peripheral nerve endings through a bite, skin 

lesion or mucous membrane, the virus affects the central nervous system where it causes fatal 

encephalitis with dramatic symptoms. Incubation periods last from a few days to several months 

depending on factors such as the site of virus inoculation and viral load. Symptoms in humans 

and animals result from brain dysfunction, leading either to a furious (mad) or a dumb (paralytic) 

form of rabies [429; 436]. 
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10.5 Diagnostic 

The ‘gold standard’ for detection of rabies virus antigen in the brain is the direct fluorescent anti-

body (DFA) test. However, proper application in LMICs remains limited due to inappropriate la-

boratory facilities, uncooled sample transportation and lack of quality management systems. Be-

cause animal rabies diagnosis is typically only conducted at Central Veterinary Laboratories 

(CVLs) in LMICs, existing surveillance data mainly reflects the rabies situation of urban areas. 

Several new and low tech diagnostic solutions have been developed in recent years. A promising 

one for rabies diagnosis in LMICs is the direct rapid immunohistochemical test (dRIT), which has 

diagnostic efficacy equal to that of the DFA. Benefits include ease of differentiation between a 

positive and a negative result so the test is simple to interpret by inexperienced readers. Unlike 

the DFA test, the dRIT does not rely on fluorescence, another advantage because fluorescence 

is difficult to interpret in degraded or archived samples. Since fluorescent microscopes are not 

needed, in-house calibration is possible and maintenance of equipment is reduced. Furthermore, 

storage of brain samples in glycerol seems to influence the DFA more than the dRIT, improving 

diagnosis in archival samples and samples maintained at room temperature. The dRIT requires a 

smaller initial capital investment and is cheaper to perform [45; 138; 437-439]. Another recent test 

is the rapid immunodiagnostic test (RIDT), a pre-manufactured diagnostic kit based on the lateral 

flow principle. This test is extremely easy to conduct, does not require a microscope for interpre-

tation and can be stored at ambient temperature. However, currently RIDTs are not considered 

as reliable as the FAT or the DRIT [119]. Lechenne et al. [46] showed, on the other hand, higher 

reliability compared to the FAT when applied in a resource poor laboratory. Nevertheless, both 

the DRIT and the RIDT offer opportunity to establish rabies diagnosis in remote areas and there-

fore decentralize rabies laboratories [46].  

10.6 Application to prevention and control/adopted surveillance and control strategies 

Rabies has gained more global attention in recent years, with development of new tools, formation 

of regional networks and a realistic global drive to eliminate canine-mediated human rabies by 

2030, in line with the United Nations Sustainable Development Goals (SDGs) [78; 440]. The Blue-

print for Rabies Prevention and Control [108] was developed to provide guidelines and strategies 

on rabies control (http://www.rabiesblueprint.org/). In 2014, the Pan-African Rabies Control Network 

(PARACON) was established under the secretariat of the Global Alliance for Rabies Control 

(GARC). PARACON represents a unified coordinated approach to eliminate canine rabies in sub-

Saharan Africa on a regional, national and continental level, with support from global human and 

http://www.rabiesblueprint.org/
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animal health organizations such as the World Health Organization (WHO), the World Organisa-

tion for Animal Health (OIE), the Food and Agriculture Organization of the United Nations (FAO) 

and World Animal Protection (WAP). North African countries are incorporated into the Middle East 

and Eastern Europe Rabies Expert Bureau (MEEREB), but collaborating closely with PARACON 

[138]. The ‘One Health’ concept must be strengthened to result in an added-value of closer coop-

eration between human and animal health. The added-value can be defined as health benefits, 

financial savings or environmental services [138; 441]. To date, interaction and collaboration be-

tween the veterinary sector and the public health departments is often non-existent in LMICs even 

though with zoonotic diseases both sectors are dealing with the same epidemiological complexi-

ties. In general, the ministry of health is responsible for prevention of the disease in humans, the 

ministry of agriculture is in charge of rabies control in animals and the ministry of local government 

and the ministries of commerce, industry or science and technologies are involved in rabies vac-

cine production and imports, dog population management and dog immunization [442]. A ‘One 

Health’ perspective for rabies brings a clear added value by strengthening intersectoral coopera-

tion, for instance, through better disease surveillance and communication. The approach should 

always be adapted to the local setting and its human-animal relationship which is governed by the 

cultural and religious context [30; 443]. The PARACON network encourages collaboration 

amongst African countries through regular meetings and workshops held in member countries 

throughout Africa. Different tools are provided through the PARACON network, like capacity build-

ing in rabies diagnosis, focusing on the implementation of the dRIT and provision of material, 

expertise and assistance in rabies control programs. Additionally, an online African rabies epide-

miological bulletin was launched in 2016, which captures high quality, pan-African data on human 

and animal rabies cases in a timely manner, and assesses number of vaccine doses administered, 

vaccination coverage and dog population estimates. The gathered data from the bulletin will be 

further used for advocacy purposes in order to draw support from governmental authorities and 

stakeholders for the implementation of National Control Strategies within countries allowing them 

to take ownership for control and elimination of canine-mediated human rabies [138]. The Step-

wise Approach towards Rabies Elimination (SARE), developed by GARC and the FAO in 2012, 

helps member countries evaluate their progress towards rabies control and elimination. The SARE 

tool provides countries with measurable stages to progress from Stage 0 to Stage 5 towards be-

coming canine-rabies free. A country typically begins at Stage 0, with little or no epidemiological 

understanding of, or control efforts for, rabies in place. The country progresses to the next stage 

once certain critical and non-critical activities have been achieved, eventually reaching Stage 5 – 

being canine rabies free [107; 135; 138]. 
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Canine rabies elimination is biologically feasible due to efficacious, safe and cheap vaccines and 

the low basic reproductive ratio (R0) of the disease [34; 80; 324; 444]. It is well known that mass 

dog vaccination is a cost-effective, sustainable measure to eliminate the disease at its source and 

prevent humans from exposure [9; 36; 54]. In many African communities sufficient dogs are ac-

cessible for vaccination in order to achieve herd immunity [442]. PEP alone will never be able to 

interrupt human exposure. Mindekem et al. [36] demonstrated in an African city that canine vac-

cination in combination with PEP becomes more cost-effective after 15 years in comparison to 

use of PEP alone. With ideal One Health communication, the cost for dog vaccination and PEP 

compared to PEP alone breaks even within the timeframe of 10 years. In Western Europe and 

North America, rabies has been successfully eliminated from domestic dog populations through 

mass vaccination and legislation [64; 66; 445]. Disease control through dog vaccination is even 

feasible in situations where large wildlife populations are prevalent [324]. For efficient rabies con-

trol, the World Health Organization (WHO) recommends vaccinating at least 70% of the dog pop-

ulation, which is rarely reached in African countries [56]. In Bamako, the capital of Mali, a vaccina-

tion coverage of only 24% was estimated in the domestic dog population, which is insufficient 

coverage to interrupt virus transmission [446]. In N’Djamena, the capital of Chad, rabies cases in 

dogs decreased by more than 90% within one year after a free mass vaccination campaign which 

achieved coverage at the recommended 70% level [55]. In both the Malian and the Chadian con-

text, an important constraint to vaccination was cost of the vaccination of the dog [51; 446]. In 

Chad, it was found that vaccination coverage dramatically dropped when dog owners had to pay 

for the vaccination [52]. In Latin America and the Caribbean, canine rabies was successfully re-

duced due to mass dog vaccination. The Pan American Health Organization (PAHO) played an 

important role in this process, through its constant support and coordination of dog rabies elimi-

nation programs. It is important that not only urban centers are vaccinated, as was the case for 

Bolivia which prioritized urban areas for vaccination due to financial limitations and the fact that 

higher levels of rabies vaccination in urban areas are more easily achieved compared to rural 

areas [31; 447]. Despite some notable efforts and achievements, we are still far from global elim-

ination of canine rabies. Rabies vaccination campaigns risk failure when they are not adequately 

presented and accepted within different socio-cultural contexts. The vaccine ‘final’ effectiveness 

in a specific setting is determined by several additional parameters, such as availability, accessi-

bility, affordability, adequacy and acceptability [297; 303; 448]. Prior to attempting rabies control 

in a target area, it is important to know what the achievable vaccination coverage and the level of 

community participation is likely to be. Through a deeper qualitative assessment, as in the inter-

vention effectiveness model, an explanatory framework for a specific area can be elaborated. This 
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was recently done by Muthiani et al. [87] and Mosimann et al. [88] in Bamako, Mali. Lack of infor-

mation and inability to handle the dogs were the most frequently stated reasons for not bringing a 

dog to the vaccination posts. Knowledge generated in specific local contexts, which accounts for 

cultural practices and social and political realities, is fundamental to design successful effective, 

sustainable dog rabies control programs [443]. 

Another important factor in canine rabies elimination is better understanding of affected dog pop-

ulations. It is crucial to know more about dog ecology, size of the dog population in a specific area, 

dog density, sex ratio, population turnover/growth and roles of dogs in human societies [332; 449]. 

Mass vaccination campaigns should be repeated at short intervals because of the high turnover 

rate in dog populations in sub-Saharan African countries which leads to a rapid decrease of pop-

ulation-level immunity [446]. In Chad, information on the size of dog populations was used for 

planning dog rabies elimination on the country level [106]. It is important that dog population re-

duction through culling and poisoning is not only socially unacceptable but has also been found to 

be counter-productive in dog rabies elimination campaigns. Such practices should be discontinued 

[80; 450]. As domestic dogs are tied to human populations, the role of humans in rabies spread 

needs to be further investigated. This includes for example anthropogenic landscape features like 

roads or vaccine corridors, human movements and sociocultural factors. Free-roaming dogs in 

rabies endemic countries need to be considered during implementation of control measures. Ge-

netic work can identify main routes of viral dissemination. Combining landscape epidemiology and 

genetics approaches would be a powerful method to facilitate strategic control programs and iden-

tify the appropriate placement of vaccine barriers and surveillance points. It is known that major 

landscape features, such as oceans, mountains or deserts can act as natural barriers to disease 

spread. However, very little is known about barrier effects on smaller scales. Long-distance 

transport of infected dogs by humans poses a risk of rabies reintroduction or introduction to novel 

places [81; 451]. Hampson et al. [445] and Talbi et al. [82] demonstrated long-distance transloca-

tion of infected dogs by humans in North and sub-Saharan Africa. In rabies-free areas a focus 

should, therefore, be put on the risk of rabies re-emergence through dog movement and possible 

spill over from wild to domesticated animals [447]. In rabies free areas, reintroduction control 

needs to be applied as well as controlled dog movement. Transboundary spread of the rabies 

virus need to be considered during the disease elimination process, so control programs should 

include neighboring countries [444]. In North Africa, there was restricted movement across geo-

political boundaries [82], but the model of Hampson et al. [445] demonstrated large-scale syn-

chronous cycles of domestic dog rabies, with a period of 3-6 years, in southern and eastern Africa. 



Rabies with a special attention to the 'One Health' aspect. 

Seite 153 von 280 
 

In their examination, climate did not influence the observed synchronous pattern of rabies out-

breaks. Epidemiological analyses from Ghana also demonstrated frequent cross-border incur-

sions [198]. 

For successful rabies control, it is vital to guarantee access to pre- and post-exposure prophylaxis, 

to build capacity in disease diagnosis and to conduct educational campaigns. Responsible dog 

ownership through community education and legislative measures should be promoted [452]. 

Well-functioning continuous rabies surveillance systems are crucial to provide reliable data to in-

crease political commitment, which is necessary for successful and sustainable disease control. 

Countries with limited financial resources could significantly benefit from international support, 

including from other countries. One example could be vaccine donations, as the Dominican Re-

public has provided to Haiti. In addition, NGOs and the public and private sectors need to be 

included in rabies control programs [447]. Remote and hard to access areas should not be ig-

nored, as these areas could harbor remaining foci of infection. A sustained focus on communities 

where rabies incidence has declined is critical, so that decreased investment does not prevent 

continued control measures which are necessary to achieve complete elimination in those com-

munities [444].  

10.7 Conclusion 

It is evident that rabies elimination in Africa and elsewhere in the dog rabies endemic world re-

quires a multidisciplinary, transdisciplinary and regionally well co-ordinated approach with effec-

tive, sustained vaccination programs which span political boundaries. Freedom from rabies should 

be recognized as a public good. Canine mass vaccinations should be free for dog owners in order 

to reach sufficiently high coverage. Given the importance of such regional approaches, interna-

tional organizations like the African Union (AU-IBAR) and the Economic Union of the West African 

States (ECOWAS) should be involved from the outset, working in close collaboration with PARA-

CON. To illustrate strategic rabies elimination in Africa, a scenario of one possible spatio-temporal 

dynamic of elimination in West Africa is shown in Figure 22. This proposal begins with dog rabies 

elimination in North-western Mauritania, continuing simultaneously in a south and east-ward di-

rection. Natural barriers like the Atlantic Ocean and the Sahara desert are taken into account. 

Alternatively, elimination efforts could start in Liberia with a simultaneous north, south and east-

ward progression. The approach should be highly coordinated between the involved countries to 

avoid cross-border transmission and return of disease in rabies-free zones. It is difficult to mobilize 

large sums initially, but development impact bonds (DIB) offer an alternative funding mechanism. 



Rabies with a special attention to the 'One Health' aspect. 

Seite 154 von 280 
 

Total cost for rabies elimination in sub-Sahara West Africa, including Chad and Cameroon, is 

estimated at 800 million to one billion Euros. 

 

Figure 22: Scenario of a possible spatio-temporal dynamic of dog rabies elimination in West Af-
rica, in the context of a Pan-African campaign (Map data from Google, arrows included by S. Mauti). 

