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Abstract

Background

Although rabies represents an important public health threat, it is still a neglected disease in
Asia and Africa where it causes tens of thousands of deaths annually despite available
human and animal vaccines. In the Central African Republic (CAR), an endemic country for
rabies, this disease remains poorly investigated.

Methods

To evaluate the extent of the threat that rabies poses in the CAR, we analyzed data for 2012
from the National Reference Laboratory for Rabies, where laboratory confirmation was per-
formed by immunofluorescence and PCR for both animal and human suspected cases, and
data from the only anti-rabies dispensary of the country and only place where post-exposure
prophylaxis (PEP) is available. Both are located in Bangui, the capital of the CAR. For posi-
tive samples, a portion of the N gene was amplified and sequenced to determine the molec-
ular epidemiology of circulating strains.

Results

In 2012, 966 exposed persons visited the anti-rabies dispensary and 632 received a post-
exposure rabies vaccination. More than 90% of the exposed persons were from Bangui and
its suburbs and almost 60% of them were under 15-years of age. No rabies-related human
death was confirmed. Of the 82 samples from suspected rabid dogs tested, 69 were con-
firmed positive. Most of the rabid dogs were owned although unvaccinated. There was a
strong spatiotemporal correlation within Bangui and within the country between reported
human exposures and detection of rabid dogs (P<0.001). Phylogenetic analysis indicated
that three variants belonging to Africa | and Il lineages actively circulated in 2012.
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Conclusions

These data indicate that canine rabies was endemic in the CAR in 2012 and had a detrimen-
tal impact on human health as shown by the hundreds of exposed persons who received
PEP. Implementation of effective public health interventions including mass dog vaccination
and improvement of the surveillance and the access to PEP are urgently needed in this
country.

Author Summary

Rabies is a widespread fatal, but preventable, viral disease transmitted from animals to
humans. It has been estimated that tens of thousands of people die of rabies annually,
mainly in developing countries where rabies is still a neglected disease. In the Central Afri-
can Republic (CAR), a poor country located at the heart of Africa, rabies is endemic, but
its burden remains poorly investigated. Here, we reported a comprehensive analysis of
data for 2012 from the Institut Pasteur in Bangui, the capital of the CAR. In 2012, 966 per-
sons reported exposure to suspicious animals, mainly dogs, and 632 received post-expo-
sure rabies vaccination. Most of these people were from Bangui area and were under 15-
years of age. Meanwhile, 82 samples from suspected rabid dogs were tested and 69 were
confirmed positive. Most of the rabid dogs were owned although unvaccinated. Positive
samples were sequenced and we found that three different variants actively circulated in
2012. Theses variants clustered with other viruses found in surroundings countries. Our
data suggested that canine rabies was endemic in the CAR with a detrimental impact on
human health. We conclude that mass vaccination of domestic dogs and the improvement
of the surveillance and the access to post-exposure vaccination are urgently needed to con-
trol rabies in the CAR.

Introduction

Although this fatal disease is preventable since 1884 when Louis Pasteur developed the first
vaccine strategy, rabies is still a neglected zoonosis in developing countries where it poses a sig-
nificant threat to human public health [1]. More than 55,000 people die of rabies every year
mostly in Asia and Africa [2]. Rabies virus (RABV) belongs to the genus Lyssavirus and family
Rhabdoviridae. Although all species of mammals are susceptible to rabies virus infection, only
a few species are important as reservoirs of infection [3]. The most common route of rabies
transmission to humans is the bite of rabid domestic dogs [4]. The WHO considers that canine
rabies potentially threatens over three billion people in Asia and Africa [5]. In humans, early
clinical features of rabies are nonspecific prodromal symptoms and local neurological symp-
toms. After an incubation period of variable duration, RABV infects the central nervous system
and the clinical presentation of rabies evolves into either encephalitic (furious) or paralytic
(dumb) forms [6]. Rabies is almost always fatal once symptoms appear. However, rabies is a
100% vaccine-preventable disease and vaccination can be used in two situations: to protect
those who are at risk of exposure to rabies, i.e. pre-exposure prophylaxis (PrEP), and to prevent
the development of clinical rabies after exposure has occurred, i.e. post exposure prophylaxis
(PEP). Moreover, mass vaccination of domesticated and wild animals is also possible [7]. With
a basic reproductive ratio of less than two, canine rabies is an ideal candidate for worldwide
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elimination [8]. Consequently, canine rabies elimination is the key towards ultimate reduction
of the disease burden in humans, as illustrated in Europe and North America, and mass vacci-
nation of dogs is the most cost-effective way to achieve it [1, 5].

In many African countries, dog vaccination programs to date have been inadequate and
failed to reduce the incidence of canine rabies [9]. However, it has been shown that effective
vaccination campaigns reaching a sufficient percentage of the canine population to potentially
eliminate disease and prevent future outbreaks are feasible at a cost that is economically and
logistically sustainable in developing countries [9, 10]. For instance, in a study conducted in
Tanzania, vaccination of 60-70% of dogs has been sufficient to control dog rabies in the studied
area and to significantly reduce demand for human post-exposure rabies treatment [11]. In
another study using a model parameterized with routine data on rabid dog and exposed
human cases from N’'Djaména in Chad, Zinsstag et al. have predicted that a single parenteral
rabies mass vaccination of 70% of the dog population would be the most beneficial and cost-
effective intervention and would be sufficient to interrupt transmission of rabies to humans for
at least six years [12]. This study has also predicted that dog vaccination campaigns combined
with human PEP would be more cost-effective compared to human PEP alone beyond a time
frame of seven years.

In Africa, previous molecular epidemiological studies have shown that at least four clades
are circulating [13-15]. In Central Africa, RABV strains belong to the Africa I and Africa II
clades [13, 16]. The Africa I clade is very similar to current Eurasian RABV lineages and is usu-
ally grouped into a larger Cosmopolitan clade [14, 17]. The Africa II clade includes RABV
strains that circulate in dogs in several Central and Western African countries [16].

The Central African Republic (CAR) is a landlocked country in Central Africa. Its capital is
Bangui. It is one of the poorest countries in the world and it has been affected by political insta-
bility and internal conflicts for several decades. In the CAR, rabies has been a notifiable disease
since April 2009. The surveillance mainly consists of observation of suspicious animals and
brain sample collection by the national veterinary services, and laboratory confirmation by the
National Reference Laboratory for Rabies. The national veterinary services operate under the
National Agency for Livestock Development (ANDE) through an extended network of veteri-
narians and livestock technicians distributed in 122 sentinel sites across the country. The
National Reference Laboratory for Rabies is located at the Institut Pasteur in Bangui. Between
August 2006 and December 2008, 86 animal samples (82 of dog origin) of 101 tested positive
for rabies [18]. During the same period, seven human cases were recorded and, biologically
confirmation was obtained for three of them [18]. Molecular epidemiological studies have
shown the co-circulation in the CAR of strains that belong to Africa I and Africa II clades [13,
16]. Oscillations in the numbers of rabid dogs have been observed in Bangui with periods of
absence or low circulation and then some increases every five years (manuscript in prepara-
tion). This pattern might be comparable to the oscillations observed by Hampson et al. in
Southern and Eastern Africa [19].

