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Vaccination of dogs in an African city interrupts rabies
transmission and reduces human exposure
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Despite the existence of effective rabies vaccines for dogs, dog-transmitted human rabies persists and has
reemerged in Africa. Two consecutive dog vaccination campaigns took place in Chad in 2012 and 2013 (coverage
of 71% in both years) in the capital city of N'Djaména, as previously published. We developed a deterministic
model of dog-human rabies transmission fitted to weekly incidence data of rabid dogs and exposed human
cases in N'Djaména. Our analysis showed that the effective reproductive number, that is, the number of new
dogs infected by a rabid dog, fell to below one through November 2014. The modeled incidence of human
rabies exposure fell to less than one person per million people per year. A phylodynamic estimation of the
effective reproductive number from 29 canine rabies virus genetic sequences of the viral N-protein confirmed the
results of the deterministic transmission model, implying that rabies transmission between dogs was interrupted
for 9 months. However, new dog rabies cases appeared earlier than the transmission and phylodynamic models
predicted. This may have been due to the continuous movement of rabies-exposed dogs into N'Djaména from
outside the city. Our results show that canine rabies transmission to humans can be interrupted in an African city
with currently available dog rabies vaccines, provided that the vaccination area includes larger adjacent regions,
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and local communities are informed and engaged.

INTRODUCTION

Dog rabies has been eliminated in large parts of the industrialized coun-
tries in Europe and North America. In the last few decades, a concerted
effort by South and Central American countries has reduced dog rabies
transmission close to elimination (I). Despite the existence of effective
vaccines for dogs, dog-transmitted human rabies persists and has even
reemerged in Asia and Africa, where still more than 59,000 people die
annually from this preventable disease. The largest part of the bur-
den is borne by India followed by Africa, China, and Southeast Asian
countries (2). Because of rabies’ low propensity to transmit secondary
infections beyond a bitten individual, it appears feasible to eliminate
dog-mediated human rabies through the mass vaccination of dogs
(3,4). However, reaching this goal in partnership with the World Health
Organization (WHO), the Food and Agriculture Organization of the
United Nations (FAO), the World Organization for Animal Health (OIE),
and the Global Alliance for Rabies Control (GARC; www.rabiesalliance.
org) requires a rigorous scientific approach (5).

Reaching sufficient coverage to interrupt dog rabies virus transmis-
sion and prevent reintroduction requires an in-depth understanding
of dog ecology (6), dog-human interactions, and the social and cultural
determinants of vaccine acceptability, as well as the effective deploy-
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ment of vaccines with a highly sensitive surveillance system (4, 7-10). It
requires scientists to closely collaborate with authorities and commu-
nities as partners, in a transdisciplinary way, between human and
animal health (11, 12). Concomitant mathematical and economic frame-
works can yield new insights into fundamental properties of pathogen
transmission (13) and comparative cost-effectiveness (14) but do not ex-
plain sufficiently how this effectiveness can be achieved (15).

In 2003, a small-scale study showed the feasibility of dog rabies
control in an African city (7) with low cost of $2 to $3 per vaccinated
dog (16). However, in some African countries, dog owners cannot af-
ford inoculations and depend on mass vaccination campaigns that are
free of cost (9, 17). Analysis of pre- and post-vaccination rabies cases
and economic data showed that a single simulated dog vaccination
campaign was able to interrupt transmission and was less costly than
human post-exposure prophylaxis (14). A proof of the feasibility of
dog rabies elimination in an African city would have far-reaching
consequences for a regionally concerted effort to eliminate rabies
in Africa.