To identify the optimal operational unit for disease intervention campaigns and optimize existing 

resources, the role humans play in pathogen spread, natural barriers, virus genetics and host 

ecology should be assessed for each country. Higher-resolution data from the continent and con-

nected regions would enable better understanding of spatio-temporal virus dynamics. Such infor-

mation would allow effective buffer zones for dog rabies to be designed and implemented [445; 

451]. Where control measures deteriorate, rabies epidemics rapidly re-emerge through dispersal 

from endemic areas. Integrated and effective surveillance systems allow for early disease detec-

tion and quick response [453]. Surveillance is a key element in rabies control, and weak surveil-

lance systems jeopardize disease elimination efforts. Proactive mass dog vaccination followed by 

two years of monitoring and vaccination is recommended for countries with poor surveillance sys-

tems. This approach is more effective at controlling rabies in isolated areas compared to vaccinat-

ing in response to case detection. Surveillance levels that detect at least 10% of all cases are 

recommended for the control and elimination of rabies [454].  
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11.1 Abstract: 

Functional rabies surveillance systems are crucial to provide reliable data and increase the politi-

cal commitment necessary for disease control. To date, animals suspected as rabies-positive must 

be submitted to a postmortem confirmation using classical or molecular laboratory methods. How-

ever, most endemic areas are in low- and middle-income countries where animal rabies diagnosis 

is restricted to central veterinary laboratories. Poor availability of surveillance infrastructure leads 

to serious disease underreporting from remote areas. Several diagnostic protocols requiring low 

technical expertise have been recently developed, providing opportunity to establish rabies diag-

nosis in decentralized laboratories. We present here a complete protocol for field postmortem 

diagnosis of animal rabies using a rapid immunochromatographic diagnostic test (RIDT), from 

brain biopsy sampling to the final interpretation. We complete the protocol by describing a further 

use of the device for molecular analysis and viral genotyping. RIDT easily detects rabies virus and 

other lyssaviruses in brain samples. The principle of such tests is simple: brain material is applied 

on a test strip where gold conjugated antibodies bind specifically to rabies antigens. The antigen-

antibody complexes bind further to fixed antibodies on the test line, resulting in a clearly visible 

purple line. The virus is inactivated in the test strip, but viral RNA can be subsequently extracted. 

This allows the test strip, rather than the infectious brain sample, to be safely and easily sent to 

an equipped laboratory for confirmation and molecular typing. Based on a modification of the man-

ufacturer’s protocol, we found increased test sensitivity, reaching 98% compared to the gold stand-

ard reference method, the direct immunofluorescence antibody test. The advantages of the test 

are numerous: rapid, easy-to-use, low cost and no requirement for laboratory infrastructure, such 

as microscopy or cold-chain compliance. RIDTs represent a useful alternative for areas where 

reference diagnostic methods are not available. 

Keywords: Rabies, diagnosis, field, postmortem, brain RIDT, lateral flow device, low- and middle-

income countries, rapid, remote areas, RT-qPCR, genotyping 

11.2 Author summary: 

We present a complete protocol for postmortem diagnosis of animal rabies under field conditions 

using a rapid immunochromatographic diagnostic test (RIDT), from brain biopsy sampling to final 

interpretation. We also describe further applications using the device for molecular analysis and 

viral genotyping. 
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11.3 Introduction: 

Canine rabies is the main cause of human rabies, globally responsible for approximately 59 000 

human deaths per year, nearly all occurring in low- and middle-income countries (LMICs) in Asia 

and Africa [9]. The main etiological agent is a neurotropic canine-associated classical rabies virus 

(RABV, family Rhabdoviridae, genus Lyssavirus, species Rabies lyssavirus). However, other ra-

bies-related lyssaviruses, mostly circulating in bat species, also cause disease [455; 456]. In af-

fected regions, disease surveillance and control are often hampered by low level political commit-

ment likely due to lack of reliable data [113; 116; 457]. One reason for disease underreporting is 

absence of laboratory diagnosis, due in part to limited access to equipped laboratories and trained 

staff as well as the difficulties of shipment of the specimens. Laboratory diagnosis is necessary to 

confirm rabies cases and additionally allows for genetic characterization of the involved strains, 

providing insight on virus transmission at the regional level [113; 116; 458]. 

The current gold standards for postmortem rabies diagnosis, approved by both the World Health 

Organization (WHO) and the World Organisation for Animal Health (OIE), are the direct fluores-

cent antibody test (DFAT), the direct rapid immunohistochemistry test (DRIT) and molecular meth-

ods (e.g. reverse transcription polymerase chain reaction (RT-PCR))[116; 439]. However, proper 

application in LMICs remains limited due to inadequate laboratory facilities with inconsistent power 

supply, uncooled sample transportation and lack of a quality management system. Because ani-

mal rabies diagnosis is typically only conducted at central veterinary laboratories in LMICs, exist-

ing surveillance data mainly reflects the rabies situation in urban areas. 

Recently developed low technology diagnostic alternatives offer opportunities to establish rabies 

diagnosis in remote areas and decentralized rabies laboratories [116; 439; 459]. The DRIT is a 

lateral flow test based on immunochromatography using gold conjugated detector antibodies and 

is a very promising rabies diagnostic tool [460-462]. The principle is simple: after dilution, brain 

material is mixed in the provided buffer, and a few drops are applied on the test strip where gold 

conjugated monoclonal antibodies bind specifically to rabies antigens, mainly the nucleoproteins 

(Figure 23). The antigen-antibody complexes then undergo lateral flow migration, binding at the 

test line (T-line) to fixed antibodies against rabies antigens, resulting in a clearly visible purple line. 

The remaining gold conjugated antibodies not bound to rabies antigens continue migrating and fix 

to the membrane through additional targeting antibodies, resulting in a clearly visible purple control 

line (C-line). 
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Figure 23: Schematic representation of the structure of an RIDT for rabies diagnosis. 

The one-step, low cost method is rapid, extremely easy and does not require expensive equipment 

or special storage conditions. With modification of the manufacturer protocol to eliminate the dilu-

tion step, nearly all equipment and reagents required to perform the test are included in the kit 

[46]. The result is read after 5-10 minutes without a microscope. This is a major advantage over 

the DFAT test, which requires a fluorescence microscope and immunofluorescence conjugate, 

along with refrigerated transportation and sample storage. Even the DRIT test, which can be per-

formed using a light microscope, requires a continuous cold chain to store the anti-rabies antibod-

ies, which are also not yet commercially available. In comparison to the DRIT, the RIDT requires 

no toxic chemicals, a particular advantage in countries where waste disposal is poorly regulated. 

The rapid test is less time-consuming with much easier interpretation compared to the gold stand-

ard tests DFAT and DRIT. This allows for on-site testing by personnel with limited technical ex-

pertise. 

Based on these test properties, prompt diagnosis of suspected animals in remote areas becomes 

feasible, facilitating implementation of post exposure prophylaxis (PEP) for exposed people as 

soon as possible. In addition, distance transport of rabies samples is not necessary, resulting in 

better sample quality at the time of testing. However, the results obtained with the RIDT tests 

should be confirmed using a reference diagnostic test such as DFAT or DRIT. 

RIDT techniques for detection of RABV and other lyssaviruses have been evaluated. One of the 

first studies was conducted by Korean researchers in 2007 [460]. Compared to the DFAT method, 
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in 51 animal samples and 4 RABV isolates, the RIDT showed a sensitivity and specificity of 91.7% 

and 100%, respectively. These results were later confirmed with 110 animal brain samples from 

Korea, with sensitivity and specificity, compared to DFAT, of 95% and 98.9%, respectively [463]. 

More recently, other studies assessed the performance of this RIDT using virus isolates and/or 

infected brain samples from various animals with different geographical origins. A panel of 21 

samples, including African RABV and other African lyssaviruses (Duvenhage virus (DUVV), Lagos 

bat virus (LBV) and Mokola virus (MOKV)), were successfully detected, with sensitivity of 100% 

compared to the DFAT [121]. Similar high sensitivity (96.5%) and specificity (100%) values were 

obtained from a panel of 115 brain samples from Ethiopia [464]. Another study evaluated Euro-

pean RABV isolates, two other European lyssaviruses (European bat lyssavirus type 1 (EBLV-1) 

and type 2 (EBLV-2)), and the Australian bat lyssavirus (ABLV) [465]. Based on analysis of 172 

animal brain samples, the RIDT kit had 88.3% sensitivity and 100% specificity compared to DFAT, 

and the three rabies-related lyssaviruses were successfully detected. In this study, some of the 

false negative results came from brain samples stored in glycerol buffer, suggesting that improper 

glycerol removal influenced capillary flow or antibody binding. A recent analysis of 43 clinical sam-

ples from Australian bats confirmed previous test results, with complete concordance to DFAT 

[466]. Two studies were conducted in India using the RIDT on a limited number of clinical samples 

(11 and 34 samples). Compared to DFAT, sensitivity was between 85.7% and 91.7% and speci-

ficity was 100% [122; 467]. Another evaluation of this kit using 80 animal brain samples from 

Africa, Europe and the Middle East obtained complete concordance with DFAT for specificity 

(100%) but a higher sensitivity (96.9%) compared to the previous studies [120]. In a recent inter-

laboratory comparison of this RIDT performed in 22 different laboratories using a panel of 10 

samples overall concordance was 99.5% [468]. 

Only one recent multicentric study showed unsatisfactory overall RIDT performance [119]. Sam-

ples from three different datasets were tested and provided variable sensitivity and specificity val-

ues compared to DFAT.  For example, sensitivity and specificity obtained with the first panel (n= 

51) and the second panel (n=31) of samples from experimental infected animals, all tested in 

laboratory A, gave a sensitivity of 16% and 43%, respectively, whereas the specificity was 100% 

for both. Conversely, the results of the third panel (n=30) of field clinical samples analyzed by 

laboratory B provided a complete concordance with the results of DFAT, which was further nearly 

completely confirmed by laboratory A (85% sensitivity and 100% specificity). Batch-to-batch vari-

ation was suggested as a possible explanation for the fluctuating relatively low sensitivity with 

RIDT [119]. 
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At the same time, another study performed a similar validation process of the above described 

RIDT, with a modification of the manufacturer recommended protocol [46]. The pre-dilution step 

(1:10) in PBS was omitted during preparation of the brain material. Based on this simpler modified 

protocol, the authors obtained sensitivity and specificity of 95.3% and 93.3%, respectively, com-

pared to DFAT by testing, under laboratory conditions, a dataset of 73 animal brain samples, 

naturally or experimentally infected with various RABV strains. The study presented the first eval-

uation of this RIDT in a field setting (Chad, Africa). In 48 clinical brain samples, sensitivity and 

specificity were 94.4% and 100%, respectively. The discrepancies between DFAT and RIDT were 

due to false positive results with DFAT, determined after confirmation with RT-PCR. When these 

results were deleted, there was complete concordance, and it demonstrated that the RIDT was 

more reliable that DFAT under these field conditions [46]. No batch-to-batch variation was ob-

served using the modified protocol. When the modified protocol was applied to a small number of 

the DFAT/ RIDT divergent samples (n=8) in the study of Eggerbauer et al. [119], all were found 

concordant (100% sensitivity). 

Another major advantage of the RIDT is secondary use for detecting viral RNA fixed on the strip 

using molecular techniques (such as RT-PCR) and subsequent genotyping [46; 119]. Following 

an extraction step, Lechenne et al. [46] demonstrated viral RNA fixed on the Anigen device mem-

brane using RT-PCR with 86.3% sensitivity in a panel of 51 samples (including 18 samples tested 

and shipped from Chad at ambient temperature). Subsequent genotyping was possible in 93% of 

the 14 samples tested. Sanger sequencing of PCR amplicons of at least 500 nucleotides in length 

were used. In addition to RABV isolates, the test detected four other lyssavirus species, DUVV, 

EBLV-1, EBLV-2 and Bokeloh bat lyssavirus (BBLV), during a fully concordant international inter 

laboratory test [46]. The sensitivity of viral RNA detection was even higher (100%) in the study of 

Eggerbauer et al., based on laboratory samples examination [119]. The latter study also demon-

strated that the buffer used in the RIDT kit inactivated virus. Thereby, the devices can be shipped 

easily, at ambient temperature without specific biosafety precautions to reference laboratories, for 

molecular confirmation and genotyping. 

Based on the previous evaluations, RIDT tools offer numerous advantages for use in field settings, 

especially when the reference diagnostic techniques are not available. However, this test also has 

some limitations, in particular, low sensitivity of antigen detection [46; 119]. The test is applicable 

for samples containing high quantities of viral antigens, such as brain samples. However, it is not 

appropriate for other samples such as saliva or other body fluids. Another drawback is cost of the 

device (around 5-10 Euros in Europe), which is less expensive compared to the cost of performing 

DFAT, RT-PCR or DRIT, but which still remains high for LMICs. However, future development and 
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validation of similar RIDTs from other companies could lead to a price decrease. One study re-

ported batch-to-batch variations. Although not reported by others, strict quality controls should 

nevertheless be performed when testing a new batch, as for any reagent used in a quality man-

agement environment. The use of the modified protocol was not altered when using different 

batches [46]. All except one study demonstrated that sensitivity of RDIT was high compared to 

DFAT (around 90%-95%). Because rabies is always fatal, it is still strongly recommended to con-

firm any negative results with RDIT using a reference diagnostic test such as DFAT, DRIT or RT-

PCR [46]. 

In this manuscript, we present a complete protocol for field postmortem diagnosis of animal rabies 

based on an example of a commercialized RIDT, from brain sample collection to application of a 

modified protocol compared to the manufacturer recommendations (which were previously vali-

dated [46]) and subsequent molecular analysis. This protocol was applied and validated many 

times under field conditions in West- and Central Africa, where the RIDT was used routinely for 

rabies diagnosis alongside the DFA test. We additionally demonstrate a second application for the 

device, in laboratory settings, for extraction and detection using RT-PCR of viral RNA fixed on the 

device. 

11.4 Protocol:  

11.4.1 Sample collection via the foramen magnum (occipital route) [469] 

Note: This technique can be implemented under laboratory conditions or in field settings. Samples 

should be processed as soon as possible after death of the suspected animal or kept at cool 

temperature to avoid decomposition.  

CAUTION: All samples should be considered as potentially infectious. Safety regulations and pro-

cedures should be strictly followed, even in field settings [116]. In particular, wear appropriate 

personal protective equipment including mask, glasses, gloves and a lab coat. Use appropriate 

disinfectant for material and sample decontaminations (e.g. sodium hypochlorite with recom-

mended manufacturer dilutions, 70% alcohol - ethanol or isopropanol, 1% soap solution). All per-

sonnel handling samples should be vaccinated against rabies. 

1. Remove the animal head with a knife before the first cervical vertebra (atlas vertebra) to 

access the foramen magnum. 

Note: To minimize infective aerosol, avoid using a manual saw or similar tool. 
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2. Collect brainstem (medulla oblongata) sample using a disposable plastic pipette (Figure 

24A), a drinking straw (Figure 24B), a clamp (Figure 24C) or a dropper (supplied with the 

RIDT) (Figure 24D). 