Public strategies for preventing rabies have been very limited in the CAR. Animal vaccina-
tion is only at the dog owner's initiative but it is expensive for most people and rarely done.
The only serious attempt to control the disease was episodic mass euthanasia of stray dogs in
Bangui. In the whole CAR, there is only one anti-rabies dispensary. This dispensary is located
at the Institut Pasteur in Bangui and the available post-exposure rabies prophylaxis consists
only in vaccination after exposure and is freely available. Administration of immunoglobulin is
exceptionally available through some non-governmental organizations (NGOs) for some very
severe exposures. The persons exposed to suspicious rabid animals are usually referred to the
anti-rabies dispensary by the veterinary services, as the first place visited by these persons is
often a veterinary clinic. The assessment whether the post-exposure vaccination is needed is
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usually made by a livestock technician or veterinarian based on the type and circumstances of
the exposure. When possible, the veterinary services put the animal under observation and
depending on the evolution of the animal health status, they can eventually advise the anti-
rabies dispensary to stop the PEP. It is important to note that many persons who have been
referred to the anti-rabies dispensary by the veterinary services will never be seen by a medical
facility and will then remain unvaccinated.

The aim of the present study is to evaluate the extent of the threat that canine rabies repre-
sents in the CAR and to determine the dynamics of its causative agent by using data from the
National Reference Laboratory for Rabies and the anti-rabies dispensary for the year 2012.

Methods

Study area

The CAR had an estimated population of 4,487,000 inhabitants in 2011 [20]. The country is
divided into 16 administrative prefectures. Its capital and most populous city is Bangui with an
estimated population of 740,000 inhabitants in 2011 [20]. Bangui is divided into eight urban
districts and subdivided into 205 neighborhoods (or quartiers). Two conurbations surround
Bangui: the cities of Bimbo (the country's second-largest city) and Bégoua.

Study samples and data from rabid dogs

Post-mortem samples of brains from dogs with suspicious behaviors were routinely collected
by the veterinarians and the livestock technicians of the ANDE through passive surveillance.
These samples were provided to the National Reference Laboratory for Rabies at the Institut
Pasteur in Bangui for routine rabies diagnosis by direct fluorescent antibody test (FAT) and
polymerase chain reaction (PCR). Each sample was accompanied by a form with the following
information about the suspicious dog: sex, location where the dog was found dead, captured
and/or killed, name and address of its owner when identified, circumstances of the capture
and/or reason why it was killed, and results of the rabies diagnostic tests. Anonymized data col-
lected between January 1st and December 31*, 2012 were retrospectively reviewed.

Data collection from rabies exposed humans

Owners of dogs suspected of being rabid and persons exposed to these animals were referred to
the anti-rabies dispensary located at the Institut Pasteur in Bangui to receive the post-exposure
treatment upon a decision by a veterinarian or a livestock technician of the ANDE based on
the type (mainly bites, scratches, and licks) and circumstances of the exposure (for instance,
attack by the dog without any reason). This treatment consists of local treatment of the wound
through the cleansing and disinfection of the wound (a tetanus shot is also often provided), fol-
lowed by a rabies vaccination regimen (Verorab, a purified vero cell rabies vaccine made by
Sanofi Pasteur, Lyon France) when prescribed. The schedule used was the WHO-approved
abbreviated multisite schedule or 2-1-1 regimen [21]. According to this schedule, two doses
were given at day 0 (one in the right arm and one dose in the left arm), one dose on day 7 and
one dose on day 21. This schedule induces an early antibody response and is considered effec-
tive when post-exposure treatment does not include administration of rabies immunoglobulin
[21]. Anonymized data on the rabies exposed humans (age, gender, and origin), exposure
(number and type of wound, depth and sites) and delay to consult collected between January
1** and December 31°%, 2012 were retrospectively reviewed. In addition, data on the rabies vac-
cination status of the dogs involved, when known, was also collected.
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Ethics statement

This was a non-research national public health surveillance activity approved by the Ministry
of Public Health, Population and the Fight against AIDS of the CAR. Approval by institutional
review board or written informed consent was not required. Data concerning the exposed
humans and/or suspicious dog owners were anonymized before analysis.

Rabies diagnosis

At the National Reference Laboratory for Rabies, direct FAT was routinely done using an anti-
RABV nucleocapsid fluorescent conjugate (Bio-Rad, USA). For diagnostic purposes, PCR was
also routinely performed using primers that target a portion of the RNA-dependent RNA poly-
merase-coding region. Extraction of viral RNA from the original fresh brain samples was done
using QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer’s instructions.

Molecular analysis of isolated viruses

To investigate the genetic diversity of RABV circulating in the CAR, we amplified and
sequenced a portion of the N gene of 606 nucleotides in length from rabies-positive specimens
[22]. The gene of the nucleoprotein has been extensively used for molecular phylogenetic stud-
ies because of its relatively conserved variation among reservoir-associated variants and geo-
graphic lineages [23]. The date of sampling and location (city or neighborhood if the city is
Bangui) of the owners of rabid dogs were available for the majority of these sequences.
Sequences were then compared with reference sequences from GenBank, and phylogenetic
relationships and geographic distribution were determined. Phylogenetic analysis was con-
ducted in MEGAS [24].

Statistics

All statistical analysis was performed using STATA version 11.1 (StataCorp, TX). Categorical
variables were compared by Chi-square or Fisher exact test according to the headcounts, con-
tinuous variables where compared with Student t-test or Kruskal-Wallis test when appropriate
(two-sided, significance assigned at P<0.05). To analyze the spatiotemporal association
between reported human exposures and detection of rabid dogs, each geographic unit (for Ban-
gui and its suburbs: the eight urban districts and the cities of Bimbo and Bégoua, and for the
rest of the country: the prefectures) by epidemiological week (i.e. weeks of the year numbered
sequentially from one to 52 —week one corresponding to the first complete week of the year)
was considered as a spatiotemporal unit. We performed Spearman rank correlation tests to
examine the relationship between the number of reported human exposures (according to the
date of exposure) and rabid dogs (according to the date of death) by spatiotemporal unit. As
rabies is a communicable disease, the number of case within a same geographic area is likely to
be correlated over time. We used a generalized estimating equations (GEE) approach with a
Poisson distribution to confirm the significant association between the number of exposed
humans (dependent variable) and the number of reported dogs (independent variable) while
taking into account the autocorrelation of data over time. GEE, extension of the generalized
linear model, is a population-averaged approach that accounts for the correlation between
observations by introducing a working correlation matrix and by using robust variance estima-
tors. The model used has been fully described elsewhere [25]. The correlation matrix can be
arbitrarily parameterized, and we choose here a first order autoregressive structure to model
the correlation of weekly number of cases in each location. This structure is indicated for time
series data when two measurements that are right next to each other in time are pretty
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correlated, but that as measurements get farther and farther apart they are less correlated.
Finally, we took into account the overdispersion of the data by adding an overdispersion scal-
ing parameter in the model [26].

Results
Description of the rabid dogs population

After only four positive samples by direct FAT in 2011 of seven suspicious samples, the CAR
has experienced an important recrudescence of canine rabies in 2012. Of the 83 samples from
suspected rabid animals received by the National Reference Laboratory for Rabies, 82 were
from dogs and 69 were tested positive with direct FAT (Fig 1 and SI Table). The remaining
sample was from primate and tested negative. Of these 69 samples, 67 were positive with PCR
for diagnostic purposes. Characteristics of the 82 suspected rabid dogs that contributed to the
samples panel is summarized in the Table 1. Most of the dogs were male (67.3% of the dogs for
which the sex was known) with a known owner (68.3%), originated from Bangui (79.3%) and
were found aggressive then killed by the owner or by the veterinary services (65.9%).