Previously, a citywide dog rabies mass vaccination campaign was
set up in partnership with the Chadian authorities, the Institut de
Recherche en Elevage pour le Développement, the Centre de Support
en Santé Internationale, and the Swiss Tropical and Public Health
Institute (18). The Chadian government paid for the costs of personnel
and logistics, and a philanthropic donor paid for the costs of dog vac-
cines and research. Passive dog rabies and human exposure surveillance
started before the campaigns and is still ongoing. Here, we analyze the
passive surveillance data taken from dogs brought to the diagnostic lab-
oratory during this previous work using mathematical transmission
models and phylodynamic analyses of dog-related rabies virus. We
investigate the impact of the vaccination campaigns for interrupting
transmission and the potential for maintaining elimination.

10f 10

/T0Z ‘0Z legqwada uo 1sanb Aq /610’ Bewaoualos wis//:dny woll papeojumod


http://www.rabiesalliance.org
http://www.rabiesalliance.org
http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | REPORT

RESULTS

Field data from mass vaccinations show reduced rabies
incidence in dogs and humans

The vaccination campaign operations are described in detail in a pre-
vious publication (18) and summarized in Materials and Methods.
Vaccination coverage surveys followed each sequence to assess the
achieved coverage and the deficit to reach 70% target coverage. In both
campaigns, 71% of all dogs were vaccinated (95% confidence interval,
69 to 76%) (18).

We obtained results about the weekly incidence of dogs newly
infected with rabies (Fig. 1A) and the incidence of related human expo-
sure (Fig. 1B). These data were collected through passive surveillance,
that is, from dogs that were suspected to be infected and brought for
testing to the rabies laboratory in N'Djaména and through collection of
rabies virus strains from rabid dogs. Recorded numbers of vaccinated
dogs were used for the estimation of vaccination coverage (18). The
data suggested that mass dog vaccination campaigns in 2012 and 2013
reached sufficient coverage to interrupt transmission from January 2014
to October 2014. Per capita dog rabies incidence in the city of N'Djaména,
estimated from passive surveillance, dropped from 0.33 dogs/10,000
per week before the mass vaccination campaign to 0.016 dogs/10,000
per week in 2014 (Fig. 1A). Similarly, the per capita incidence of human
exposure to rabid dogs, as estimated from passive surveillance,
dropped from 1/1,000,000 humans exposed to rabies virus per week
before the mass vaccination to less than 0.002/1,000,000 per week in
2014, which is less than one person per year (Fig. 1B).

A Cumulative incidence of dog rabies
14
é"’ 12 b Pt
-
S0t 2
[ 7=
S 7=
S 8 - =
s 6r [
> ) — -
8 4t ” Vaccination campaigns
S r Rabid dogs (model)
- 2t/ e Rabid dogs (data)
6/2012 12/2012 6/2013 12/2013 6/2014 12/2014 6/2015 12/2015
B Cumulative incidence of exposed humans
5 -
(2]
C -
[ s
€ 4r .
=] |
< e
S 3t -
8 _ o
8
Ter
g_ Vaccination campaigns
8 1 / Exposed humans (model)
c fo | === Exposed humans (data)
4} 4
°
So L . L . . L .
=6/2012 12/2012 6/2013 12/2013 6/2014 12/2014 6/2015 12/2015

Fig. 1. Cumulative incidence of dog rabies and human exposure. (A) Cumulative
incidence of recorded cases of dog rabies (infectious dogs) and simulated incidence
of dog rabies in N'Djaména from 6 June 2012 to the end of October 2015. (B) Cumu-
lative incidence of recorded human exposure to rabid dogs and simulated inci-
dence of human exposure to rabid dogs in N'Djaména from 6 June 2012 to the
end of October 2015.
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Transmission modeling indicates extensive vaccination
interrupted dog-to-dog rabies transmission

We used a deterministic, population-based model of ordinary differen-
tial equations to model rabies transmission among dogs as well as be-
tween dogs and humans (table S1). The surveillance field data were used
to estimate the effective reproductive number R, (the number of new
rabid dogs infected by one rabid dog at any time, accounting for immu-
nity and interventions) and the threshold population density of suscep-
tible dogs using mathematical models. The transmission model showed
that between the two campaigns in 2012 and 2013, effective recorded
vaccination coverage decreased from a peak of 67% (December 2012)
(18) to a trough of 33% (October 2013), assuming an exponential
distribution for the persistence of immunity, which was estimated from
105 immunized dogs undergoing repeated serological measurements.
This represents a 51% relative coverage loss (Fig. 2A). The model sug-
gested that population replacement by the birth of susceptible dogs
accounted for 29% of the relative coverage loss, whereas individual dog
immunity loss accounted for 22% of this relative coverage loss.