 

Figure 24: Examples of rapid simple techniques for collection of brain samples (brainstem with 
medulla oblongata) in animals (dog shown here) via the occipital foramen in field settings (Mali). 
A. Collection with a disposable plastic pipette. B. Collection with a plastic drinking straw. C. Collection 
with a clamp. D. Collection with the disposal dropper provided in the RIDT kit. 

Optionally, or if medulla oblongata is not available, other parts of the brain (brainstem, cerebellum, 

hippocampus, thalamus and cortex) can be collected by the same occipital route by pushing and 

rotating the plastic pipette or straw towards the eye socket (Figure 25). 

 

Figure 25: Longitudinal anatomical section of dog head, showing the different parts of the brain 
(brainstem, cerebellum, hippocampus, thalamus and cortex) collected when pushing, in a rota-
tional movement, a disposable plastic pipette through the occipital foramen route. 

If using a straw or pipette, gently squeeze it to deposit the brain sample (0.5-2 g) in a tube for 

subsequent analysis and/or biobanking. 
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Note: Sample storage in glycerol is not recommended, as it seems to affect capillary flow or the 

antibody binding step of the RIDT [465].  

11.4.2 Execution of the modified RIDT protocol [46] 

Note: This modification omits a dilution step (1:10) into PBS, as specified in manufacturer protocol 

(all versions), and can be implemented under laboratory or field settings. 

1. Use the swab to collect the equivalent of half a peanut or pea (0.1-0.5 g) of brain material 

and place it in the buffer sample tube. 

Note: For the modified protocol, all reagents/consumables are included in the kit (no PBS or ad-

ditional tube is needed) (Figure 26). Document the batch number of the kit and check validity of 

the expiration date. 

 

Figure 26: Description of the contents of RIDT kit, including the device, a disposable plastic drop-
per, a disposable swab, and the assay diluent.  
The tube where the sample will be collected and stored is not provided. 

2. Carefully crush the brain material directly in the tube with the swab for about 30 s until a 

homogeneous suspension is obtained. 

Note: The buffer reaction inactivates the infectivity of the virus [119]. 

3. Using the dropper, deposit four drops (approximately 100 µL) of the suspension in the 

sample inlet on the test device. 

4. Wait for complete sample migration (1-5 min) before reading the test device. The migration 

should start rapidly after deposit of the sample (1-5 min). 
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5. In case of delay (due to high viscosity suspension), gently scratch the bottom of the deposit 

site of the device with the dropper (1-5 times), and add 1-2 more drops. Migration should 

start immediately thereafter. 

6. Read the test result in the detection window after 5-10 min, and no more than 20 min, after 

the end of the migration. 

7. Interpret the result based on presence or absence of the control line (C-line) and test line 

(T-line) (purple lines) in the detection window, according to Figure 27. Consider the sample 

positive when two lines are visible (Figure 27A), negative if only the C-line is present (Fig-

ure 27B) and invalid if only the T-line is present or if no lines are visible (Figure 27C). 

 

Figure 27: Representative results for interpretation of the Anigen RIDT.  
A. Positive results (visible presence of two lines, C-line and T-line). B. Negative results (visible presence 
of C-line only). C. Invalid results (absence of visible C-line). 

Note: Invalid results should be repeated at least once. Other techniques should be performed if 

results remain invalid. Negative results obtained with RIDT need to be subsequently confirmed 

using a gold standard reference method, like DFAT, DRIT and molecular methods (polymerase 

chain reaction or PCR). Even though the sensitivity of this test is high (see Representative results 

section), it is not 100%.  

8. Store devices at room temperature, or refrigerate/freeze when possible, for subsequent 

molecular analysis (see Genotyping after RNA extraction from the RIDT device 11.4.4). 

Freeze the remaining sample suspension at -20°C/-80°C in the buffer tube to repeat the 

test if necessary or for subsequent molecular analysis. 
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11.4.3 RNA extraction and detection by RT-qPCR from the RIDT device 

Note: This step can only be implemented under laboratory conditions with adapted environment 

and suitable equipment for molecular diagnosis. It can be done soon after the RIDT test or retro-

spectively on archived RIDT devices, stored at room temperature (15-30 °C), refrigerated or fro-

zen.  

RNA extraction 

Note: To monitor the extraction step, it is recommended to use an internal control which can be 

an endogenous mRNA (such as ß-actin) or an exogenous control (such as eGFP synthetic RNA) 

directly spiked into the sample during the first steps of the extraction [125; 470]. 

Carefully open the device and remove the filter paper. 

Cut the deposit area of the sample and place it into a tube containing 1 mL of Tri-Reagent LS. 

Incubate at RT for 1 hour with gentle regular manual agitation. 

1. Perform the extraction in accordance with manufacturer recommendations, as previously 

described [125]. At this step, the exogenous internal control can be added. 

2. During the process, add 2 µL of glycogen for facilitating precipitation of RNA, according to 

the manufacturer recommendations. 

3. The final volume for RNA resuspension in nuclease-free water can be adjusted, with a 

volume of 50 µL generally used. 

Note 1: At the end of the centrifugation step for aqueous and organic phase separation (after 

addition of 200 µL of chloroform into the Tri-Reagent LS), the piece of membrane from the device 

will be at the bottom of the tube and not interfere with collection of the upper aqueous phase. 

Note 2: Alternatively, other easy and rapid protocols can be used, for instance, using phenol-

based reagents and silica membranes (for example [471]). 

Detection by RT-qPCR [470] 

Note 1: Detection of potential viral RNA present in extracted samples can be done using different 

molecular techniques, such as reverse-transcription PCR, conventional (end-point) or real time 

PCR (qPCR). Several methods are available, such as conventional RT-PCR [125; 472] or RT-

qPCR  [470; 473] targeting the viral polymerase gene. 

Note 2: One example will be presented below based on a dual combined pan-lyssavirus RT-qPCR 

targeting a conserved region among the viral polymerase. This RT-qPCR technique associates 

two different RT-qPCR: one based on the TaqMan probe technology (pan-RABV RT-qPCR) and 
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the other using the SyBR Green detection (pan-lyssa RT-qPCR). In addition, the detection of an 

exogenous internal control (eGFP RNA) directly spiked during the extraction process is done by 

a specific TaqMan probe-based RT-qPCR (eGFP RT-qPCR). 

Note 3: Careful on site validation of the molecular techniques selected for detection of viral RNA 

is important, in particular, to verify that primers, and probes for real-time RT-PCR, are adapted for 

detection of the strains circulating in the region of interest [116]. 

1. Dilute RNA sample to 1:10 in nuclease free water. Each RNA sample is tested in duplicate, 

using a 96-well reaction plate or other formats. Positive and negative controls should be 

used for each assay and tested in duplicate. 

2. Prepare the master mix reaction solution for the three different RT-qPCR assays according 

to Table 17, and with the primers/probes indicated in Table 18. 

3. Add 5 μL of diluted RNA samples and 15 μL of master mix to each of the three different 

assays. The pan-RABV RT-qPCR assay and the eGFP RT-qPCR assay can cycling in the 

same plate. 

4. Run the different assays following the thermal cycling conditions indicated in Table 19. If 

only one PCR thermal cycler is available, start with the pan-RABV RT-qPCR and keep the 

plate for the pan-lyssa RT-qPCR at 4°C until the end of the pan-RABV RT-qPCR. 

5. Analyze the results obtained with the three assays according to Table 20. 

11.4.4 Genotyping after RNA extraction from the RIDT device 

Reverse transcription RT [125; 472] 

1. Prepare a master mix with 6 µL of RNA, 2 µL of pd(N)6 random primers (200 µg/µL) and 

2 µL of nuclease-free water for a final volume of 10 µL. 

2. Incubate at 65°C for 10 min in a heat-block and then store on ice. 

3. Prepare a master mix with 6 µL of 5X First-Strand Buffer, 2 µL of 0.1 M dithiothreitol (DTT), 

1 µL (200 U) of Superscript II reverse transcriptase, 2 µL (80 U) of RNasin, 2 µL of dNTP 

mix (10 µM) and complete with nuclease-free water to obtain a final volume of 20 µL for 

each sample. 

4. Add the master mix (20 µL) to the sample (10 µL) (final volume of 30 µL) and incubate at 

42°C for 90 min in a heat-block. 

5. Proceed to the next step with PCR amplification or store the cDNA at -20°C. 

Conventional PCR [125; 185; 472] 
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Note: Different techniques of conventional PCR are available for genotyping. Two are presented, 

both hemi-nested PCR, targeting a part of the nucleoprotein or a part of the viral protein of the 

lyssavirus. The protocol is the same for each of these assays, except for the primers and cycling 

conditions. Positive (positive RNA) and negative (negative cDNA and/or nuclease-free water) con-

trols should be included in each series and each round of PCR. 

1. Prepare for each sample in a 0.2 mL microtube a master mix reaction solution for the first 

PCR step. This mix contains  5 µL of 10x NH4 Reaction Buffer, 2.5 µL of MgCl2 Solution 

(50 mM), 1 µL of dNTP Mix (10 µM), 1 µL of each primer (10 µM), 0.2 µL (1 U) of Biotaq 

DNA polymerase and 37.3 µL of nuclease-free water (final volume of 48 µL). The primers 

are indicated in Table 21. 

2. Add 2 µL of cDNA in every tube and cycle on a separate conventional PCR thermal cycler 

for each assay, according to Table 22. 

3. Prepare a second master mix reaction solution identical to the previous one with using the 

appropriate primers (Table 21) for the hemi-nested PCR reaction. 

4. Add 2 µL of the first round PCR product and cycle on a conventional PCR thermal cycler 

using the cycling parameters indicated in Table 22 

5. Visualize the different PCR products (first and second round PCR) after loading them on 

a 1% agarose gel (100 mL of Tris-acetate EDTA buffer 1x – TAE 1x) with ethidium bromide 

(final concentration around 0.01%) and run the gel during 30 min at 120 V. A positive PCR 

result is observed in the form of a bright band of the expected size (Table 21). 

Sanger sequencing 

Perform a Sanger sequencing of the amplicons obtained with the pan-lyssavirus hemi-nested PCR 

and complete the genotyping analysis. 

11.5 Representative results:  

As with any diagnostic method, sample collection is of paramount importance for reliability of the 

results, especially when performed in field settings. The collection process needs to be as simple 

as possible to guarantee collection of high quality samples. The collection of a brain biopsy (mostly 

brainstem with medulla oblongata) via the foramen magnum route for postmortem diagnosis of 

animal rabies fulfills this requirement, as indicated in Figure 24A-D [469]. 

After collection, the brain sample is submitted to the modified protocol of the RIDT, summarized 

in Figure 28. As indicated in the Protocol section, the major adaptation from the manufacturer 
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provided protocol is omission of the dilution step in PBS, which simplifies the procedure and nec-

essary consumables/reagents, thus all included in the kit (Figure 26). 

 

Figure 28: Schematic representation of RIDT protocol, adapted from manufacturer instructions. 
A. Modified version of the protocol, with deletion of the dilution step recommended by the manufacturer. 
B. Initial protocol recommended by manufacturer, with a pre 1:10 dilution step in PBS of the brain sam-
ples. The steps deleted in the modified version of the protocol (presented in Figure 28A) are indicated 
with a red line 

This modified protocol was implemented and evaluated in five different laboratories, including one 

WHO collaborative center on rabies (Lab 1, France), one FAO reference center for rabies (Lab 5, 

Italy) and three reference laboratories located in enzootic African countries, Chad (Lab 2), Ivory 

Coast (Lab 3) and Mali (Lab 4). In Chad, an evaluation of the RIDT was done in both laboratory 

and field settings. 

Compared to the reference technique DFAT, sensitivity and specificity of the RDIT were high for 

all laboratories, with 96% to 100% and 93.7% to 100%, respectively (Table 23). The lowest sen-

sitivity and specificity of the RDIT was obtained for Lab 1 (France) during the laboratory validation 

step. Based on the cumulative number of tested samples (n=162) (Appendix 6: Supplementary 

information for chapter 11, Table 35), the overall sensitivity and specificity compared to DFAT 

were 98.2% and 95.8%, respectively (Table 23). Representative results of RIDT tests performed 

in Lab 1 (France) and Lab 2 (Chad) are presented in Figure 29A and Figure 29B, respectively 

(from [46]). 
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Figure 29 : Examples of RIDT results (from [46]).  
A. Results obtained by Lab 1 (France) with six positive results including the two middle devices (samples 
93101 and 87006) demonstrating only a weak test line in the results window. B. Results obtained by Lab 
2 (Chad) with one negative result (sample 18/12) and four positive results. 

The RIDT test is suitable to detect lyssavirus in brain biopsies from infected animals, where the 

level of lyssavirus antigens is important. However, the test limit of detection remains high when 

testing titrated virus suspension (Table 24) (Figure 8). 
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Figure 30 Example of determination of the limit of detection of RIDT (from [46]). 
A serial 10:1 dilution of a titrated rabies virus of the strain 9704ARG was used. The quantity of virus 
deposited on each device is indicated in FFU (fluorescent focus-forming units).  

Table 25 (from [46]) shows an example of results obtained after RNA detection by the dual com-

bined pan-lyssavirus RT-qPCR targeting the viral polymerase of lyssavirus. A panel of 51 positive 

RIDT tests performed in laboratory conditions (Lab 1, n=32) or in Chad (Lab 2, n=19) and then 

shipped at ambient temperature to Lab 1, was tested. Positive detection was obtained for 18 

(94.7%), 26 (81.2%) and 44 (86.3%) samples from Lab 1, Lab 2 and the two combined, respec-

tively. In addition, genotyping was performed for 14 of these samples (10 from Lab 1 and 4 from 

Lab 2) using the hemi-nested PCR targeting the partial nucleoprotein gene and was successful 

for 13 of them (93%) (from [46]). 

11.6 Discussion: 

The RIDT is a simple, rapid and low-cost method for postmortem rabies diagnosis and a promising 

field alternative to laboratory testing. The application of such a test, especially for decentralized 

areas of low- and middle-income countries, would improve understanding of rabies virus preva-

lence and transmission on a local and potentially national scale. When combined with the rapid 

brain sample collection method (without full necropsy), a great advantage is that the test can be 

entirely performed in the field setting, away from laboratory facilities. Brain samples collected via 

the foramen magnum can be used for testing, thus it is not required to completely open the animal 

skull. The test is simple to perform and interpret and is particularly suitable for field surveillance 

activities [46]. Other advantages of the RIDT over the DFA or DRIT are no need for positive and 

negative controls and kit storage at room temperature. In addition, the modified protocol, where 
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the dilution step (1:10) into PBS is omitted, does not require extra reagents to perform the test and 

further simplifies the procedure under field conditions. 