Description of the exposed human population

In 2012, a total of 966 persons visited the anti-rabies dispensary for rabid animals exposure
mainly after being prescribed to do it by a veterinarian or a livestock technician of the ANDE
(Fig 1 and S2 Table). Of these, 631 received the post-exposure vaccines course (regimen 2-1-1).
The characteristics of these persons are summarized in Table 2. Briefly, 53.8% were male and
57.7% of the exposed persons were children under 15 years (median age = 13 years with inter-
quartile range of 8-27 years) if documented. The main type of exposure was bite by suspicious
rabid dogs (91.7%) with multiple (56.0%) but superficial (54.2%) wounds if documented. The

40

30
1

20

10

N0 RO D0 D QON DN LA DN PR PR @ A DR D VD o P A PR 4D 4D W 010 A R R D

Epidemiological weeks
I Human exposures to suspicious rabid dogs I Rabid dogs

Fig 1. Weekly distribution of the 69 canine rabies cases and the 966 human exposures to suspicious rabid dogs in the CAR in 2012. In dark blue, the
weekly numbers of persons exposed to suspicious rabid dogs, and in red, the weekly numbers of rabid dogs.

doi:10.1371/journal.pntd.0004433.9001
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Table 1. Characteristics of the 82 the dogs suspected of being rabid that contributed to the samples
panel analyzed at the National Rabies Laboratory during 2012.

Variables N (%)

Sex

Male 37 (45.1%)
Female 18 (22.0%)
Unknown 27 (32.9%)
Owner

Known 56 (68.3%)
Unknown 26 (31.7%)
Location

Bangui 65 (79.3%)
Prefectures 16 (19.5%)
Unknown 1(1.2%)
Outcome

Killed 54 (65.9%)
Already dead 26 (31.7%)
Unknown 2 (2.4%)
Rabies diagnosis

Direct IF positive 69 (84.1%)
PCR positive 67 (81.7%)

doi:10.1371/journal.pntd.0004433.t001

vast majority of exposed persons originated from Bangui itself or its suburbs i.e. Bimbo and
Bégoua (93.2%). Most of the exposed persons visited the anti-rabies dispensary within a week
after exposure (74.8%) but 31 persons came only a month or more after exposure. The time
delay to visit the anti-rabies dispensary since exposure was significantly associated with the
location of the exposed persons, with a mean delay of 6.2 days for the exposed persons from
Bangui, 9.9 days for the persons from Bimbo and Bégoua, and 18.1 days for the persons from
the other prefectures (p-value < 0.001). Exposed males were older and more likely to have mul-
tiple wounds. Children were significantly more likely to be wounded on the face or the trunk
but less on the lower limb, while adults were significantly more likely to be bitten on the lower
limb (p-values < 0.001) (Table 2). In addition, persons exposed were asked about the rabies
vaccination status of the dogs involved in the exposure. Fifty-eight persons declared to have
been exposed to a dog vaccinated but only five of them were able to give details as brand name
of the vaccine and/or date of vaccination.

Spatiotemporal patterns of canine rabies cases and human exposures to
rabid dogs

The Fig 2 summarizes the data on rabies surveillance in the CAR in 2012. Thirteen dogs were
diagnosed as having rabies of 16 samples received from outside of Bangui and its suburbs.
They originated from six different prefectures: Lobaye, Ombella M’Poko, Mambéré Kadéi,
Ouham Pendé, Kémo and Ouaka (Fig 2A). Most of the persons who were exposed outside of
Bangui and its suburbs came from the following prefectures: Ombella M"Poko (17 exposures),
Ouaka (12 exposures), and Ouham and Mambéré Kadéi (10 exposures both) (Fig 2B). Most of
the canine rabies cases that occurred outside of Bangui and its suburbs were confirmed between
July and December (12 cases of 13). Most of the human exposures that occurred outside of
Bangui and its suburbs were reported between June and December with 52 exposures of 64
(Fig 2C). In Bangui and its suburbs, most of the canine rabies cases were from the 4™ (with 13
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Table 2. Characteristics of the 966 persons who have visited the anti-rabies dispensary at the Institut Pasteur in Bangui in 2012 after exposure to

suspicious dogs and circumstances of the exposure. For each variable, the results concerned the individuals for whom the information is known.

Total sample

Variables

Gender

Male

Female

Age (years)

<10

10-19

20-39

40+

Origin

Bangui

Bimbo. Bégoua
Other

Type of exposure
Nonbite (e.g. scratches and licks)
Bite

Number of wound
Unique

Multiple

Depth

Superficial
Profound

Site of wound ?
Face

Upper limb

Lower limb

Trunk

Delay to consult
<3days

4 to 7 days

>7 days

Vaccinal status of the animal
Unknown
Unvaccinated
Vaccinated

N (%)

520 (53.8%)
446 (46.2%)

216 (33.8%)
194 (30.3%)
148 (23.1%)
82 (12.8%)

810 (84.2%)
87 (9.0%)
65 (6.8%)

81 (8.4%)
885 (91.7%)

291 (44.0%)
371 (56.0%)

325 (54.2%)
275 (45.8%)

33 (3.6%)
262 (28.4%)
584 (63.3%)
117 (12.7%)

497 (51.6%)
223 (23.2%)
243 (25.2%)

580 (60.0%)
328 (34.0%)
58 (6.0%)

Female

115 (38.6%)
87 (29.2%)
55 (18.5%)
41 (13.8%)

433 (84.7%)
47 (9.0%)
37 (6.3%)

28 (6.3%)
418 (93.7%)

141 (44.1%)
179 (55.9%)

155 (54.6%)
129 (45.4%)

14 (3.3%)

125 (29.0%)
274 (63.6%)
58 (13.4%)

228 (51.2%)
105 (23.6%)
112 (25.2%)

260 (58.3%)
158 (35.4%)
28 (6.3%)

By gender
Male

101 (29.5%)
107 (31.3%)
93 (27.2%)
41 (12.0%)

377 (83.8%)
40 (9.1%)
28 (7.2%)

53 (10.2%)
467 (89.8%)

150 (43.9%)
192 (56.1%)

170 (53.8%)
146 (46.2%)

19 (3.9%)

137 (27.8%)
310 (63.0%)
59 (12.0%)

269 (51.9%)
118 (22.8%)
131 (25.3%)

320 (61.5%)
170 (32.7)
30 (5.8%)

0.021

0.863

0.029

0.958

0.848

0.621
0.697
0.859
0.513

0.955

0.591

<10

176 (81.9%)
20 (9.3%)
19 (8.8%)

14 (6.5%)
202 (93.5%)

58 (39.7%)
88 (60.3%)

55 (42.0%)
76 (58.0%)

17 (8.1%)
81 (38.2%)
95 (44.8%)
43 (20.3%)

120 (55.8%)
48 (22.3%)
47 (21.9%)

167 (77.3%)
45 (20.8%)
4 (1.9%)

By age group

10-19

160 (82.5%)
17 (8.8%)
17 (8.8%)

20 (10.3%)
174 (89.7%)

49 (36.6%)
85 (63.4%)

56 (49.1%)
58 (50.9%)

8 (4.4%)
60 (33.0%)
110 (60.4%)
23 (12.6%)

101 (52.1%)
42 (21.6%)
51 (26.3%)

144 (74.2%)
47 (24.2%)
3 (1.5%)

20-39

131 (88.5%)
7 (4.7%)
10 (6.8%)

15 (10.1%)
133 (89.9%)

30 (30.9%)
67 (69.1%)

35 (45.5%)
42 (54.5%)

1(0.7%)

46 (33.3%)
93 (67.4%)
10 (7.2%)

70 (47.3%)
31 (20.9%)
47 (31.8%)

109 (73.6%)
34 (23.0%)
5 (3.4%)