A
100 T T T T T T
Susceptible
Vaccinated
80
o
£ eor
(2]
o)
o
a
40
20+
6/2012 12/2012 6/2013 12/2013 6/2014 12/2014 6/2015
B
T T T T T T T T
/ Re (transmission model)
151 / —— b
Vaccination coverage
/ R, (phylodynamic analysis)
1251 /\ / R_ (phylodynamic analysis, ]
7 — e
' \ / 0.95 credible interval)
1 -
0.75
0.5
0.25
1 1 1 1 1 1 1 1

12/2011 6/2012 12/2012 6/2013 12/2013 6/2014 12/ 2014 6/2015

Fig. 2. Density of vaccinated and unvaccinated dogs in relation to the effective
reproductive number. (A) Density of susceptible (blue lines) and vaccinated (orange lines)
dogs against time since 6 June 2012. The solid lines show the simulated values from an
ordinary differential equation transmission model from June 2012 to October 2015.
(B) Effective reproductive number, R., and vaccination coverage against time. The solid
orange line shows the vaccination coverage and the solid blue line shows the effective
reproductive number—Dboth estimated from the ordinary differential equation trans-
mission model. The solid black line is the median R, obtained from the phylogenetic
sequencing data, with upper and lower 95% credible intervals as black dashed lines.
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The effectively vaccinated surface area in our campaign of 240 km?
(2012) was much lower than the 770 km? assumed in an earlier
simulation (14). The empirical data from the current study provide a
better estimate of parameter values, the threshold density of suscep-
tible dogs, and the basic reproductive number, that is, the number of
secondary infections resulting from a typical case in a completely sus-
ceptible population, as Ry = 1.14, instead of Ry = 1.01. This means that
rabies is potentially more infectious in N’'Djaména than previously re-
ported (14). The effective reproductive number, R., decreased from the
equilibrium value of 1 at the start of the first vaccination campaign and
remained below 1 through November 2014, implying that the conditions
for rabies virus persistence were not maintained since the start of the
vaccination campaigns. Simulations of a deterministic ordinary differ-
ential equation model (Fig. 1), fitted to rabies case data from N’Djaména,
and a stochastic extension (Fig. 3) suggested that dog-to-dog rabies trans-
mission was interrupted from early 2013 onward.

Rabies reintroduction may be due to an influx of dogs into
the city from neighboring areas

Because our model did not include importation of infections, we
wondered whether dog rabies cases seen from October 2014 onward
(Fig. 1A) were due to imported cases (with subsequent local transmis-
sion) rather than sustained ongoing transmission from the end of 2013
or the beginning of 2014. To test this hypothesis, we performed a max-
imum likelihood (ML) phylogeny of nucleoprotein sequences from
rabies virus isolates collected in Chad (from N’Djaména and other
regions) from August 2011 to January 2015. The dog rabies cases from
2014 onward were phylogenetically distinct from those previously circu-
lating in N'Djaména (Fig. 4). We therefore suspected that domestic dogs
from surrounding peri-urban and rural areas were the more likely source
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Fig. 3. Stochastic simulations of the interruption of transmission. (A) Dis-
tribution of the simulated expected date of interruption of transmission from
1000 simulation runs of the stochastic model of dog rabies transmission. (B) Mean
and 90% credible interval for exposed and infectious dogs from 500 runs of the
stochastic model.
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of reinfection rather than ongoing transmission in dogs or wild animals.
Consistent with this, only dog-related rabies virus strains and no wildlife-
related strains were found in a previous rabies virus phylogenetic anal-
ysis performed in N'Djaména (19).