A key point is the quality of the brain samples. Samples should be collected and tested as soon 

as possible after death of the suspected animal, or kept at cool temperature before testing, to 

avoid degradation. Although no data are yet available regarding the loss of sensitivity of RIDT over 

time for brain samples, we hypothesize that it is similar compared to the DFAT test [474]. However, 

time between the death of the animal and performing the test can be reduced, as the test can be 

done quickly and directly in the field. So there is in general a lower risk of decomposed samples. 

Another critical step within the protocol is the sample suspension migration. The migration should 

start directly after deposit of the sample (1-5 min). High viscosity of the suspension could therefore 

negatively influence the migration. Gently scratching the bottom of the device deposit site with the 

dropper and adding 1-2 more drops often solves this problem, and the migration begins immedi-

ately after. 

Most of the RIDT tests performed in African laboratories (Chad, Ivory Coast and Mali) were per-

formed at ambient temperature which can exceed 30°C, whereas the range of temperature for 

storage and use recommended by the manufacturer is 15°C - 30°C. Although we did not identify 

any impact of high temperature on RIDT test performance, it is necessary to evaluate it more 

carefully. Similarly, the impact of high temperature during storage and transportation of the device 

after use for viral RNA detection and genotyping needs additional evaluation. The sensitivity of 

the viral RNA detection by RT-qPCR from the RIDT strip can be affected by the quality of the brain 

sample initially used in the test, but also by the condition of storage of the RIDT tests after use. 

For example, the sensitivity of the RNA detection was higher when used RIDT tests were stored 

under controlled laboratory conditions (94.7%) compared to under field conditions (e.g. Chad) 

(81.2%) [46]. These conditions might also affect the integrity (especially the length) of RNA fixed 

on the strip, possibly explaining the moderate sensitivity for genotyping based on longer PCR 

amplicons (e.g. > 500 nucleotides) [46]. The sensitivity of RT-qPCR performed on the test strip 

was lower than that obtained using FTA Whatman cards (80.6%) [46]. Similar to other molecular 

techniques, the viral load can also impact the success of genotyping based on RDIT strips, with 

potential negative results for samples with low viral load [46]. 

The test is not currently recommended by WHO and OIE for routine diagnosis and disease sur-

veillance, and a result cannot be used on its own to guide PEP decision making. Further test 

validation is still needed. However, accurate quick rabies diagnosis is a crucial element of well-
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functioning continuous rabies surveillance systems and is instrumental to increase political com-

mitment, which is eminently important for successful sustainable rabies control. RIDT tests offer 

new rabies diagnostic opportunities in this context and are a useful tool to expand animal rabies 

surveillance in the field in low or middle income enzootic areas. 
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11.8 Tables 

Table 17: Description of the master mix reaction solution for the three different RT-qPCR assays 
(pan-RABV RT-qPCR, pan-lyssa RT-qPCR and eGFP RT-qPCR). 

Master mix reaction solution for 
pan-RABV RT-qPCR assay 

 
Master mix reaction solution for 
eGFP RT-qPCR assay 

 
Master mix reaction solution for 
pan-lyssa RT-qPCR assay 

Reagent μL/Reaction 
 

Reagent μL/Reaction 
 

Reagent μL/Reaction 

2X Reaction Mix 
(a buffer contain-
ing 0.4 mM of 
each dNTP and 
6 mM MgSO4) 

10 
 

2X Reaction Mix 
(a buffer contain-
ing 0.4 mM of 
each dNTP and 
6 mM MgSO4) 

10 
 

2X SYBR® 
Green Reaction 
Mix 

10 

Nuclease free 
water 

1.5 
 

Nuclease free 
water 

2.8 
 

Nuclease free 
water 

2.1 

Taq3long (For-
ward) [10 μM]  

1 
 

EGFP1F (For-
ward) [10 μM]  

0.5 
 

Taq5long (For-
ward) [10 μM]  

1 

Taq17revlong 
(Reverse) [10 
μM] 

1 
 

EGFP2R (Re-
verse) [10 μM] 

0.5 
 

Taq16revlong 
(Reverse) [10 
μM] 

1 

RABV4 [10 μM] 0.3 
 

eGFP probe [10 
μM] 

0.3 
 

MgSO4 [50-mM] 
(provided in the 
kit) 

0.25 

RABV5 [10 μM] 0.3 
 

MgSO4 [50-mM] 
(provided in the 
kit) 

0.25 
 

ROX Reference 
Dye (25 μM) 

0.05 

MgSO4 [50-mM] 
(provided in the 
kit) 

0.25 
 

ROX Reference 
Dye (25 μM) 
(provided in the 
kit) 

0.05 
 

RNasin (40U/µL) 
(Promega) 

0.2 

ROX Reference 
Dye (25 μM) 
(provided in the 
kit) 

0.05 
 

RNasin (40U/µL) 
(Promega) 

0.2 
 

SuperScript® III 
RT/Platinum® 
Taq Mix 

0.4 

RNasin (40U/µL) 
(Promega) 

0.2 
 

SuperScript® III 
RT/Platinum® 
Taq Mix 

0.4 
 

Total per reac-
tion 

15 

SuperScript® III 
RT/Platinum® 
Taq Mix 

0.4 
 

Total per reac-
tion 

15 
   

Total per reac-
tion 

15 
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Table 18: Description of the primers/probes for the three different RT-qPCR assays (pan-RABV RT-qPCR, pan-lyssa RT-qPCR and eGFP RT-
qPCR).  a According to the Pasteur virus (PV) RABV genome sequence (GenBank accession number M13215).  b According to the cloning 
vector pEGFP-1 sequence (GenBank accession number U55761). 

 

  

RT-qPCR assay Name Type Length Sequence (5’-3’) Sense Position 

pan-RABV RT-qPCR assay Taq3long Primer 22 ATG AGA AGT GGA AYA AYC ATC A S 7273-7294a 

Taq17revlong Primer 25 GAT CTG TCT GAA TAA TAG AYC CAR G AS 7390-7414a 

RABV4 Probe 
(FAM/TAMRA) 

29 AAC ACY TGA TCB AGK ACA GAR AAY ACA 
TC 

AS 7314-7342a 

RABV5 Probe 
(FAM/TAMRA) 

32 AGR GTG TTT TCY AGR ACW CAY GAG TTT 
TTY CA 

S 7353-7384a 

Pan-lyssa RT-qPCR assay Taq5long Primer 23 TAT GAG AAA TGG AAC AAY CAY CA S 7272-7294a 

Taq16revlong Primer 25 GAT TTT TGA AAG AAC TCA TGK GTY C AS 7366-7390a 

eGFP RT-qPCR assay EGFP1F Primer 20 GAC CAC TAC CAG CAG AAC AC S 637-656b 

EGFP2R Primer 19 GAA CTC CAG CAG GAC CAT G AS 768-750b 

EGFP Probe 
(FAM/TAMRA) 

22 AGC ACC CAG TCC GCC CTG AGC A S 703-724b 
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Table 19: Description of the thermal cycling conditions for the three different RT-qPCR assays (pan-RABV RT-qPCR, pan-lyssa RT-qPCR 
and eGFP RT-qPCR). 

Thermal cycling conditions for pan-RABV RT-qPCR and eGFP RT-qPCR assays 

Step Cycle Temp  Time  Data Collection 

Reverse Transcription  1 45oC  15 min    

RT inactivation/initial denaturation  1 95oC  3 min    

Amplification  40 
95oC  15 sec    

61oC  1 min  End point 

 

Thermal cycling conditions for pan-lyssa RT-qPCR assay 

Step Cycle Temp  Time  Data Collection 

Reverse Transcription  1 45oC  15 min    

RT inactivation/initial denaturation  1 95oC  3 min    

Amplification  40 
95oC  15 sec    

55oC  1 min  End point 

Dissociation curve 1 

95°C 15 sec 

Increase 0.1° C/s, 55–95°C 
55oC 1 min 

95°C 15 sec 

55oC 15 sec 

 

 

 

  



Field postmortem rapid immunochromatographic rabies diagnostic test for resource-limited settings with further molecular applications 

Seite 176 von 280 
 

Table 20: Overall interpretation of the dual combined pan-lyssavirus RT-qPCR assay. 

 

  

Overall interpretation after dual combined pan-lyssavirus RT-qPCR assay 

Assay Analysis Results Interpretation 

eGFP RT-qPCR 

Cq in the interval of acceptance Extraction validated Analysis of other assays can be done 

Cq out of the interval of acceptance Extraction not validated 
Retest the sample (repeat the run or/and the extraction), 

request another sample if necessary 

pan-RABV RT-qPCR 
Cq <38 Positive Positive detection of viral RNA 

Cq ≥38 Negative Analysis the pan-lyssa RT-qPCR assay 

pan-lyssa RT-qPCR 
Melting curve considered as positive Positive Positive detection of viral RNA 

Melting curve considered as negative Negative Absence of detection of viral RNA 
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Table 21: Description of the primers used for the conventional hemi-nested PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hemi-nested conven-
tional PCR assay 

PCR round Name Length Sequence (5’-3’) Sense Positiona Amplicon size (bp) 

Hemi-nested PCR targeting 
the polymerase gene 

1st round 
PVO5m 20 ATG ACA GAC AAY YTG AAC AA S 7170-7189 

320 
PVO9 19 TGA CCA TTC CAR CAR GTN G AS 7471-7489 

2nd round 

PVO5m 20 ATGA CAG ACA AYY TGA ACA A S 7170-7189 

250 
PVO8 22 

GGT CTG ATC TRT CWG ARY AAT 
A 

AS 7398-7419 

Hemi-nested PCR targeting 
the nucleoprotein gene 

1st round 
N127 20 ATG TAA CAC CTC TAC AAT GG S 55-74 

1532 
N8m 19 CAG TCT CYT CNG CCA TCT C AS 1568-1586 

2nd round 
N127 20 ATG TAA CAC CTC TAC AAT GG S 55-74 

845 
N829 19 GCC CTG GTT CGA ACA TTC T AS 881-899 
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Table 22: Description of the thermal cycling conditions for the conventional hemi-nested PCR. 

 Thermal cycling conditions for hemi-nested PCR targeting the polymerase gene 
 Step Cycle Temp  Time  

First and second rounds 

Initial denaturation  1 94oC  3 min  

Denaturation  

35 

94oC  30 sec  

Hybridation 56oC  45 sec  

Elongation 72oC  40 sec 

Final elongation 1 72oC  3 min  

 

 Thermal cycling conditions for hemi-nested PCR targeting the nucleoprotein gene 
 Step Cycle Temp  Time  

First round 

Initial denaturation  1 94oC  3 min  

Denaturation  

35 

94oC  30 sec  

Hybridation 56oC  30 sec  

Elongation 72oC  45 sec 

Final elongation 1 72oC  3 min  

Second round 

Initial denaturation  1 94oC  3 min  

Denaturation  

35 

94oC  30 sec  

Hybridation 58oC  30 sec  

Elongation 72oC  30 sec 

Final elongation 1 72oC  3 min  

 

  



Field postmortem rapid immunochromatographic rabies diagnostic test for resource-limited settings with further molecular applications 

Seite 179 von 280 
 

Table 23: Determination of the intrinsic parameters (sensitivity, specificity) of the RIDT test compared to the reference DFAT method, based 
on the analysis of a total of 162 samples and with the participation of 5 different laboratories. 

 

 

 

Lab Country 
Period of evalua-

tion 
Nb of 

samples 

DFAT results RIDT results 
Sensitivity Specificity 

Pos Neg Pos Neg 

Lab 1 France 2015 82 50 32 50 32 96% 93.7% 
Lab 2 Chad 2012-2015 44 33 11 33 11 100% 100% 
Lab 3 Ivory Coast 2017 10 8 2 8 2 100% 100% 
Lab 4 Mali 2017 18 15 3 15 3 100% 100% 
Lab 6 Italy 2016 8 8 0 8 0 100% - 

All 2015-2017 162 114 48 114 48 98.2% 95.8% 
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Table 24: Limit of detection of the RIDT using 8 different titrated rabies virus suspensions (from 
[46]).   

a CVS: Challenge virus strain, SAD: Street Alabama Dufferin, PV: Pasteur virus.  b Number of fluorescent 
focus-forming units (FFU) per mL.  c Number of fluorescent focus-forming units (FFU) deposited on the strip. 

Virus straina Original host Location 
Initial concentration 

(FFU/mL)b 
Limit of detection 

(FFU/mL)c 

9147FRA Red fox France 3.1 x 107 106 
CVS Lab isolate - 1.6 x 107 106 

8743THA Human Thailand 8.1 x 107 >  8.1 x 106 
9508CZK 

(SAD) Lab isolate - 5.4 x 108 
107 

PV Lab isolate - 4.3 x 107 106 
9001FRA Dog French Guiana 2.4 x 106 > 2.4 x 105 
9704ARG Bat Argentina 9.5 x 107 105 
04030PHI Human Philippines 2.5 x 107 105 
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Table 25: Detection of viral RNA with RT-qPCR on Anigen test strip used in laboratory conditions (Lab 1), in field conditions and shipped at 
ambient temperature (Lab 2) or combined (from [46]). 

 

  RIDT performed in 
   Lab 1 Lab 2 Combined 
  Positive Negative Total Positive Negative Total Positive Negative Total 

Viral RNA detection 

Positive 18 1 19 26 0 32 44 7 51 

Negative 0 0 0 0 0 3 0 3 3 

Total 18 1 19 26 0 35 44 10 54 
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12 Discussion 

12.1 Overall significance 

This PhD thesis provides new insights into the epidemiology and transmission of rabies in two 

sub-Saharan African countries through applied and innovative research. We established new re-

search partnerships between the Swiss TPH and INRB and the INRB and IP-Paris. The PhD work 

applied a One Health approach to foster intersectoral collaboration and combined desk-based 

work (review and statistical analyses) with extensive field (cross-sectional household surveys, lon-

gitudinal surveillance study and application of novel GCS) and laboratory work (on-site training for 

DFA, DRIT and Anigen) in a challenging research environment. The findings are directly relevant 

for national and regional disease control efforts and are discussed and translated into recommen-

dations in detail in the following section. 