40+

72 (87.8%)
3 (3.7%)
7 (8.5%)

4 (4.9%)
78 (95.1%)

18 (30.5%)
41 (69.5%)

19 (35.2%)
35 (64.8%)

0

17 (21.3%)

65 (81.3%)
3 (3.8%)

45 (54.9%)
12 (14.6%)
25 (30.5%)

53 (64.6%)
25 (30.5%)
4 (4.9%)

0.451

0.273

0.435

0.362

<0.001

0.057
<0.001
<0.001

0.332

0.294

@ The data concerning the site of wound were available for only 922 persons for the face, 923 persons for the (upper and lower) limbs and 924 persons for

the trunk. Several sites of wound were possible for a same individual. For this variable, the p-values correspond to the significance level of having a

wound versus not having a wound at the concerned site, according to the sex or the age group.

doi:10.1371/journal.pntd.0004433.t002

rabid dogs), the 3" and the 6" districts of Bangui (with seven reported rabid dogs both) (Fig
2D). Most of the persons who were exposed in Bangui and its suburbs were from the 4™ district
(216 exposures), the 5% district (159 exposures), and the 3" and the 8" districts (129 and 123
exposures, respectively) (Fig 2E). Most of the canine rabies cases that occurred in Bangui and

its suburbs were confirmed between June and October (43 cases of 55) while most of the

human exposures were reported during the months of June (86 cases), July (95), August (118)
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Fig 2. Spatial-temporal distribution of the 69 reported rabid dog cases, the 966 human exposures to suspicious rabid dogs, and the 632 post-
exposure prophylaxes in the CAR in 2012. In A), the spatial distribution of reported rabid dogs, in B), the spatial distribution of human exposures to
suspicious rabid dogs, and in C), the numbers of reported rabid dogs, persons exposed to suspicious rabid dogs and post-exposure prophylaxes by month in
the 16 administrative prefectures of the CAR (BAM: Bamingui Bangoran, BKO: Basse Kotto, HKO: Haute Kotto, HMB: Haut Mbomou, KEM: Kémo, LOB:
Lobaye, MAM: Mambéré Kadéi, MBO: Mbomou, NGB: Nana Grébizi, NMA: Nana Mambéré, OMB: Ombella M'Poko, OUA: Ouaka, OUH: Ouham, OUP:
Ouham Pendé, SAN: Sangha Mbaéré and VAK: Vakaga). In D), the spatial distribution of reported rabid dogs, in E), the spatial distribution of human
exposures to suspicious rabid dogs, and in F), the numbers of reported rabid dogs, persons exposed to suspicious rabid dogs and prophylaxes by month in
the eight urban districts of Bangui (1 to 8) and in Bégoua and Bimbo. In red, the rabid dogs, in dark blue, the persons exposed to suspicious rabid dogs, and in
light blue, the persons who received a prophylaxis.

doi:10.1371/journal.pntd.0004433.9002

and September (138 cases) (Fig 2F). In the most affected districts, the peak happened in June
for the 3™ district (20 exposures), in August for the 5% and the 8" districts (33 and 16 expo-
sures respectively), and in September for the 4™ district (56 exposures).

These data suggest that the CAR was hit by an epidemic of canine rabies with a peak that
happened during the second half of the year 2012 (Figs 1 and 2). We found a mean number of
0.7 (standard deviation 1.4) persons exposed when no rabid dog was reported the same week in
the same area, against 4.3 (standard deviation 5.4) persons exposed when at least one rabid dog
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Fig 3. Distribution of the number of persons exposed to suspicious rabid dogs according to the
presence of rabid dogs reported the same week in the same area. In A), if no rabid dog was identified in
the same area the same week, and in B), if at least one rabid dog was reported in the same area the same
week.

doi:10.1371/journal.pntd.0004433.9003

was reported in the same week in the same area. We found a significant correlation between
the number of rabid dogs and the number of persons exposed (Spearman Rho 0.28, P <0.001)
by spatiotemporal unit (Fig 3). The correlation was also significant with the number of persons
who eventually received PEP (Spearman Rho 0.31, p-values < 0.001). The associations were
confirmed when using a model taking into account the temporal autocorrelation (8 = 0.80 and
p-value < 0.001 for the number of persons at risk; and p = 1.09, p-value < 0.001 for the num-
ber of persons having received post-exposure prophylaxis).

Phylogenetic analysis and spatial distribution of the circulating strains

From the 67 PCR positive rabid dog samples, 62 sequences of the N gene were obtained [Gen-
Bank: KF34677 to KF734738]. These sequences were grouped into three variants based on their
similarity. The phylogenetic analysis showed that these variants clustered within two clades:
Africaland II (Fig 4). The Africa I virus isolates described in this study (seven samples) are close
to viruses isolated in the CAR in 2000, and in 2003 to 2007 (identity > 99%) indicating that regu-
lar circulation of this variant, though a minority in 2012, over the time since 2000. Among the
eight main groups of Africa I RABV, the strains isolated in 2012 from the CAR fell within
groups ¢ (32 samples) and e (23 samples) [16]. The Africa II group c isolates are close to viruses
isolated from Chad, Ivory Coast, Mauritania, Mali Burkina Faso and Senegal (identity around
96-97%). The Africa II group e viruses are close to viruses isolated in Chad, Niger and Nigeria
(identity > 98%). In Bangui, all these three variants were found but the Africa I viruses were a
small minority with only three samples. Outside of Bangui, these three variants were found hav-
ing a specific geographic distribution. The Africa I and Africa I isolates were only found in the
west of the CAR while the Africa II group e viruses were only found north-east of Bangui (Fig 4).

Discussion

The main findings of our study highlight that RABV circulated actively in the CAR in 2012 in
the absence of any public health intervention to stop its transmission. They also highlight that
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doi:10.1371/journal.pntd.0004433.9004

canine rabies had an important impact on the human health as shown by the hundreds of
exposed persons who received PEP. Our phylogenetic analysis has indicated that strains char-
acterized several years before were still circulating together with new strains that were recently
introduced as suggested by Nakouné et al [18].

Even if our results concerning the human exposures, rabid dogs and their distribution in the
country are expected to be highly under-estimated and biased toward Bangui and its surround-
ings, they provide an overall picture of the severe situation of the CAR for rabies. These results
are in accordance with results from other studies. Bangui has carried an important disease bur-
den. This could partly be because Bangui concentrates an important part of the country popu-
lation and is where the node of the main trunk roads lies. The most affected areas in Bangui are
the most populated districts except the 8" district but its proximity to other very affected dis-
tricts may explain that this district was also heavily affected. Using an approach similar to Ten-
zin et al., we have estimated the annual incidence of exposure to rabid dogs in Bangui at 109
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per 100,000 population [27]. We found that children were over-represented compared to the
adults amongst the potential human exposures to rabies. This has been observed in other Afri-
can settings [28]. However, without reliable data concerning the population age structure in
the area, this is difficult to ascertain if children are at greater risk because the population is
likely to be young. In accordance with Kayali et al., most of the rabid dogs found in the CAR
were free-roaming and not vaccinated against rabies although they were owned [29]. It is sur-
prising but not uncommon that no confirmed human rabies cases were reported despite the
number of rabid dogs reported in 2012, but this may be explained by a likely under-reporting
of human rabies cases due to possible overlap of symptoms with those of other infections that
could lead to misdiagnosis [30, 31]. It is also possible that human rabies deaths in Bangui have
remained unnoticed due to limited ability to investigate relatively rare causes of death. In a
recent study in N’Djamena, Chad the annual incidence of human rabies deaths was of 0.7
deaths/100,000 inhabitants [32]. It is also likely that more rabies deaths occurred in rural areas
than in urban areas [2]. It is important to note however that several suspicious cases have been
reported.