Transmission model inferences regarding viral dynamics are
robust to parameter choice

We performed sensitivity analysis to determine whether the simulation
results were robust compared to our estimates of parameter values.
Figure S1 shows simulation results of the density of infectious dogs
over 6 years, allowing for uncertainty in each of the parameter values
(varied one at a time). In each simulation run, the dog transmission
rate, B4q, was refitted for that set of parameter values. The results were
robust to uncertainty in the parameter values, and except for low vac-
cine efficacy values, the simulations predicted that transmission would
be interrupted after the first campaign. Figure S2 shows a similar sen-
sitivity analysis of the simulated number of infectious dogs but with a
fixed value for the dog transmission rate, Bqq, estimated from the
baseline set of parameter values (table S2). The ranges of the parameter
values were greater than in fig. S1, and the results showed the impor-
tance of that parameter on the expected number of rabid dogs over time.
Most parameters had little effect, but similar to the sensitivity analysis
for R, high values for the carrying capacity of dogs, the probability of an
exposed dog developing rabies, and low values for the rabies-induced
death rate led to a high number of infectious dogs.

Figure S3 shows the simulated densities of infectious dogs and
exposed humans depending on the probability of detection of infectious
dogs, p4, and of exposed humans, py,, used to fit the dog-to-dog and
dog-to-human parameters, Byq and Bpg, respectively. Low values of
these detection probabilities result in higher numbers of infectious dogs
and exposed humans, leading to higher estimates for the Byq and Bhg
transmission parameters. The results indicated that the simulation data
were robust regarding these detection probabilities, unless the prob-
abilities were very low and that underreporting of rabies cases was
unlikely to have a substantial effect on our results (fig. S3). This, in turn,
suggested that underreporting of cases did not play a large role in the
persistence of rabies transmission. Even accounting for heterogeneity in
underreporting, it was unlikely that unreported transmission persisted
for 9 months and more likely that a reintroduction occurred, either
from wildlife or from dogs with ongoing transmission outside the city
of N'Djaména.

Phylodynamic analyses support rabies transmission
interruption by the mass vaccination campaigns

We conducted a phylodynamic analysis to estimate the transmission
potential of rabies in N'Djaména. We simulated the evolutionary re-
lationships between 29 nucleotide sequences encoding the N-protein
from dog-related rabies virus isolates [collected between August 2011
and June 2013 (10, 20)] under the assumption of the transmission model
to estimate the viral reproductive number. Although the 95% highest
posterior density (HPD) intervals were wide because of the small num-
ber of sequences, the effective reproductive number estimated from the
genetic data showed the same pattern as the R, estimated from the in-
cidence data (Fig. 2B). This corroborated the results of the deterministic
transmission model, which estimated the transmission potential from
the time series of the number of weekly cases. We therefore demonstrate
by two different methods, analyzing two different kinds of data, that dog
rabies transmission can be interrupted by the mass vaccination of dogs
in the African city of N'Djaména.

30of 10

/T0Z ‘02 lagwada uo 1sanb Aq /610’ Bewaoualos wis//:dny woll papeojumod


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | REPORT

100y

95

07072RCA_Central_African_Republic_2000

L 092029CAR_Central_African_Republic_1992
i ——— 35RD8005_Nigeria_2005

—— 8801CAM_Cameroon_1987

100 —— 8804CAM_Cameroon_1988

r 8803CAM_Cameroon_1987

RD128_Nigeria_2006
100— 07149RCA_Central_African_Republic_2004

84

96!

o

©
=]