12.2 Objectives and research output 

12.2.1 Review on the current rabies situation in West and Central Africa 

Findings from the review highlighted the need for a regional approach to rabies control, as the 

disease spreads irrespective of national borders. Progress on elimination efforts within a single 

country is constantly threatened by potential reintroduction of rabies from neighboring countries. 

Most countries in West and Central Africa are still far from meeting the global goal of zero human 

rabies deaths by 2030 due to lacking government commitment and financial constraints. None-

theless, elimination efforts received a huge boost in 2018 when GAVI, the Vaccine Alliance, 

agreed to invest in human rabies vaccines for PEP, beginning in 2021 [294]. A shift from IM to the 

new abridged WHO recommended ID vaccination scheme, as applied in this research (Chapter 

6), should further increase PEP availability and reduce costs for bite victims. This investment al-

lows countries to redistribute resources directed at rabies control and catalyze MDV. Making dog 

vaccination mandatory by law might increase routine vaccination of dogs and sustain vaccination 

coverage at a sufficient level. Eligible governments can procure dog vaccine through the OIE Ra-

bies Vaccine Bank at a reduced cost. The tools for rabies elimination are available and proof of 

concept studies show that MDV campaigns in sub-Sahara Africa are feasible and reduce human 

rabies mortality [298; 299]. Economic benefits of MDV may take several years to accrue [130], so 

a key challenge will be to secure long-term funding for sustained rabies control. DIBs are sug-

gested as an innovative funding mechanism [106; 176; 301]. However, until the robustness and 

risks of such funding schemes are evaluated and more institutional donors engage, the benefits 

of rabies control for the simultaneous control of other zoonotic diseases, such as echinococcosis, 

leishmaniasis or snakebites, should be highlighted. This is an incentive for governments to allocate 
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more resources to the animal health sector. A better understanding of the societal role and value 

of dogs in different cultural settings in West and Central Africa is needed for targeted promotion 

of responsible dog ownership to positively influence private vaccination uptake [475].  

Future research: 

Future applied research is needed on how access to available tools and their implementation in 

the community can be improved (better program-delivery) and the incremental profitability of inte-

grating rabies control with control of other zoonotic diseases.  

Recommendations: 

 Legislation change to require mandatory dog vaccination 

 Shift from IM to ID administration of human rabies vaccine and utilize the new abridged 

WHO-recommended vaccination scheme 

 Highlight benefits of rabies control for simultaneous control of other zoonotic diseases and 

use as advocacy tool to strengthen the animal health system 

12.2.2 Systematic data collection on the incidence of rabies in humans and animals and 

the incidence animal bites on health facility-level in a province of the DRC 

This is the first study to assess rabies burden in the DRC. We used a One Health approach to 

strengthen rabies surveillance in the Kongo Central province and gather reliable epidemiological 

data on human and animal rabies incidence and incidence of animal bites. The data generated 

through this study provide a sound evidence base to reflect the veterinary and public health impli-

cations of rabies and advocate for greater political commitment and policy support in rabies pre-

vention and control. The first steps for advocacy were taken: on the World Rabies Day 2018, we 

were invited by the FAO to present our results to a panel of 30 experts from the MINAGRI, MPH, 

the Ministry of Environment and Sustainable Development and partners of the GHSA 

(www.fao.org/africa/news/detail-news/fr/c/1164818/). The meeting resulted in adoption of a pro-

cedure for the integrated management of bite cases in the DRC, with the IBCM applied in our 

study serving as the model. In the next step, results will be further disseminated to important 

stakeholders at the International Congress on Parasitic and Infectious Diseases (CIPIP), which 

takes place from 14-16 November 2019 in Kinshasa.  

Laboratory diagnosis is an essential pillar for effective rabies surveillance [17; 454]. Diagnostic 

capacity at the rabies laboratory at INRB was improved through provision of reagents and equip-

ment, on-site refresher training on the DFA and DRIT and introduction of the Anigen test (see also 

12.3). In addition, we trained VFPs on the sampling of brain material from suspected rabid animals 

http://www.fao.org/africa/news/detail-news/fr/c/1164818/
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and use of the Anigen test. A North-South research partnership was established with the Institute 

Pasteur in Paris, for analysis of human rabies samples collected during the study and phylogenetic 

analysis on animal rabies samples. Efforts to install PCR for rabies diagnosis at INRB are currently 

underway. 

The ethics committee of the MPH agreed to shift from IM to ID administration of human rabies 

vaccine following the new abridged WHO-recommended vaccination scheme. The DRC, a GAVI-

eligible country, should adopt the new ID scheme nationwide, which would increase PEP availa-

bility and reduce costs for bite victims. 

Although we faced several challenges implementing rabies surveillance in the Kongo Central prov-

ince (as outlined in Chapter 6), we successfully put One Health into practice. Through investiga-

tions of the biting animal and enhanced communication between the human and animal health 

sectors, we were able to assess the rabies exposure status of most bite victims captured by the 

surveillance system. This shows that intersectoral collaboration in the DRC is possible through 

targeted training of veterinary and medical personnel. This is an important finding, because only 

with effective intersectoral communication will the benefits of dog vaccination campaigns be trans-

lated to financial savings for the human health sector [130]. It should be noted that willingness to 

collaborate between VFPs and MFPs varied throughout the study area, highlighting that achieving 

good One Health practice also depends on interpersonal relationships and individual dedication 

(Chapter 6). 

The collaboration established between the animal and human health sectors offers the ideal start-

ing point to address other zoonotic diseases. For example, the same infrastructures and resources 

are required for surveillance of another NTD – snakebites. As is the case with rabies, snakebites 

mostly affect poor, rural communities, with children and males most at risk. We did not register 

any snakebites during our studies, but this is because rabies surveillance was primarily conducted 

in urban sites (see Limitations).  

Limitations 

The DRC is a vast country with a poor road network. For perspective, the DRC is two-thirds the 

size of Western Europe with less paved roads than Luxembourg, which is 1000 times smaller than 

the DRC. Reaching populations in remote areas, especially during the rainy season, is extremely 

difficult and associated with high costs. Collecting rabies samples in the most remote parts of the 

Kongo Central province could easily take up to one week. Due to the limited budget of this project, 

rabies surveillance was mainly conducted in and around urban sites where VFPs and MFPs were 

located, so the data collected likely reflects only the urban rabies situation.  
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Future research 

This research focused primarily on measurements of mortality to estimate rabies burden. Future 

studies should also address the economic impacts of a One Health approach on PEP use and a 

shift from IM to ID administration of human rabies vaccine. This would greatly support rabies ad-

vocacy in the DRC. 

Recommendations: 

 Expand rabies surveillance in the Kongo Central to rural areas to allow for more accurate 

extrapolation of rabies data to the national level 

 Include snakebites in surveillance 

 Upload rabies data to the Rabies Epidemiological Bulletin on a regular basis 

 Shift from IM to ID administration of human rabies vaccine 

 Prepare a short term rabies action plan with clearly defined tasks, realistic timeline and 

budget for each activity using the SARE assessment and the PWARE tool (refer to Chap-

ter 5 for a description and the aims of these tools)  

 Institute legal mandate for dog vaccination 

12.2.3 Conduct a cross-sectional household survey to estimate the owned dog population 

size, community-level dog bite incidence and assess community knowledge and 

practices regarding rabies in the DRC 

Results obtained through the cross-sectional household survey are directly relevant to veterinary 

and public health authorities for planning of future MDV and public sensitization campaigns. Vet-

erinary officials grossly underestimated the owned dog population, and a large proportion of dogs 

were unvaccinated. Only half of the study participants had heard of rabies and of the remainder 

only 50% knew about dog vaccination and 3% knew about PEP for prevention. Lack of awareness 

among the community affects all aspects of rabies control: surveillance (i.e., reporting suspected 

rabid animals and bite injuries), participation in dog vaccination and human treatment (i.e., seeking 

PEP after a bite). The low level of community awareness had an impact on the surveillance activ-

ities conducted under 12.2.2. Less than 50% of animals killed following a bite incident were sub-

mitted to the veterinary service for laboratory testing. Likewise, bite incidence found at the health-

facility level was ten times smaller than the community-level bite incidence, indicating that only a 

small proportion of the population seeks treatment after a bite. However, our surveillance of bite 

victims was limited to general referral hospitals and the veterinary services, so we certainly missed 

bite victims who presented to health centers and pharmacies. Future studies could include tracing 

non-registered bite victims [316] and extending surveillance of bite injuries to include basic health 
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care providers (health centers and pharmacies) to better define the proportion of bite victims seek-

ing care at a health facility after a bite and further improve estimates of human rabies deaths 

(Chapter 6). 

Given our findings, public sensitization is warranted to encourage bite victims to seek treatment 

after a bite, report rabid suspected animals and highlight the need for dog vaccination. The GARC 

Education Platform hosts targeted educational courses and awareness materials. By working to-

gether with anthropologists and ethnologists, available material could be adapted to the socio-

cultural context of the DRC.  

Limitations: 

The household survey was conducted in an urban setting. Dog/human ratios in rural areas are 

generally higher [327]; therefore, expanding data collection to rural areas is necessary to allow 

extrapolation to the entire DRC. In addition, we did not investigate the unowned dog population, 

although their number is likely less than 2% of the total dog population [192]. A capture-mark-

recapture study would better estimate the unowned dog population [55; 344].  

Recommendations: 

 Reduce the private cost for dog vaccination to support routine vaccination of dogs 

 Institute awareness-raising campaign targeting schools and/or churches with continued 

dissemination of information through radio, posters and leaflets 

 Hold a participatory stakeholder meeting involving communities and local authorities to 

disseminate the findings from this study and plan a pilot small-scale vaccination campaign 

 Conduct a pilot small-scale vaccination campaign and assess intervention effectiveness 

using quantitative and qualitative epidemiological methods to optimize future large-scale 

vaccination campaigns [88] 

12.3 Contribute to the validation of a rapid immunochromatographic rabies diagnostic test 

The validation of a RIDT (Anigen Rapid Rabies Ag Test kit), directly applied in the field, allowed 

VFPs to be more engaged in rabies surveillance. All field test results were confirmed by both the 

DRIT and DFA. In contrast to studies that performed validation of the Anigen test in other sub-

Saharan settings (Chapter 11), the test yielded a high number of false negatives (i.e., the test 

indicated that the animal was not rabid when it actually was rabid) resulting in a low sensitivity of 

83.8%. Specificity (i.e., a low number of false positives and a high number of true negatives) was 

high (99.1%), with a small 95% confidence interval (98.1%-99.6%). We hope phylogenetic analy-
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sis, ongoing at IP-Paris, will provide more insight into the genetic variability and phylogenetic re-

latedness of the viral strains collected in the DRC to allow for a deeper interpretation of obtained 

results. We anticipate publishing these findings in a future separate publication, so results from 

the DRC were not included in the Chapter 11 publication.  

Rabies is a fatal disease. If a new diagnostic test is intended to rule out the disease with high 

certainty, it needs to have high diagnostic sensitivity (a negative result in a test with high sensitivity 

is reliable because the test gives a low number of false negatives and a high number of true 

positives). Basing PEP recommendations on a test with a low sensitivity has serious implications: 

wrongly assuming that the animal is not rabid and, therefore, not recommending PEP can result 

in unnecessary human rabies deaths. Therefore, our results indicate that the Anigen test is not 

suitable to confirm the absence of rabies. However, like in other validation studies [122; 460; 463; 

465; 467; 468] and Chapter 11, Anigen test specificity was very high which could be beneficial in 

rabies-endemic settings where it is expected that a high proportion of biting animals tested for 

rabies will actually be positive (71% in this study, see Chapter 6). In a test with a high specificity, 

a positive result is reliable in confirming the presence of a disease due to the low number of false 

positives and the high number of true negatives. With regards to rabies, this means if a positive 

test result is obtained in the field with the Anigen, the test result is reliable and the bite victim 

should start PEP immediately and no secondary (more expensive) confirmatory test is needed. 

Only a fraction of patients will be subject to unnecessary costs for PEP (i.e., pay for PEP when it 

is not needed, because the test was false positive). This is also favorable in view of the GAVI 

decision to invest in human rabies vaccine, which should reduce PEP costs for bite victims. There-

fore, in rabies-endemic countries, such as the DRC, where shipment of samples to central labor-

atories is difficult and associated with high costs, the Anigen test is a promising tool for decentral-

ized rabies surveillance. During progress towards rabies elimination, however, the number of ra-

bies-negative animals will increase, so a field test with a high sensitivity would be required. Based 

on our results, only positive test results are reliable, while negative results always need to be 

further confirmed using a test with high diagnostic sensitivity (e.g., DFA, DRIT or PCR). 

Future research: 

Future studies should address the economic aspects of RIDTs in rabies-endemic settings focusing 

on the following questions: how many samples need to be double tested because of negative 

results and what are the associated costs (shipment costs and costs for the secondary confirma-

tory test)? How many patients are subject to unnecessary costs due to a false positive result?  

Recommendation: 
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 Further validation of the Anigen test (and alternative RIDTs), according to international 

standards including circulating RABVs variants and other lyssaviruses 

12.4 Data collection and analysis on the movement and contacts of dogs in N’Djamena, 

Chad 

We applied innovative research to investigate the contact network and roaming behavior of free-

roaming dogs in N’Djamena through tracking the location and contacts of dogs using newly de-

veloped GCS. Using the collected empirical data, we extrapolated the contact network to adequate 

size to simulate rabies outbreaks and investigate the effectiveness of different vaccination cover-

ages. Using this approach, we demonstrated that the WHO-recommended vaccination coverage 

of 70% prevents major but not minor rabies outbreaks and that highly connected dogs play a 

critical role in transmission (Chapter 8). Minor outbreaks may be explained by import of rabid dogs 

into N’Djamena from outside the city. Phylodynamic analysis of RABV strains from N’Djamena 

further corroborated these findings [325]. Targeted vaccination of highly connected dogs could 

substantially increase the effectiveness of vaccination campaigns. We postulated that an intrinsic 

(e.g., sex or neutering status) or extrinsic (e.g., religion of the owner or diet) factor was associated 

with highly connected dogs, through which these dogs could easily be identified and targeted for 

vaccination. Preliminary analysis suggests that, unfortunately, there is no such association (Chap-

ter 9). However, the daily number of contact partners was more than three times higher during the 

dry season as compared to the rainy season. A next step in the analysis is to develop a contact 

network based on the data collected during the rainy season to investigate if the probability of 

rabies transmission is lower as compared to the dry season. 