Our results showed that Africa I and Africa II group c isolates seemed to be limited to the
west of the country while the Africa II group e viruses were only found in the north-east of
Bangui. Together with results from the phylogenetic analyses, these data suggest that Africa I
and Africa IT group c viruses circulated along the trunk roads between Cameroon and Bangui
city while the Africa II group e viruses had followed the north-south axis between Chad and
Bangui city. These two axes are the two main roads to reach Bangui from neighboring coun-
tries. This is in accordance with the fact that rabies is an example of disease introduction and
spread that have resulted from the human-mediated movement of animals even if the influence
of these movements on the diffusion of RABV is often difficult to quantify [33, 34]. Several
studies have also shown correlation between human-dependent transportation routes and the
distribution of virus [35, 36]. The simultaneous circulation of several clades within the same
geographical area might indeed indicate a gene flow due to human-mediated transport of
dogs. This simultaneous circulation has been observed in other countries—for instance, in
China and Thailand [23, 35, 37]. Control of dog movements associated with humans is then
essential for rabies control and dog mass vaccination performance.

Our study has several limitations. As previously mentioned, our results are likely to be
highly under-estimated and biased toward Bangui and its surroundings. Indeed, our data
reflect primarily the situation of Bangui and its near surroundings, but little was known about
the rabies situation in other urban or rural areas of the CAR. This is due to a very limited access
to any anti-rabies dispensary for people living outside of Bangui and its surroundings. This is
also due to the difficulty to ship to Bangui the brain samples collected from suspicious animal
in the other urban or rural areas of the CAR. Indeed, the absence of anti-rabies dispensaries
outside of Bangui, and the distance, poor road conditions and insecurity prevents any effective
surveillance and access to PEP for exposed persons in most parts of the country. In addition,
exposures in endemic areas are often ignored or deemed as minimal and it is likely that only a
fraction of exposed persons has visited the anti-rabies dispensary even in Bangui and its sur-
roundings like in other African countries [28, 38]. Moreover, the dog at the origin of the expo-
sure was not identified for most of the human exposure cases and the circumstances of the
exposures were often not well documented. Another limitation of our study is that bias of
awareness and auto-correlation were likely to affect our spatiotemporal correlation analyses.
Indeed, a recent work in Africa has demonstrated that the intensity of rabies-control efforts
seems to depend on the level of perceived prevalence [19]. Despite these limitations, dog-bite
injuries have been shown to provide a valuable and accessible source of data for surveillance in
countries where case incidence data are difficult to obtain [11]. Indeed numbers of human
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rabies deaths and post-exposure treatments correlate closely with numbers of confirmed ani-
mal cases even though medical and veterinary authorities operate independently [19].

According to our results, there is an urgent need for implementing an effective national
strategy plan to control rabies in the CAR. Reducing dog density through mass euthanasia is
ineffective to control rabies [39]. We recommend that this plan should be based on dog mass
vaccination. This is the most efficient intervention to move towards the rabies elimination and
is more cost-effective than exclusive implementation of human PEP [12, 36]. Although there is
evidence that some wild canid populations can support rabies cycles in Africa, most outbreaks
in wild canids are triggered by epidemics in domestic dogs rather than the converse [40-42]. In
Bangui, only 379 dogs were vaccinated in 2012 (data from the national veterinary services)
while the dogs population is likely to be over several tens of thousands of dogs if compared
with other capital cities in the region [43]. Effective vaccination campaigns need to reach a suf-
ficient percentage of the population to eliminate disease and prevent future outbreaks, which
for rabies is predicted to be around 70% [9, 11]. In addition of achieving sufficient vaccination
coverage, regular follow-up campaigns are essential for achieving elimination, especially when
achieving high coverage is problematic [36, 44]. An analysis conducted in 2002 and 2006 in
N’Djaména, Chad has estimated that to achieve a minimum of 70% of vaccination of the
owned animals, the maximum amount that could be charged would be approximately 400-700
CFA francs (1 USD = 483 FCFA) [45]. Today, the charge for dog vaccination at the govern-
ment-run veterinary clinic in Bangui is 3,500 CFA francs. This is clearly too expensive for aver-
age people and the vaccine needs to be provided for free by the government or other funding
bodies. Moreover, the four doses of the human vaccine cost 50,000 CFA francs in Bangui but
are freely available at the Institut Pasteur in Bangui to every exposed person. It is then likely
that implementation of mass dog vaccination campaigns associated with continuation of pro-
viding PEP would be more cost-effective than post-exposure vaccination of exposed humans
alone in a few years as predicted by Zinsstag et al. [12].

In parallel of implementing dog mass vaccination, the national strategy plan to control
rabies should also include some interventions to guarantee a better surveillance and a nation-
wide improved access to PEP for human exposures to rabies [46]. Indeed, limitations of our
study show that there is an urgent need for reinforcement of the national surveillance system,
as surveillance is the first step toward an effective control. This could be achieved by decentral-
izing the data collection capacities i.e. the diagnostic and anti-rabies health centers, in order to
cover the entire country, thus taking a better advantage of the extended network of veterinari-
ans and livestock technicians across the country (122 sentinel sites for veterinary surveillance).
This should be accompanied by the implementation of an integrated data reporting system. In
addition, the surveillance can also be improved by regular communication campaigns to raise
public awareness about this deadly disease. A special emphasis would be placed on the neces-
sity to report to the veterinary services all suspicious dogs, on the importance for the dog own-
ers of having his/her dog vaccinated and the urgency of going to the nearest anti-rabies
dispensary in case of exposure to suspicious rabid dog.

An early and appropriate access to PEP should also be guaranteed to every exposed person
when needed [46]. Currently, there are too many weaknesses in the management of suspected
rabies exposures. For instance, there is no follow-up of persons exposed to suspicious rabid dog
who did not come to the anti-rabies dispensary but who have been seen by the veterinary ser-
vices. A closer cooperation between physicians and veterinarians is needed here [32, 47, 48]. It
is also important to strengthen the links between the national rabies laboratory and the anti-
rabies dispensary or even merge them into the same entity to enable the identification and
proper management of potentially exposed persons for all confirmed rabid dogs. A better use
of PEP for the exposed persons is necessary in order to optimize the use of limited resources.
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This could be achieved through a better training on WHO guidelines and staffing of the dis-
pensary. In case of the involved animal is declared healthy, a good coordination should occur
to ensure that the exposed persons and the anti-rabies dispensary are timely informed in order
to discontinue the PEP. This information should be clearly and appropriately recorded. In
order to reduce PEP cost (currently carried by the Institut Pasteur in Bangui), intradermal regi-
mens that require considerably less vaccine than the intramuscular regimens represent a partic-
ularly appropriate method when resources are limited [6-8]. We also recommend to extend
the administrations of rabies immunoglobulin to all cases of exposure of category III (i.e. single
or multiple transdermal bites or scratches, licks on broken skin, contamination of mucous
membrane with saliva from licks) as recommended by WHO [6].