19218TCH_Chad_1992

9014NIG_Niger_1990

15036 TCH_Chad_2012_355

100f 15030TCH_Chad_2011_334 %

15034TCH_Chad_2012_344
15017TCH_Chad_2012_358
15009TCH_Chad_2012_347 *
15039TCH_Chad_2013_379
15038TCH_Chad_2012_366
15022TCH_Chad_2013_368
15027TCH_Chad_2014_381
15021TCH_Chad_2013_367*
CAR_11_001H_Central_African_Republic_2011

— RD137_Nigeria_2006

— DRV_NG11_Nigeria_2011
15042TCH_Chad_2014_401

E{1 5044TCH_Chad_2015_405
15047TCH_Chad_2015_408

9502CAM_Cameroon_1994

RD9305HN_Nigeria_2006

7:_|— 15018TCH_Chad_2012_359*
15031TCH_Chad_2012_336*
15020TCH_Chad_2012_364
15033TCH_Chad_2012_341
—[15013TCH_Chad_2012_352
15010TCH_Chad_2012_349
15028 TCH_Chad_2011_328
1 15024TCH_Chad_2013_371

*

15025TCH_Chad_2013_372

15026 TCH_Chad_2013_373 %
15011TCH_Chad_2012_350
15012TCH_Chad_2012_351
15019TCH_Chad_2012_363
15014TCH_Chad_2012_354
15008TCH_Chad_2012_346
15016TCH_Chad_2012_357

15037TCH_Chad_2012_361

15035TCH_Chad_2012_348
15023TCH_Chad_2013_369
15015TCH_Chad_2012_356

0.04

Fig. 4. Phylogeny of rabies strains isolated during and after the mass vaccination campaign. ML phylogeny of nucleoprotein sequences from rabies virus isolates
collected in Chad from August 2011 to January 2015 and from sequences of previous isolates originating from Chad and from other neighboring countries. Sequences
in blue were obtained from isolates collected in N'Djaména, Chad, during the period from August 2011 to January 2014, except for the sequences with an asterisk,
which correspond to isolates collected outside of N'Djaména or without any precise origin (for one isolate) during the same period. Sequences in red are those obtained
from isolates collected in N'Djaména from February 2014 to January 2015. Only bootstrap values >70 are indicated on selected nodes. A scale, indicating genetic
distance, is presented by the horizontal bar. The tree is midpoint rooted for clarity only.

DISCUSSION
The models and data presented here show that the period with no rabies
transmission in N’Djaména was longer after mass vaccination cam-
paigns than in the absence of such campaigns, suggesting that dog
rabies virus transmission in this African city could be interrupted, and
consequently, human rabies exposure could be reduced. However, the
duration of transmission interruption in our study was shorter than our
model predictions presented here and in earlier work (14), indicating
that there was likely to be a reintroduction of infection from latently
infected dogs from the adjacent peri-urban areas, similar to what was
reported in a recent study on rabies transmission in Bangui (21).
Our study suggested that urban centers may not be hotspots of dog
rabies transmission, leading to spillover cases in rural areas, as previously
thought. Dog rabies transmission is ongoing in peri-urban and rural
African areas and is likely to be continuously transmitted into urban

Zinsstag et al., Sci. Transl. Med. 9, eaaf6984 (2017) 20 December 2017

areas through human-mediated transport of dogs (10). Sustainable
elimination of dog rabies therefore will require action over a much
larger geographical area. We have proposed a development impact
bond financing scheme for dog rabies elimination in the entire country
of Chad (22).

There is still considerable uncertainty surrounding the role of density
and spatial heterogeneity to external reintroduction in the transmission of
dog rabies (23). A meta-population or contact network modeling ap-
proach may better represent the observed heterogeneity of the dog pop-
ulation in N’Djaména (fig. S4). Further research is needed to assess how
dog density and the spatial heterogeneity of dog populations influences
the dynamics of dog rabies elimination (23, 24). Our study is limited by
the low number of rabies virus strains that were isolated during the rabies
mass vaccination campaigns. For this reason, the confidence intervals of
the phylodynamically estimated basic reproductive number are wide.
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Another limitation is that we could not identify the source of the rabies
viruses that were reintroduced from outside the city. Further ongoing
research will compare the isolated strains in this study with strains that
will be collected countrywide.