Future research: 

Our results suggest that humans may play an important role in the transmission of rabies. Future 

studies should investigate how human movement influences the spread of rabies. For example, 

N’Djamena provides an ideal setting to investigate the frequency of importing dogs into the city. 

There are only four main roads entering the city, and all vehicles pass through a toll checkpoint 

before entering the city. Together with local authorities, these toll checkpoints could help in sur-

veillance of import of dogs into the city. 

Recommendations: 

 Continuation of annual MDV along with vaccination of dogs entering the city via toll check-

points subsidized through the Chadian government 



Discussion 

Seite 189 von 280 
 

12.5 Conclusion 

Both innovation and applied research are needed to reach the global goal of zero human rabies 

death by 2030, both of which were applied in this PhD thesis. We contributed vital information for 

rabies control in the sub-Saharan African region. Findings on the burden of rabies in humans and 

animals, dog ecology and community awareness in the DRC are directly relevant for veterinary 

and public health authorities and support planning of future rabies interventions. Applying new 

technologies to disease modeling helped generate new ideas on how dog vaccination could be-

come more effective in future and be useful to set new research targets. 
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Table 26: Search syntax for data base search.  
Last search conducted 28 November 2019 

  

1. PubMed   

  Search Syntax Hits 

1 
(("rabies"[MeSH Terms] OR "rabies"[All Fields]) OR 
"rage"[All Fields]) AND ("Cameroon"[All Fields] OR 
"Cameroun"[All Fields] OR "Central African Republic"[All 
Fields] OR "Republique centrafricaine"[All Fields] OR 
"Chad"[All Fields] OR "Congo "[All Fields] OR "Equatorial 
Guinea"[All Fields] OR "Guinee equatoriale"[All Fields] 
OR "Guinea Ecuatorial"[All Fields] OR "Gabon"[All Fields] 
OR (Sao[All Fields] AND Tome[All Fields] AND Prin-
cipe[All Fields]) OR "Benin"[All Fields] OR "Burkina 
Faso"[All Fields] OR "Cape Verde"[All Fields] OR "Cabo 
verde"[All Fields] OR "Ivory Coast"[All Fields] OR "Cote 
d'Ivoire"[All Fields] OR "Gambia"[All Fields] OR 
"Ghana"[All Fields] OR "Guinea"[All Fields] OR (La[All 
Fields] AND Guinee[All Fields]) OR "Guinea-Bissau"[All 
Fields] OR "Guine-Bissau"[All Fields] OR "Liberia"[All 
Fields] OR "Mali"[All Fields] OR "Mauritania"[All Fields] 
OR "Mauritanie"[All Fields] OR "Niger"[All Fields] OR "Ni-
geria"[All Fields] OR "Saint Helena"[All Fields] OR "St 
Helena"[All Fields] OR "Senegal"[All Fields] OR "Sierra 
Leone"[All Fields] OR "Togo"[All Fields]) AND 
("1998/01/01"[PDAT] : "2018/12/31"[PDAT]) 

276 

2 "Rabies"[Mesh] AND "Africa, Central"[Mesh] AND 
("1998/01/01"[PDAT] : "2018/12/31"[PDAT]) 

30 

3 "Africa, Western"[Mesh] AND "Rabies"[Mesh] AND 
("1998/01/01"[PDAT] : "2018/12/31"[PDAT]) 

58 

  Sub-Total 364 

      

  

2. Web of Science   

  Search Syntax Hits 
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1 
(("rabies" OR "rage") AND ("Cameroon" OR "Cameroun" 
OR "Central African Republic" OR "Republique centrafri-
caine" OR "Chad" OR "Congo" OR "Equatorial Guinea" 
OR "Guinee equatoriale" OR "Guinea Ecuatorial" OR "Ga-
bon" OR "Sao Tome & Principe" OR "Benin" OR "Burkina 
Faso" OR "Cape Verde" OR "Cabo verde" OR "Ivory 
Coast" OR "Cote dIvoire" OR "Gambia" OR "Ghana" OR 
"Guinea" OR "La Guinee" OR "Guinea-Bissau" OR 
"Guine-Bissau" OR "Liberia" OR "Mali" OR "Mauritania" 
OR "Mauritanie" OR "Niger" OR "Nigeria" OR "Saint Hel-
ena" OR "St Helena" OR "Senegal" OR "Sierra Leone" 
OR "Togo")) 

341 

2 ("rabies" AND "Central Africa") 11 

3 ("rabies" AND "West Africa") 38 

  Sub-Total 390 

      

  

3. Embase   

  Search Syntax Hits 

1 
('rabies'/exp OR 'rabies' OR 'rage'/exp OR 'rage') AND 
('cameroon'/exp OR 'cameroon' OR 'cameroun'/exp OR 
'cameroun' OR 'central african republic'/exp OR 'central 
african republic' OR 'republique centrafricaine' OR 
'chad'/exp OR 'chad' OR 'congo'/exp OR 'congo' OR 
'equatorial guinea'/exp OR 'equatorial guinea' OR 'guinee 
equatoriale' OR 'guinea ecuatorial' OR 'gabon'/exp OR 
'gabon' OR 'sao tome & principe' OR 'benin'/exp OR 'be-
nin' OR 'burkina faso'/exp OR 'burkina faso' OR 'cape 
verde'/exp OR 'cape verde' OR 'cabo verde'/exp OR 'cabo 
verde' OR 'ivory coast'/exp OR 'ivory coast' OR 'cote 
divoire' OR 'gambia'/exp OR 'gambia' OR 'ghana'/exp OR 
'ghana' OR 'guinea'/exp OR 'guinea' OR 'la guinee' OR 
'guinea-bissau'/exp OR 'guinea-bissau' OR 'guine-bissau' 
OR 'liberia'/exp OR 'liberia' OR 'mali'/exp OR 'mali' OR 
'mauritania'/exp OR 'mauritania' OR 'mauritanie' OR 'ni-
ger'/exp OR 'niger' OR 'nigeria'/exp OR 'nigeria' OR 'saint 
helena'/exp OR 'saint helena' OR 'st helena'/exp OR 'st 
helena' OR 'senegal'/exp OR 'senegal' OR 'sierra leo-
ne'/exp OR 'sierra leone' OR 'togo'/exp OR 'togo') AND 
[1998-2018]/py 

426 

2 'rabies' AND 'central africa' AND [1998-2018]/py 15 

3 'rabies' AND 'west africa' AND [1998-2018]/py 30 

  Sub-Total 471 
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4. Cochrane Library   

  Search Syntax Hits 

1 'rabies and Africa'  23 

  Sub-Total 23 
 

 

 

  

5. African Journal Online   

  Search Syntax Hits 

1 'rabies' 107 

2 ''rage'  21 

  Sub-Total 128 
 

 

 

  Total 1376 
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Figure 31: Case report form for human rabies exposures 
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Figure 32: Case report form for human rabies cases 

 



Appendix 2: Supplementary information for chapter 6 

Seite 242 von 280 
 

 



Appendix 2: Supplementary information for chapter 6 

Seite 243 von 280 
 

Box 2: English traduction of parameters included in the case report forms for human rabies exposures and 
cases 

 
 

1. Case report form for human rabies exposures 

 Age 

 Sex 

 Date of bite 

 Geographical location of bite incident 

 Biting animal (species) 

 Status of biting animal (owned, unowned, wild) 

 Symptoms in biting animal 

 Vaccination status of biting animal 

 Outcome of the biting animal (killed, died, under observation) 

 Other people/animals offended by the same animal 

 Bite site 

 Bite severity (category I-III) 

 Number of bites 

 Delay in presentation  

2. Case report form for human rabies cases 

 Age 

 Sex 

 Biting animal (species) 

 Status of biting animal (owned, unowned, wild) 

 Date of bite 

 Geographical location of bite incident 

 Clinical symptoms 

 Duration of symptoms 

 If patient received PEP 
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Table 27: Human population and estimated owned and unowned dog population of the six sites in the Kongo Central province. 

Site  Human population1 Owned dog population2 Unowned dog population3 Total dog population 

Matadi 301644 8001 160 8161 

Boma 459361 12185 244 12428 

Mbanza-Ngungu 146749 3893 78 3970 

Kimpese 62821 1666 33 1700 

Kisantu 78000 2069 41 2110 

Muanda 50000 1326 27 1353 

Total 1098575 29140 583 29723 
1 Based on population extrapolation utilised by the health zones and information provided by the rabies units 
2 Based on the dog/human ratio of 1:37.7 estimated by Mbilo et al. [307] 
3 Based on findings from Kazadi et al. [192] 
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Figure 33: Decision tree probability model to estimate human rabies deaths from bite injuries. 
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Table 28: Parameters to derive the probability of death (Pdeath) after a bite and the total number of 
rabies deaths. 

 All parameters are assumed to follow a Pert distribution. 

Parameter   Min Mode Max Information 
source 

Prabid  Proportion of bites due to rabid ani-
mals 

0.45 0.495 0.54 Own data mode =  
381/767, min and 
max = 99% confi-
dence limits 

Pinfect Development of rabies following a 
bite injury from a rabid dog 

0.02 0.07 0.5 Estimated from1 

Pseek Probability of seeking treatment 0.1 0.4 0.7 Min: Estimated 
from community-
level bite incidence 
of 5.2/ 1000 per-
son-years [307] 
Max: Proportion of 
bite victims seeking 
help identified by 
Beyene et al. in 
contact tracing 
study in Ethiopia 
[316].  

Ppep Probabilty of receiving PEP after 
seeking treatment 

0.5 0.56 0.6 Hampson et al. [9]  

 

1Pinfect=(Pbite_head*Pinfect_head) + (Pbite_arm*Pinfect_arm) + (Pbite_trunk* Pinf_trunk) + 

(Pbite_trunk*Pinf_trunk) 

Pbite_head Bite injury to the head Binomial: p=0.15 n=344 

Pbite_arm Bite injury to the arms Binomial: p=0.22 n=344 

Pbite_trunk Bite injury to the trunk Binomial: p=0.11 n=344 

Pbite_leg Bite injury to the legs Binomial: p=0.52 n=344 

Pinf_head Development of rabies following 
a bite injury to the head 

Pert: minimum = 0.3, mode = 0.45, maxi-
mum = 0.6 

Pinf_arm Development of rabies following 
a bite injury to the arms 

Pert: minimum = 0.15, mode = 0.275, max-
imum = 0.4 

Pinf_trunk Development of rabies following 
a bite injury to the trunk 

Pert: minimum = 0, mode = 0.05, maximum 
= 0.1 

Pin_leg Development of rabies following 
a bite injury to the legs 

Pert: minimum = 0, mode = 0.05, maximum 
= 0.1 
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Table 29: Characteristics of bite victims disaggregated by their exposures status, including type 
and place of exposure and delay in presentation to clinic. 

 Confirmed  

(N=98) 

Probable  

(N=280) 

Suspected  

(N=3) 

Unknown  

(N=19) 

Non-exposure 
(N=386) 

Total  

(N=786) 

Sex       

   Female 34 (39.1%) 113 (40.8%) 0 (0.0%) 8 (42.1%) 155 (40.7%) 310 (40.4%) 

   Male 53 (60.9%) 164 (59.2%) 3 (100.0%) 11 (57.9%) 226 (59.3%) 457 (59.6%) 

   N-Miss 11 3 0 0 5 19 

Age       

   <5yrs 6 (6.1%) 21 (8.1%) 0 (0.0%) 1 (5.6%) 22 (6.1%) 50 (6.8%) 

   5-14yrs 43 (43.9%) 93 (35.8%) 1 (33.3%) 4 (22.2%) 125 (34.9%) 266 (36.1%) 

   >15yrs 49 (50.0%) 146 (56.2%) 2 (66.7%) 13 (72.2%) 211 (58.9%) 421 (57.1%) 

   N-Miss 0 20 0 1 28 49 

Biting animal       

   Dog 90 (91.8%) 269 (96.4%) 3 (100.0%) 16 (88.9%) 372 (97.4%) 750 (96.2%) 

   Other 8 (8.2%) 10 (3.6%) 0 (0.0%) 2 (11.1%) 10 (2.6%) 30 (3.8%) 

   N-Miss 0 1 0 1 4 6 

Site       

   Boma 21 (21.4%) 27 (9.6%) 0 (0.0%) 1 (5.3%) 24 (6.2%) 73 (9.3%) 

   Kimpese 10 (10.2%) 9 (3.2%) 0 (0.0%) 1 (5.3%) 32 (8.3%) 52 (6.6%) 

   Kisantu 6 (6.1%) 10 (3.6%) 0 (0.0%) 0 (0.0%) 23 (6.0%) 39 (5.0%) 

   Matadi 16 (16.3%) 164 (58.6%) 3 (100.0%) 4 (21.1%) 198 (51.3%) 385 (49.0%) 

   Mbanza-Ngungu 4 (4.1%) 1 (0.4%) 0 (0.0%) 0 (0.0%) 1 (0.3%) 6 (0.8%) 

   Muanda 41 (41.8%) 69 (24.6%) 0 (0.0%) 13 (68.4%) 108 (28.0%) 231 (29.4%) 

Zone       

   Rural 8 (8.2%) 29 (10.4%) 0 (0.0%) 1 (5.3%) 26 (6.7%) 64 (8.1%) 

   Urban 90 (91.8%) 251 (89.6%) 3 (100.0%) 18 (94.7%) 360 (93.3%) 722 (91.9%) 

Wound category       

   Category I 3 (3.8%) 8 (3.1%) 0 (0.0%) 0 (0.0%) 8 (2.2%) 19 (2.6%) 

   Category II 12 (15.4%) 46 (17.6%) 2 (100.0%) 1 (7.1%) 90 (24.3%) 151 (20.8%) 

   Category III 63 (80.8%) 208 (79.4%) 0 (0.0%) 13 (92.9%) 272 (73.5%) 556 (76.6%) 

   N-Miss 20 18 1 5 16 60 

Delay in presenta-
tion (days) 

      

   Median 0.0 1.0 0.5 1.0 1.0 1.0 

   Range 0.0 - 21.0 0.0 - 120.0 0.0 - 1.0 0.0 - 14.0 0.0 - 90.0 0.0 - 120.0 

   N-Miss 16 19 1 5 27 68 
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Table 30: Annual dog rabies incidence across the six sites in the Kongo Central province. 