Finally, this national strategy plan will necessitate a strong political commitment driven by a
proper awareness on the burden of the disease. Several advocacy activities were carried out
towards the Ministry of Health as well as the WHO, UNICEF and some NGOs to support the
setup and the sustainable operation and supply of one anti-rabies dispensary in each of the
seven health regions of the CAR. However, none were successful. As WHO pointed out: “the
under-reporting of rabies also prevents mobilization of resources from the international com-
munity for the elimination of human dog-mediated rabies” [5]. In the CAR, human rabies is a
notifiable disease since April 2009, but this decision has not been appropriately transmitted to
the health facilities, and is therefore not applied. Only a few suspected human rabies cases are
reported every year. In this situation, this is difficult to attract attention from Public Health
stakeholders or policy makers on this problem. However, in the light of these results, we hope
that a national strategy plan based on our recommendations will be set up in a near future and
run with enough political willingness to effectively control this neglected disease that mostly
affects the poor, and is a glaring example of global inequalities in health care.

Conclusion

Taken together, these data indicate that canine rabies was endemic in the CAR in 2012 and had
an important impact on the human health, as shown by the hundreds of exposed persons who
have received PEP. The vaccine coverage of domestic dogs against rabies was very low. Imple-
mentation of effective public health interventions including mass dog vaccination but also the
improvement of the surveillance and the access to PEP is urgently needed to control rabies in
the CAR.

Supporting Information

S1 Table. Database on study samples collected from the 82 dogs suspected of being rabid in
the CAR in 2012.
(TXT)

S2 Table. Data on the 966 persons who have visited the anti-rabies dispensary at the Insti-
tut Pasteur in Bangui in 2012 after exposure to suspicious dogs and circumstances of the
exposure.

(TXT)

Acknowledgments

We gratefully thank for their technical help Xavier Konamna and Benjamin Selekon (National
Reference Laboratory for Rabies, Institut Pasteur de Bangui), Josiane Leal (Anti-Rabies Dispen-
sary, Institut Pasteur de Bangui) and Jacob Zophi, Mario Alves and Jephté Kaleb (Department
of Virology, Institut Pasteur de Bangui). We also express our sincere thanks to Sergio Da Silva

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004433 February 9, 2016 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004433.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004433.s002

@ PLOS | Teshicat biseases

Rabies in CAR

(Office for the Coordination of Humanitarian Affairs, Geneva, Switzerland) for helping us
with the blank map of Bangui and its surroundings, and Esther Reddy for having proofread
our manuscript.

Author Contributions

Conceived and designed the experiments: VT EN MK. Performed the experiments: VT FDK
EKM. Analyzed the data: VT JB. Contributed reagents/materials/analysis tools: VT EKM FDK
EN. Wrote the paper: VT JB MK.

References

1.

10.

1.

12

13.

14.

15.

16.

Bourhy H, Dautry-Varsat A, Hotez PJ, Salomon J. Rabies, still neglected after 125 years of vaccination.
PLoS Negl Trop Dis. 2010; 4(11):€839. doi: 10.1371/journal.pntd.0000839 PMID: 21152052; PubMed
Central PMCID: PMCPMC2994912.

Knobel DL, Cleaveland S, Coleman PG, Févre EM, Meltzer MI, Miranda ME, et al. Re-evaluating the
burden of rabies in Africa and Asia. Bull World Health Organ. 2005; 83(5):360-8. /S0042-
96862005000500012. PMID: 15976877; PubMed Central PMCID: PMCPMC2626230.

Beyer HL, Hampson K, Lembo T, Cleaveland S, Kaare M, Haydon DT. Metapopulation dynamics of
rabies and the efficacy of vaccination. Proc Biol Sci. 2011; 278(1715):2182-90. doi: 10.1098/rspb.
2010.2312 PMID: 21159675; PubMed Central PMCID: PMCPMC3107631.

Cleaveland S. Royal Society of Tropical Medicine and Hygiene meeting at Manson House, London, 20
March 1997. Epidemiology and control of rabies. The growing problem of rabies in Africa. Trans R Soc
Trop Med Hyg. 1998; 92(2):131-4. PMID: 9764313.

Franka R, Smith TG, Dyer JL, Wu X, Niezgoda M, Rupprecht CE. Current and future tools for global
canine rabies elimination. Antiviral Res. 2013; 100(1):220-5. doi: 10.1016/j.antiviral.2013.07.004
PMID: 23871797.

WHO. Fact sheet No 99. Updated July 2013. Rabies. Geneva: World Health Organization; 2013.

Pastoret PP, Brochier B. Epidemiology and elimination of rabies in western Europe. Vet J. 1998; 156
(2):83-90. PMID: 9805476.

Hampson K, Dushoff J, Cleaveland S, Haydon DT, Kaare M, Packer C, et al. Transmission dynamics
and prospects for the elimination of canine rabies. PLoS Biol. 2009; 7(3):e53. doi: 10.1371/journal.pbio.
1000053 PMID: 19278295; PubMed Central PMCID: PMCPMC2653555.

Kaare M, Lembo T, Hampson K, Ermest E, Estes A, Mentzel C, et al. Rabies control in rural Africa: eval-
uating strategies for effective domestic dog vaccination. Vaccine. 2009; 27(1):152-60. doi: 10.1016/j.
vaccine.2008.09.054 PMID: 18848595; PubMed Central PMCID: PMCPMC3272409.

Lembo T, Hampson K, Kaare MT, Ernest E, Knobel D, Kazwala RR, et al. The feasibility of canine
rabies elimination in Africa: dispelling doubts with data. PLoS Negl Trop Dis. 2010; 4(2):€626. doi: 10.
1371/journal.pntd.0000626 PMID: 20186330; PubMed Central PMCID: PMCPMC2826407.

Cleaveland S, Kaare M, Tiringa P, Mlengeya T, Barrat J. A dog rabies vaccination campaign in rural
Africa: impact on the incidence of dog rabies and human dog-bite injuries. Vaccine. 2003; 21(17—
18):1965—-73. PMID: 12706685.

Zinsstag J, Dirr S, Penny MA, Mindekem R, Roth F, Menendez Gonzalez S, et al. Transmission
dynamics and economics of rabies control in dogs and humans in an African city. Proc Natl Acad Sci U
S A. 2009; 106(35):14996-5001. doi: 10.1073/pnas.0904740106 PMID: 19706492; PubMed Central
PMCID: PMCPMC2728111.

Bourhy H, Reynes JM, Dunham EJ, Dacheux L, Larrous F, Huong VT, et al. The origin and phylogeo-
graphy of dog rabies virus. J Gen Virol. 2008; 89(Pt 11):2673-81. doi: 10.1099/vir.0.2008/003913-0
PMID: 18931062; PubMed Central PMCID: PMCPMC3326349.

Kissi B, Tordo N, Bourhy H. Genetic polymorphism in the rabies virus nucleoprotein gene. Virology.
1995; 209(2):526—37. doi: 10.1006/vir0.1995.1285 PMID: 7778285.

David D, Hughes GJ, Yakobson BA, Davidson |, Un H, Aylan O, et al. Identification of novel canine
rabies virus clades in the Middle East and North Africa. J Gen Virol. 2007; 88(Pt 3):967-80. doi: 10.
1099/vir.0.82352-0 PMID: 17325371.

Talbi C, Holmes EC, de Benedictis P, Faye O, Nakouné E, Gamatié D, et al. Evolutionary history and
dynamics of dog rabies virus in western and central Africa. J Gen Virol. 2009; 90(Pt 4):783-91. doi: 10.
1099/vir.0.007765-0 PMID: 19264663.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004433 February 9, 2016 15/17


http://dx.doi.org/10.1371/journal.pntd.0000839
http://www.ncbi.nlm.nih.gov/pubmed/21152052
http://www.ncbi.nlm.nih.gov/pubmed/15976877
http://dx.doi.org/10.1098/rspb.2010.2312
http://dx.doi.org/10.1098/rspb.2010.2312
http://www.ncbi.nlm.nih.gov/pubmed/21159675
http://www.ncbi.nlm.nih.gov/pubmed/9764313
http://dx.doi.org/10.1016/j.antiviral.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23871797
http://www.ncbi.nlm.nih.gov/pubmed/9805476
http://dx.doi.org/10.1371/journal.pbio.1000053
http://dx.doi.org/10.1371/journal.pbio.1000053
http://www.ncbi.nlm.nih.gov/pubmed/19278295
http://dx.doi.org/10.1016/j.vaccine.2008.09.054
http://dx.doi.org/10.1016/j.vaccine.2008.09.054
http://www.ncbi.nlm.nih.gov/pubmed/18848595
http://dx.doi.org/10.1371/journal.pntd.0000626
http://dx.doi.org/10.1371/journal.pntd.0000626
http://www.ncbi.nlm.nih.gov/pubmed/20186330
http://www.ncbi.nlm.nih.gov/pubmed/12706685
http://dx.doi.org/10.1073/pnas.0904740106
http://www.ncbi.nlm.nih.gov/pubmed/19706492
http://dx.doi.org/10.1099/vir.0.2008/003913-0
http://www.ncbi.nlm.nih.gov/pubmed/18931062
http://dx.doi.org/10.1006/viro.1995.1285
http://www.ncbi.nlm.nih.gov/pubmed/7778285
http://dx.doi.org/10.1099/vir.0.82352-0
http://dx.doi.org/10.1099/vir.0.82352-0
http://www.ncbi.nlm.nih.gov/pubmed/17325371
http://dx.doi.org/10.1099/vir.0.007765-0
http://dx.doi.org/10.1099/vir.0.007765-0
http://www.ncbi.nlm.nih.gov/pubmed/19264663

@ PLOS | Teshicat biseases

Rabies in CAR

17.

18.

19.

20.

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Swanepoel R, Barnard BJ, Meredith CD, Bishop GC, Briickner GK, Foggin CM, et al. Rabies in south-
ern Africa. Onderstepoort J Vet Res. 1993; 60(4):325-46. PMID: 7777317.

Nakouné E, Digol M, Konamna X, Selekon B, Le Faou A. New introduction and spread of rabies among
dog population in Bangui. Acta Trop. 2012; 123(2):107-10. doi: 10.1016/j.actatropica.2012.04.005
PMID: 22569561.

Hampson K, Dushoff J, Bingham J, Briickner G, Ali YH, Dobson A. Synchronous cycles of domestic
dog rabies in sub-Saharan Africa and the impact of control efforts. Proc Natl Acad Sci U S A. 2007; 104
(18):7717—22. doi: 10.1073/pnas.0609122104 PMID: 17452645; PubMed Central PMCID:
PMCPMC1863501.

United Nations Statistics Division U. 2013 World Statistics Pocketbook Country Profile: Central African
Republic. 2013.

WHO. Guide for post-exposure prophylaxis. World Health Organization.

Heaton PR, Johnstone P, McElhinney LM, Cowley R, O'Sullivan E, Whitby JE. Heminested PCR assay
for detection of six genotypes of rabies and rabies-related viruses. J Clin Microbiol. 1997; 35(11):2762—
6. PMID: 9350729; PubMed Central PMCID: PMCPMC230057.

Tao XY, Tang Q, Li H, Mo ZJ, Zhang H, Wang DM, et al. Molecular epidemiology of rabies in Southern
People's Republic of China. Emerg Infect Dis. 2009; 15(8):1192-8. doi: 10.3201/eid1508.081551
PMID: 19751579; PubMed Central PMCID: PMCPMC2815963.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGAS5: molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol
Biol Evol. 2011; 28(10):2731-9. msr121 [pii] doi: 10.1093/molbev/msr121 PMID: 21546353; PubMed
Central PMCID: PMCPMC3203626.

Liang K-Y, Zeger SL. Longitudinal Data Analysis Using Generalized Linear Models. Biometrika. 1986;
73(1):13-22.

Gardner W, Mulvey EP, Shaw EC. Regression analyses of counts and rates: Poisson, overdispersed
Poisson, and negative binomial models. Psychol Bull. 1995; 118(3):392—404. PMID: 7501743.

Tenzin, Dhand NK, Gyeltshen T, Firestone S, Zangmo C, Dema C, et al. Dog bites in humans and esti-
mating human rabies mortality in rabies endemic areas of Bhutan. PLoS Negl Trop Dis. 2011; 5(11):
e1391. doi: 10.1371/journal.pntd.0001391 PMID: 22132247; PubMed Central PMCID:
PMCPMC3222627.

Hampson K, Dobson A, Kaare M, Dushoff J, Magoto M, Sindoya E, et al. Rabies exposures, post-expo-
sure prophylaxis and deaths in a region of endemic canine rabies. PLoS Negl Trop Dis. 2008; 2(11):
€339. doi: 10.1371/journal.pntd.0000339 PMID: 19030223; PubMed Central PMCID:
PMCPMC2582685.

Kayali U, Mindekem R, Yémadji N, Oussiguéré A, Naissengar S, Ndoutamia AG, et al. Incidence of
canine rabies in N'Djaména, Chad. Prev Vet Med. 2003; 61(3):227-33. PMID: 14554145.

Mallewa M, Fooks AR, Banda D, Chikungwa P, Mankhambo L, Molyneux E, et al. Rabies encephalitis
in malaria-endemic area, Malawi, Africa. Emerg Infect Dis. 2007; 13(1):136-9. doi: 10.3201/eid1301.
060810 PMID: 17370529; PubMed Central PMCID: PMCPMC2725806.

Tricou V, Berthet N, Nakouné E, Kazanji M. Complete genome sequence of a rabies virus isolated from
a human in central african republic. Genome Announc. 2014; 2(3). doi: 10.1128/genomeA.00598-14
PMID: 24948767; PubMed Central PMCID: PMCPMC4064799.

Frey J, Mindekem R, Kessely H, Doumagoum Moto D, Naissengar S, Zinsstag J, et al. Survey of animal
bite injuries and their management for an estimate of human rabies deaths in N'Djaména, Chad. Trop
Med Int Health. 2013; 18(12):1555-62. doi: 10.1111/tmi.12202 PMID: 24118491.

Talbi C, Lemey P, Suchard MA, Abdelatif E, Elharrak M, Nourlil J, et al. Phylodynamics and human-
mediated dispersal of a zoonotic virus. PLoS Pathog. 2010; 6(10):e1001166. doi: 10.1371/journal.ppat.
1001166 PMID: 21060816; PubMed Central PMCID: PMCPMC2965766.

Brunker K, Hampson K, Horton DL, Biek R. Integrating the landscape epidemiology and genetics of
RNA viruses: rabies in domestic dogs as a model. Parasitology. 2012; 139(14):1899-913. doi: 10.
1017/S003118201200090X PMID: 22814380; PubMed Central PMCID: PMCPMC3526958.

Denduangboripant J, Wacharapluesadee S, Lumlertdacha B, Ruankaew N, Hoonsuwan W, Puanghat
A, et al. Transmission dynamics of rabies virus in Thailand: implications for disease control. BMC Infect
Dis. 2005; 5:52. doi: 10.1186/1471-2334-5-52 PMID: 15985183; PubMed Central PMCID:
PMCPMC1184074.