Site Dog rabies incidence per 1000 dogs (95% CI) based on confirmed, proba-

ble and suspected cases 

Dog rabies incidence per 1000 dogs based on 

confirmed cases 

Boma 1.9 (1.5-2.4) 1.1 

Matadi 10.7(9.2-12.2) 0.6 

Kimpese 7.1 (4.5-9.8) 3.1 

Kisantu 3.2 (1.6-5.1) 0.3 

Muanda 31.6 (25.4-38.1) 8.7 

Mbanza-Ngungu 0.5 (0.1-0.67) 0.17 

Overall 9.4 (8.8-9.9) 1.2 
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Figure 34: Time series of rabies-positive and –negative samples analyzed at the rabies labora-

tory in Kinshasa during the study period shown by month of sampling. 
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Table 31: Questions included to assess respondents’ knowledge regarding rabies transmission, 
its symptoms in animals and humans, prevention and control, and practices towards suspected 
rabid animals and carcasses.  
No negative scores were given for wrong answers. 

Question Answer  Score correct 

1. What is rabies? Rabies described as a disease 4 

 Wrong answer/Unknown 0 

2. How is rabies transmitted? (multiple answers possible) Bite 2 

 Scratch 2 

 Wrong answer/ Unknown 0 

3. Which animals can be infected with rabies? Dog 2 

 Three or more animals mentioned 2 

 One or two animals mentioned 1  

 Wrong answer /Unknown 0 

4. Rabies symptoms in animals1 Three or more symptoms men-

tioned 

4 

 One or two symptoms mentioned 2 

 Wrong answer/ Unknown 0 

5. Rabies symptoms in humans1 Three or more symptoms men-

tioned 

4 

 One or two symptoms mentioned 2 

 Wrong answer/ Unknown 0 

6. Is rabies preventable? Yes 4 

 No 0 

 Unknown 0 

7. Methods of prevention and control (multiple answers 

possible) 

Vaccination of humans 1 

 Vaccination of animals 1 

 Dog population management 1 

 Dog bite prevention 1 

 Wrong answer / Unknown 0 

8. Is rabies curable? Yes 0 

 No 4 

 Unknown 0 

Overall score knowledge  32 

   

Action taken after exposure 

(multiple answers possible) 

Wound cleaning with water and 

soap 

1 

 Post-exposure prophylaxis 1 

 Seek medical attention 1 

 Anti-tetanus treatment 0.5 

 Wrong answer/ Unknown 0 

Practice towards suspected rabid animal (multiple an-

swers possible) 

Kill the animal 1.5 

 Inform veterinary service  2 

 Do nothing 0 

 Unknown 0 

Practice towards carcass of an animal  Inform veterinary service  2 

 Take carcass to veterinary service 3.5 
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 Burry or burn the carcass 1 

 Do nothing 0 

 Unknown 0 

1 Based on standard case definitions for rabies in the WHO Expert Consultation on Rabies. Third Report [116; 319; 

476]. 
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Figure 35: Signal strength of contacts between devices in a static test in N’Djaména.  
The devices were set up on the ground in a circular arrangement around a central device and contact 
were recorded for different distances over a period of 1 hour per distance. The colors correspond to 
different angles from the central device (black dot). 

 

Figure 36: Contacts over time in study zone 1.  
For each 1 hour interval during the study period, ranging from Saturday 17:00 to Tuesday 7:00, the num-
ber of edges in the network is shown. The network for each 1 hour interval was constructed based on all 
contacts recorded during that interval and an edge was established if at least one contact between the 
two dogs was registered. 
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Figure 37: Sensitivity analysis of the simulation results for Chagoua and Abena on the probability 
of detecting rabid dogs.  
For each value of the transmission rate (ranging from 0.015 to 0.02 with steps of 0.01) 1000 simulation 
runs were conducted. Each case in the simulated incidence was randomly assigned as either reported or 
not reported for different values of the reporting probability (ranging from 0 to 1 with steps of 0.1). The 
color of each pixel corresponds to the maximum absolute difference between the median of the simulated 
reported cumulative incidence and the outbreak data. 
 

 

Figure 38: Final outbreak size of the simulations in the quarters Chagoua and Abena 
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Figure 39: Final outbreak size of the simulations on a network of 4930 dogs, showing the two point 
distribution expected from theory.  
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Figure 40: Sensitivity analysis of the outbreak probability, duration and size.  
The colors correspond to different vaccination coverages. For each vaccination coverage and parameter 
value the mean of 1000 simulation runs is shown. Simulation runs where more than one dog gets infected 
are classified as incursion. Simulation runs where more than one dog and less than 1% of the population 
get infected are classified as minor outbreaks. Simulation runs where more than 1% of the population gets 
infected are classified as major outbreaks. Incursions include minor and major outbreaks.  
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Figure 41: Sensitivity analysis of the outbreak probability, duration and size.  
The colors correspond to different vaccination coverages. For each vaccination coverage and parameter 
value the mean of 1000 simulation runs is shown. Simulation runs where more than one dog gets infected 
are classified as incursion. Simulation runs where more than one dog and less than 1% of the population 
get infected are classified as minor outbreaks. Simulation runs where more than 1% of the population 
gets infected are classified as major outbreaks. Incursions include minor and major outbreaks. 

 

Table 32: Parameter ranges for the PRCC sensitivity analysis. 

 

 

 

 

  

S7 Fig. Sensi t iv i t y analysis of t he out br eak pr obabi l i t y, dur at ion and size. 405

The colors correspond to different vaccinat ion coverages. For each vaccinat ion coverage 406

and parameter value the mean of 1000 simulat ion runs is shown. Simulat ion runs where 407

more than one dog gets infected are classified as incursion. Simulat ion runs where more 408

than one dog and less than 1% of the populat ion get infected are classified as minor 409

outbreaks. Simulat ion runs where more than 1% of the populat ion gets infected are 410

classified as major outbreaks. Incursions include minor and major outbreaks. 411

S1 Table. Par amet er r anges for t he PRCC sensit iv i t y analysis.

Parameter Usage Descript ion Range Type

network construct ion scaling of spat ial connect ion [20,30] discrete

⌧ network construct ion proport ion of far roaming dogs [0.5, 1] cont inuous

λ network construct ion mean number of peers of far roaming dogs [20,30] discrete

δ t ransmission model infect ious period [1,7] discrete

σ t ransmission model incubat ion period [7, 730] discrete

β t ransmission model t ransmission rate [0.015, 0.02] cont inuous

412
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Table 33: Composition of the study dog population during the rainy season (August 2017). 

Rainy season 

 

Overall  

(n=235) 

Religion of the owner  

   Christianity 211 (89.8%) 

   Islam 24 (10.2%) 

Sex (n=231)  

   Female 37 (16.0%) 

   Male 179 (77.5%) 

   Neutered male 15 (6.5%) 

Age (n=231)  

   Young dog (< 1y) 187 (81.0%) 

   Adult dog (1-7 y) 40 (17.3%) 

   Old dog (> 7y) 4 (1.7%) 

Confinment (n=231)  

   None 203 (87.9%) 

   Daytime 17 (7.3%) 

   Nighttime 11 (4.8%) 

Multi-dog household  

   No 118 (50.2%) 

   Yes 117 (49.8%) 
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Figure 42: Daily number of contacts by multi-dog household, sex, age and religion, study 1 (De-
cember 2016). 

 

 

Figure 43: Daily number of contacts by multi-dog household, sex, age and religion, study 2 (De-
cember 2017). 
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Results from the Democratic Republic of the Congo 

We validated the Anigen Rapid Rabies Ag Test kit test in comparison with the WHO and OIE-reference test, the DFA. Viral RNA was 

extracted from a subset of 90 animal brain samples according to the Direct-zolTM RNA MiniPrep Protocol (Zymo Research). Inconsistent 

results between the Anigen test and the DFA were confirmed through the detection of viral RNA by real-time polymerase chain reaction 

(RT-PCR) at IP-Paris. Phylogenetic analysis is currently performed at IP-Paris. Results from the DRC will be published in a separate 

manuscript together with the phylogenetic analysis.  

Sensitivity and specificity was estimated using a Bayesian model for 2 conditional dependent tests in a single population. Because the 

model is over-parameterized we used informative priors for the standard test assuming a median test sensitivity and specificity of 99% 

(beta distribution with alpha = 600 and beta = 6). 

Compared to the DFA, the Anigen showed a sensitivity and specificity of 83.8% (95% CI: 68.9% – 92.3%) and 99.1% (95% CI: 98.1%-

99.6%), respectively. 

Table 34: List of animal brain samples collected in the DRC during the PhD work. 

SampleID Species DFA DRIT Anigen_Labo Anigen_Field PCR 

1-Dog-1 Dog Positive Positive Positive Positive   

1-Dog-2 Dog Positive Positive Positive Positive   

1-Dog-3 Dog Positive Positive Positive Douteux   

1-Dog-4 Dog Positive Positive Positive Positive   

1-Dog-5 Dog Negative Negative Negative Negative   

1-Dog-6 Dog Positive Positive Positive Positive   

3-Dog-1 Dog Positive Positive Positive Not performed   

3-Dog-2 Dog Negative Negative Negative Negative   

3-Dog-3 Dog Not performed Positive Negative Negative Negative 

3-Dog-4 Dog Positive Positive Positive Positive   

3-Dog-5 Dog Not performed Negative Negative Negative   
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3-Dog-6 Dog Positive Douteux Positive Positive   

5-Dog-1 Dog Positive Positive Positive Douteux   

7-Dog-1 Dog Negative Negative Negative Negative   

7-Dog-2 Dog Positive Positive Positive Positive   

7-Dog-3 Dog Negative Positive Negative Negative   

7-Dog-4 Dog Negative Positive Negative Negative Negative 

7-Dog-5 Dog Positive Positive Positive Positive   

7-Dog-6 Dog Positive Positive Positive Positive   

7-Dog-7 Dog Positive Positive Positive Positive   

7-Dog-8 Dog Positive Positive Positive Douteux   

7-Dog-11 Dog Negative Positive Negative Not performed Positive 

7-Dog-12 Dog Positive Negative Negative Not performed Positive 

7-Dog-13 Dog Negative Negative Negative Not performed   

7-Dog-14 Dog Positive Positive Positive Not performed   

7-Dog-15 Dog Positive Negative Negative Not performed Positive 

7-Goat-16 Goat Positive Negative Negative Not performed Positive 

5-Dog-2 Dog Negative Negative Negative Negative   

3-Dog-7 Dog Not performed Douteux Positive Not performed Negative 

7-Dog-9 Dog Negative Negative Negative Negative   

7-Dog-21 Dog Negative Positive Negative Negative Positive 

7-Dog-20 Dog Negative Negative Negative Negative   

7-Mn-19 Mn Negative Negative Negative Douteux   

7-Dog-18 Dog Positive Positive Positive Negative   

7-Dog-17 Dog Positive Positive Positive Douteux   

9-Dog-4 Dog Positive Positive Positive Positive   

9-Dog-5 Dog Positive Positive Positive Positive   

9-Dog-1 Dog Positive Positive Positive Positive   

9-Dog-2 Dog Positive Positive Positive Positive   

9-Dog-3 Dog Negative Negative Negative Negative   

9-Dog-6 Dog Positive Positive Positive Positive   

9-Dog-7 Dog Positive Positive Positive Positive   
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9-Dog-8 Dog Positive Positive Positive Positive   

9-Dog-10 Dog Positive Positive Positive Negative   

9-Dog-12 Dog Positive Positive Positive Positive   

9-Cat-9 Cat Positive Positive Positive Positive   

9-Dog-11 Dog Positive Positive Positive Positive   

9-Dog-13 Dog Positive Positive Positive Positive   

9-Dog-14 Dog Positive Positive Positive Positive   

9-Goat-15 Goat Positive Positive Positive Positive   

9-Cat-16 Cat Positive Positive Positive Positive   

9-Dog-17 Dog Negative Negative Negative Negative   

9-Cat-18 Cat Positive Positive Positive Positive   

9-Dog-19 Dog Positive Positive Positive Positive   

9-Jackal-1 Jackal Negative Negative Negative Not performed   

9-Jackal-2 Jackal Negative Negative Negative Not performed   

9-Jackal-3 Jackal Negative Negative Negative Not performed   

9-Jackal-4 Jackal Negative Negative Negative Not performed   

9-Jackal-5 Jackal Negative Negative Negative Not performed   

9-Jackal-6 Jackal Negative Negative Negative Not performed   

9-Jackal-10 Jackal Negative Negative Negative Not performed   

9-Jackal-11 Jackal Negative Negative Negative Not performed   

9-Jackal-12 Jackal Negative Negative Negative Not performed   

7-Goat-10 Goat Positive Positive Positive Not performed   

7-Dog-25 Dog Positive Positive Positive Positive   

7-Dog-26 Dog Positive Positive Positive Positive   

7-Pc-22 Pc Negative Negative Negative Douteux   

7-Dog-23 Dog Positive Positive Positive Positive   

11-Dog-1 Dog Positive Positive Positive Douteux   

7-Dog-24 Dog Positive Positive Positive Positive   

7-Dog-27 Dog Positive Positive Positive Positive   

7-Dog-28 Dog Positive Positive Positive Positive   

9-Cat-20 Cat Positive Positive Positive Positive   
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7-Dog-29 Dog Negative Negative Negative Douteux   

7-Dog-30 Dog Negative Negative Negative Negative   

7-Dog-31 Dog Negative Negative Negative Negative   

7-Dog-32 Dog Negative Negative Negative Negative   

7-Dog-33 Dog Negative Negative Negative Negative   

7-Dog-34 Dog Negative Negative Negative Negative   

7-Dog-35 Dog Positive Positive Positive Positive   

7-Dog-36 Dog Positive Positive Positive Positive   

7-Dog-37 Dog Positive Positive Positive Positive   

7-Goat-38 Goat Negative Negative Negative Negative   

7-Dog-39 Dog Positive Positive Positive Positive   

7-Dog-40 Dog Positive Not performed Negative Negative Positive 

7-Dog-41 Dog Positive Not performed Negative Negative Positive 

7-Dog-42 Dog Positive Not performed Negative Negative Positive 

7-Dog-43 Dog Positive Not performed Negative Negative Positive 

7-Dog-44 Dog Negative Not performed Positive Negative   

7-Dog-45 Dog Positive Not performed Negative Negative Positive 

7-Dog-46 Dog Positive Not performed Negative Negative Positive 

7-Dog-47 Dog Positive Not performed Positive Positive   

7-Dog-48 Dog Positive Not performed Positive Positive   

7-Dog-49 Dog Positive Not performed Positive Positive   

7-Dog-50 Dog Negative Not performed Negative Negative   

7-Dog-51 Dog Negative Not performed Negative Negative   

7-Dog-52 Dog Positive Not performed Positive Douteux   

7-Dog-54 Dog Positive Not performed Positive Positive   

7-Dog-55 Dog Positive Not performed Positive Douteux   

7-Dog-56 Dog Positive Not performed Positive Positive   

7-Dog-57 Dog Negative Not performed Negative Negative   

7-Dog-58 Dog Negative Not performed Negative Negative   

7-Dog-59 Dog Positive Not performed Positive Positive   

7-Dog-60 Dog Positive Not performed Positive Positive   
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7-Dog-61 Dog Positive Not performed Positive Positive   

7-Dog-62 Dog Positive Not performed Positive Positive   

7-Dog-63 Dog Negative Not performed Negative Not performed   

7-Dog-64 Dog Positive Not performed Positive Positive   

7-Dog-65 Dog Positive Not performed Positive Positive   

7-Dog-66 Dog Positive Not performed Positive Positive   

7-Dog-67 Dog Positive Not performed Positive Positive   

7-Dog-68 Dog Positive Not performed Positive Positive   

1-Dog-7 Dog Positive Not performed Positive Positive   

3-Dog-9 Dog Positive Not performed Positive Positive   

3-Dog-10 Dog Positive Not performed Positive Douteux   

9-Dog-23 Dog Positive Not performed Positive Positive   

7-Dog-53 Dog Positive Not performed Positive Douteux   

9-Jackal-9 Jackal Negative Negative Negative Not performed   

9-Dog-21 Dog Positive Positive Positive Positive   

9-Dog-22 Dog Positive Positive Positive Positive   

3-Dog-8 Dog Positive Positive Positive Positive   

9-Jackal-7 Jackal Negative Negative Negative Not performed   

9-Jackal-8 Jackal Negative Negative Negative Not performed   

9-Jackal-13 Jackal Negative Negative Negative Not performed   

9-Jackal-14 Jackal Negative Negative Negative Not performed   

9-Jackal-15 Jackal Negative Negative Negative Not performed   

9-Jackal-16 Jackal Negative Negative Negative Not performed   

7-Dog-69 Dog Positive Not performed Positive Positive   

7-Dog-70 Dog Positive Not performed Positive Douteux   

7-Dog-71 Dog Positive Not performed Positive Douteux   

7-Dog-73 Dog Positive Not performed Positive Positive   

9-Dog-24 Dog Not performed Not performed Not performed Negative   

7-Dog-74 Dog Positive Not performed Positive Positive   

7-Dog-73 Dog Positive Not performed Positive Douteux   

7-Dog-75 Dog Positive Not performed Positive Positive   
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7-Dog-76 Dog Positive Not performed Positive Positive   

7-Dog-77 Dog Positive Not performed Positive Positive   

7-Dog-78 Dog Positive Not performed Positive Positive   

7-Dog-79 Dog Positive Not performed Positive Positive   

7-Dog-80 Dog Positive Not performed Positive Negative   

7-Dog-81 Dog Negative Not performed Negative Negative   

7-Dog-82 Dog Negative Not performed Negative Not performed   

7-Dog-83 Dog Positive Not performed Positive Not performed   

01-Dog-8 Dog Positive Not performed Positive Positive   

KIN LEMBA Dog Positive Positive Positive Not performed   

KIN DELVAUX Dog Positive Positive Positive Not performed   
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Table 35: Description of the 162 samples tested with the RIDT test for determination of its intrinsic parameters presented in Table 6 

Lab 
1 

France 2015 150007 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150036 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150038 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150041 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150042 Ferret Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150043 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150044 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150049 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150050 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150051 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150052 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150053 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150054 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150055 Red fox Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150056 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150057 Dog Negative 2015 Brain Primary Negative Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150058 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150059 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150060 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150061 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150062 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150119 Ferret Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150125 Cat Negative 2015 Brain Primary Negative Positive 1801111 
Results from Léchenne et al., 

2016 
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Lab 
1 

France 2015 150127 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150129 Cat Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150132 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150133 Dog Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150134 Red fox Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150148 Horse Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

France 2015 150230 Red fox Negative 2015 Brain Primary Negative Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Nigeria 2015 8670NIG Human RABV NA Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Greenland 2015 8683GRO Fox RABV 1980 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Greenland 2015 8684GRO Fox RABV 1981 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Egypt 2015 8692EGY Human RABV 1979 Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Benin 2015 8697BEN Cat RABV 1986 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Saudi Ara-
bia 

2015 8706ARS Fox RABV 1987 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Cameroon 2015 8801CAM Dog RABV 1987 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Ethiopia 2015 8807ETH Hyena RABV 1988 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Ethiopia 2015 8808ETH Dog RABV 1987 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Ivory Coast 2015 9003CI Dog RABV 1989 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Niger 2015 9010NIG Dog RABV 1990 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Chad 2015 9021TCH Dog RABV 1990 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Guinea 2015 9024GUI Dog RABV 1990 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

USA 2015 9104USA Skunk RABV 1991 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Mexico 2015 9115MEX Dog RABV 1991 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Mauritania 2015 9136MAU Goat RABV 1991 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Russia 2015 9141RUS 
Polar 
fox 

RABV 
1988-

90 
Brain NA Positive Positive 1801111 

Results from Léchenne et al., 
2016 
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Lab 
1 

Germany 2015 9217ALL Red fox RABV 1991 Brain Primary Positive Negative 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Chad 2015 9218TCH Dog RABV 1992 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Central Afri-
can Repub-

lic 
2015 9228CAR Dog RABV 1992 Brain Primary Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Namibia 2015 9231NAM Jackal RABV 1992 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Somalia 2015 9302SOM Dog RABV 1993 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

SeNega-
tiveal 

2015 9305SEN Dog RABV 1992 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Mauritania 2015 9312MAU Dog RABV 1993 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Iran 2015 9319IRA Jackal RABV NA Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Hungary 2015 9391HON Fox RABV 1993 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Turkey 2015 
93101TU

R 
Fox RABV 1993 Brain Primary Positive Negative 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Estonia 2015 
93105ES

T 
Fox RABV 1993 Brain Primary Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Zimbabwe 2015 93119ZIM Dog RABV NA Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Rwanda 2015 
94289RW

A 
Dog RABV 1994 Brain Primary Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Brazil 2015 9522BRE Dog RABV 1995 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Burkina 
Faso 

2015 9547HAV Dog RABV 1995 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Chad 2015 9609TCH Dog RABV 1996 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Tanzania 2015 9613TAN Dog RABV 1996 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Poland 2015 
96178PO

L 
Fox RABV 1994 Brain Primary Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

India 2015 9702IND Human RABV 1997 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

French Gui-
ana 

2015 9705FRA Bovine RABV 1997 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Myanmar 2015 9915BIR Dog RABV 1999 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

Cambodia 2015 9916CAM Dog RABV 1999 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 

Lab 
1 

China 2015 02041CHI Dog RABV 1987 Brain Primary Positive Positive 1801111 
Results from Léchenne et al., 

2016 
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Lab 
1 

Afghanistan 2015 
02052AF

G 
Dog RABV 2002 Brain Primary Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

France 2015 
04031FR

A 
Dog RABV 2004 Brain Primary Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Madagas-
car 

2015 
04033MA

D 
Human RABV 2004 Brain NA Positive Positive 1801111 

Results from Léchenne et al., 
2016 

Lab 
1 

Lab strain 2015 
CVS 27 
14-10 

- RABV - Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

France 2015 GS7 Red fox RABV 1986 Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

Greece 2015 DR627 Red fox RABV 2012 Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

France 2015 127900 
Bat (My-
otis nat-
tereri) 

BBLV 2012 Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

South Af-
rica 

2015 
DUVV 05-

11 
Human DUVV 1971 Brain 

Experimental 
(mouse) 

Positive Positive 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

France 2015 122938 

Bat 
(Epte-
sicus 
seroti-
nus) 

EBLV-1 2002 Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

United 
Kingdom 

2015 
EBL2 

RV1787 

Bat (My-
otis 

dauben-
tonii) 

EBLV-2 2004 Brain 
Experimental 

(mouse) 
Positive Positive 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

France 2015 
Negative 

17-13 
Red fox Negative 2012 Brain Primary Negative Negative 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
1 

France 2015 
Negative 

17-13 
Red fox Negative 2012 Brain Primary Negative Negative 1801111 

Part of the panel of samples 
from the proficiency test 2015 

by Anses, results from Lé-
chenne et al., 2016 

Lab 
2 

Chad 2012 342 Dog RABV 2012 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 344 Dog RABV 2012 Brain Primary Positive Positive 1801076 
Results from Léchenne et al., 
2016, lyssavirus species not 
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confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 345 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 346 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 347 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 348 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 349 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 350 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 354 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 355 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 356 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 357 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 358 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 359 Dog RABV 2012 Brain Primary Positive Positive 1801076 
Results from Léchenne et al., 
2016, lyssavirus species not 
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confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 361 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 363 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 364 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 365 Dog RABV 2012 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2012 366 Dog RABV 2012 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 367 Dog RABV 2013 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 368 Dog RABV 2013 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 369 Dog RABV 2013 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 371 Dog RABV 2013 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 372 Dog RABV 2013 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 373 Dog RABV 2013 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 379 Dog RABV 2013 Brain Primary Positive Positive 1801076 
Results from Léchenne et al., 
2016, lyssavirus species not 



Appendix 6: Supplementary information for chapter 11 

Seite 271 von 280 
 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2013 380 Dog RABV 2013 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 381 Dog RABV 2014 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 383 Dog RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 384 Dog RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 386 Dog RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 387 Ovine RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 390 Dog RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 392 Dog RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 393 Dog RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 394 Dog RABV 2014 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 395 Dog RABV 2014 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 401 Dog RABV 2014 Brain Primary Positive Positive 1801076 
Results from Léchenne et al., 
2016, lyssavirus species not 
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confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 402 Singe RABV 2014 Brain Primary Negative Negative 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2014 403 Dog RABV 2014 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2015 405 Dog RABV 2015 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2015 406 Dog RABV 2015 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2015 407 Dog RABV 2015 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
2 

Chad 2015 408 Dog RABV 2015 Brain Primary Positive Positive 1801076 

Results from Léchenne et al., 
2016, lyssavirus species not 

confirmed by molecular geno-
typing 

Lab 
3 

Ivory Coast 2017 Viro 012 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 013 Cat RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 014 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 68 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 71 Dog RABV 2017 Brain Primary  Negative Negative NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 89 Dog  RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 97 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 
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Lab 
3 

Ivory Coast 2017 Viro 006 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 020 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
3 

Ivory Coast 2017 Viro 035 Cat RABV 2017 Brain Primary Negative Negative NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 042/01/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 106/01/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 143/02/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 174/02/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 216/03/17 Dog RABV 2017 Brain Primary Negative Negative NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 285/03/17 Dog RABV 2017 Brain Primary Negative Negative NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 389/05/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 410/05/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 530/08/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 537/08/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 541/08/17 Jackal RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 581/08/17 Dog RABV 2017 Brain Primary Negative Negative NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 610/09/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 
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Lab 
4 

Mali 2017 640/09/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 646/09/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 663/10/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 682/10/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
4 

Mali 2017 692/11/17 Dog RABV 2017 Brain Primary Positive Positive NA 
Lyssavirus species not con-

firmed by molecular genotyp-
ing 

Lab 
5 

Italy (ex-
Nepal) 

2016 117/1996 
Human 
(ex-dog) 

RABV - Brain - Positive Positive 1801077/1801081 
Results from Eggerbauer et 

al., 2016 

Lab 
5 

Italy (ex-In-
dia) 

2016 
3570/201

1 
Italy (ex-

India) 
RABV - Brain - Positive Positive 1801077/1801081 

Results from Eggerbauer et 
al., 2016 

Lab 
5 

Botswana 2016 
2871/200

9 
Bovine RABV - Brain - Positive Positive 1801077/1801081 

Results from Eggerbauer et 
al., 2016 

Lab 
5 

Botswana 2016 
6665/200

9 
Honey 
badger 

RABV - Brain - Positive Positive 1801077/1801081 
Results from Eggerbauer et 

al., 2016 

Lab 
5 

Brazil 2016 351/2010 Bovine RABV - Brain - Positive Positive 1801077/1801081 
Results from Eggerbauer et 

al., 2016 

Lab 
5 

Brazil 2016 5B1/2011 
Kinkajou 
(Potos 
flavus) 

RABV - Brain - Positive Positive 1801077/1801081 
Results from Eggerbauer et 

al., 2016 

Lab 
5 

Brazil 2016 343/2011 Equine RABV - Brain - Positive Positive 1801077/1801081 
Results from Eggerbauer et 

al., 2016 

Lab 
5 

Italy 2016 
6944/200

9 
Red fox RABV - Brain - Positive Positive 1801077/1801081 

Results from Eggerbauer et 
al., 2016 
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Appendix 7: Pictures from the field, DRC 

 

Picture 3: Exploratory study in July 2016, DRC. Getting a first impression on rabies awareness 
and case management at the General Referral Hospital of Muanda. 

 

 

 

Picture 4: Joint rabies workshops, DRC. Training and setting a foundation for future collaboration 
between veterinary and medical focal points. 
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Picture 5:Animal rabies sampling training in the field with VFPs from Muanda 

 

 

Picture 6: Enhancement of the rabies laboratory at INRB, DRC 
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Picture 7: World rabies day 2017, awareness campaign in the DRC 

 

 

 

 

 

 

 

 

 

 

 



Appendix 8: Pictures from the field, Chad 

Seite 278 von 280 
 

Appendix 8: Pictures from the field, Chad 

 

Picture 8: There are about 30 000 dogs in N'Djamena, Chad, most of them owned, but free-roaming 

 

 

Picture 9: Dog collared with a GCS unit in N’Djamena, Chad 
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Picture 10: Explaining the goal of the study to dog owners 

 

 

Picture 11: Preparing for the field survey and becoming acquainted with GPS 
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