Townsend SE, Sumantra IP, Pudjiatmoko, Bagus GN, Brum E, Cleaveland S, et al. Designing pro-
grams for eliminating canine rabies from islands: Bali, Indonesia as a case study. PLoS Negl Trop Dis.
2013; 7(8):€2372. doi: 10.1371/journal.pntd.0002372 PMID: 23991233; PubMed Central PMCID:
PMCPMC3749988.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004433 February 9, 2016 16/17


http://www.ncbi.nlm.nih.gov/pubmed/7777317
http://dx.doi.org/10.1016/j.actatropica.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22569561
http://dx.doi.org/10.1073/pnas.0609122104
http://www.ncbi.nlm.nih.gov/pubmed/17452645
http://www.ncbi.nlm.nih.gov/pubmed/9350729
http://dx.doi.org/10.3201/eid1508.081551
http://www.ncbi.nlm.nih.gov/pubmed/19751579
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://www.ncbi.nlm.nih.gov/pubmed/7501743
http://dx.doi.org/10.1371/journal.pntd.0001391
http://www.ncbi.nlm.nih.gov/pubmed/22132247
http://dx.doi.org/10.1371/journal.pntd.0000339
http://www.ncbi.nlm.nih.gov/pubmed/19030223
http://www.ncbi.nlm.nih.gov/pubmed/14554145
http://dx.doi.org/10.3201/eid1301.060810
http://dx.doi.org/10.3201/eid1301.060810
http://www.ncbi.nlm.nih.gov/pubmed/17370529
http://dx.doi.org/10.1128/genomeA.00598-14
http://www.ncbi.nlm.nih.gov/pubmed/24948767
http://dx.doi.org/10.1111/tmi.12202
http://www.ncbi.nlm.nih.gov/pubmed/24118491
http://dx.doi.org/10.1371/journal.ppat.1001166
http://dx.doi.org/10.1371/journal.ppat.1001166
http://www.ncbi.nlm.nih.gov/pubmed/21060816
http://dx.doi.org/10.1017/S003118201200090X
http://dx.doi.org/10.1017/S003118201200090X
http://www.ncbi.nlm.nih.gov/pubmed/22814380
http://dx.doi.org/10.1186/1471-2334-5-52
http://www.ncbi.nlm.nih.gov/pubmed/15985183
http://dx.doi.org/10.1371/journal.pntd.0002372
http://www.ncbi.nlm.nih.gov/pubmed/23991233

@ PLOS | Teshicat biseases

Rabies in CAR

37.

38.

39.

40.

4.

42.

43.

44.

45.

46.

47.

48.

Tao XY, Tang Q, Rayner S, Guo ZY, Li H, Lang SL, et al. Molecular phylodynamic analysis indicates
lineage displacement occurred in Chinese rabies epidemics between 1949 to 2010. PLoS Negl Trop
Dis. 2013; 7(7):2294. doi: 10.1371/journal.pntd.0002294 PMID: 23875035; PubMed Central PMCID:
PMCPMC3708843.

Nel LH. Discrepancies in data reporting for rabies, Africa. Emerg Infect Dis. 2013; 19(4):529-33. doi:
10.3201/eid1904.120185 PMID: 23628197; PubMed Central PMCID: PMCPMC3647406.

Morters MK, Restif O, Hampson K, Cleaveland S, Wood JL, Conlan AJ. Evidence-based control of
canine rabies: a critical review of population density reduction. J Anim Ecol. 2013; 82(1):6—14. doi: 10.
1111/j.1365-2656.2012.02033.x PMID: 23004351; PubMed Central PMCID: PMCPMC3579231.

Randall DA, Williams SD, Kuzmin 1V, Rupprecht CE, Tallents LA, Tefera Z, et al. Rabies in endangered
Ethiopian wolves. Emerg Infect Dis. 2004; 10(12):2214—7. doi: 10.3201/eid1012.040080 PMID:
15663865; PubMed Central PMCID: PMCPMC3323365.

Rhodes CJ, Atkinson RP, Anderson RM, Macdonald DW. Rabies in Zimbabwe: reservoir dogs and the
implications for disease control. Philos Trans R Soc Lond B Biol Sci. 1998; 353(1371):999-1010. doi:
10.1098/rstb.1998.0263 PMID: 9684293; PubMed Central PMCID: PMCPMC1692299.

Cleaveland S, Dye C. Maintenance of a microparasite infecting several host species: rabies in the Ser-
engeti. Parasitology. 1995; 111 Suppl:S33-47. PMID: 8632923.

Mindekem R, Kayali U, Yemadji N, Ndoutamia AG, Zinsstag J. [Impact of canine demography on rabies
transmission in N'djamena, Chad]. Med Trop (Mars). 2005; 65(1):53—-8. PMID: 15903078.

Morters MK, McKinley TJ, Horton DL, Cleaveland S, Schoeman JP, Restif O, et al. Achieving popula-
tion-level immunity to rabies in free-roaming dogs in Africa and Asia. PLoS Negl Trop Dis. 2014; 8(11):
€3160. doi: 10.1371/journal.pntd.0003160 PMID: 25393023; PubMed Central PMCID:
PMCPMC4230884.

Dirr S, Meltzer MI, Mindekem R, Zinsstag J. Owner valuation of rabies vaccination of dogs, Chad.
Emerg Infect Dis. 2008; 14(10):1650-2. doi: 10.3201/eid1410.071490 PMID: 18826838; PubMed Cen-
tral PMCID: PMCPMC2609875.

Franka R, Rupprecht CE. Treatment of rabies in the 21st century: curing the incurable? Future Micro-
biol. 2011; 6(10):1135-40. doi: 10.2217/fmb.11.92 PMID: 22004032.

Zinsstag J. Towards a science of rabies elimination. Infect Dis Poverty. 2013; 2(1):22. doi: 10.1186/
2049-9957-2-22 PMID: 24088333; PubMed Central PMCID: PMCPMC3854129.

Zhou XN, Bergquist R, Tanner M. Elimination of tropical disease through surveillance and response.
Infect Dis Poverty. 2013; 2(1):1. doi: 10.1186/2049-9957-2-1 PMID: 23849433; PubMed Central
PMCID: PMCPMC3707090.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004433 February 9, 2016 17/17


http://dx.doi.org/10.1371/journal.pntd.0002294
http://www.ncbi.nlm.nih.gov/pubmed/23875035
http://dx.doi.org/10.3201/eid1904.120185
http://www.ncbi.nlm.nih.gov/pubmed/23628197
http://dx.doi.org/10.1111/j.1365-2656.2012.02033.x
http://dx.doi.org/10.1111/j.1365-2656.2012.02033.x
http://www.ncbi.nlm.nih.gov/pubmed/23004351
http://dx.doi.org/10.3201/eid1012.040080
http://www.ncbi.nlm.nih.gov/pubmed/15663865
http://dx.doi.org/10.1098/rstb.1998.0263
http://www.ncbi.nlm.nih.gov/pubmed/9684293
http://www.ncbi.nlm.nih.gov/pubmed/8632923
http://www.ncbi.nlm.nih.gov/pubmed/15903078
http://dx.doi.org/10.1371/journal.pntd.0003160
http://www.ncbi.nlm.nih.gov/pubmed/25393023
http://dx.doi.org/10.3201/eid1410.071490
http://www.ncbi.nlm.nih.gov/pubmed/18826838
http://dx.doi.org/10.2217/fmb.11.92
http://www.ncbi.nlm.nih.gov/pubmed/22004032
http://dx.doi.org/10.1186/2049-9957-2-22
http://dx.doi.org/10.1186/2049-9957-2-22
http://www.ncbi.nlm.nih.gov/pubmed/24088333
http://dx.doi.org/10.1186/2049-9957-2-1
http://www.ncbi.nlm.nih.gov/pubmed/23849433