Determining the optimal timing of vaccination campaigns in
N’Djaména to maintain elimination requires knowledge of the rabies
importation rate into the city. Our results are in line with a recent study in
Bangui, Central African Republic, showing that rabies is continuously
reintroduced in towns by human-mediated transport of dogs from
surrounding peri-urban areas (21) and rapidly dispersed between cities
(10). Therefore, we suggest that dog rabies control in African cities should
be planned for larger areas, including suburban and rural areas, and
be coordinated regionally between neighboring countries for effective
elimination of dog rabies in Africa (1). In particular, movement of dogs
with or without their owners should be restricted to limit the dispersal of
dog-associated rabies virus. Dog vaccination campaigns should also be
complemented by affordable compulsory dog registration. Our study
supports the need for improvements in and reinforcement of rabies
surveillance in rural and more remote areas to achieve inclusive and com-
prehensive rabies reporting that can then be used to guide vaccination
decisions. New rapid tests for rabies could be used in a decentralized
manner and may enable collection of data about rabies epidemiology in
remote locations (25).

In contrast to previous reports (26), our study suggests that mass
vaccination of dogs, coupled with post-exposure prophylaxis, could be
sufficient to eliminate rabies transmission in an African city, in both
dogs and humans, as long as vaccination is extended to a larger area
beyond the city itself. In the long term, eliminating the infectious rabies
reservoir in dogs will be more cost-effective than perpetual post- or pre-
exposure prophylaxis in humans (27). Dog vaccination campaigns will
need to be adapted to local conditions to reach sufficient coverage (28, 29),
a regional approach similar to the well-coordinated dog rabies control
efforts among Latin American countries (1). The recent creation of the
Pan African Rabies Control Network (PARACON; paracon.rabiesalliance.
org) is an important first step toward the goal of eliminating dog rabies
from Africa by 2030.

MATERIALS AND METHODS

Study design

The objective of this study was to test the hypotheses (i) that dog rabies
transmission in an African city could be interrupted by the mass vacci-
nation of dogs and (ii) that cities are potential hotspots of dog rabies
transmission and reintroduction of rabies after vaccination would be
slow. Given that we observed the reintroduction of dog rabies after the
mass vaccination of dogs (in N'Djaména, Chad; see below), we hypothe-
sized that rabies was reintroduced from outside the city. The research
subjects were the weekly number of routinely recorded suspected rabid
dogs and the number of exposed humans per rabid dog.

The design of the present study is composed of four main com-
ponents covering the city of N'Djaména, Chad: (i) An ongoing passive
dog rabies surveillance system. Suspected rabid dogs (dead or alive)
were brought to the rabies diagnostic laboratory. No active collection
of suspected dogs was done. For every dog suspected to be infected
with rabies, information on exposed humans was collected on a routine
basis. (ii) A dog rabies mass vaccination campaign was undertaken
from October to December each in 2012 and 2013 (18). Blood was ta-
ken from 104 dogs in 2012 before the start of the mass vaccination cam-
paign to assess the proportion of existing vaccination antibodies. The

Zinsstag et al., Sci. Transl. Med. 9, eaaf6984 (2017) 20 December 2017

fluorescent antibody virus neutralization test was used for this purpose
(30). Data on rabid dogs and exposed humans were collected up to the
end of 2015 for this study. (iii) A mathematical model of dog-to-dog
and dog-to-human rabies transmission was parameterized from the
weekly number of rabid dogs and exposed humans collected before,
during, and after the mass vaccination campaign. (iv) A phylogenetic
and phylodynamic analysis of the rabies virus strains collected during
the campaigns was used to assess their genetic closeness and to estimate
the basic reproductive number of the rabies transmission in dogs inde-
pendently from the mathematical transmission model.

Surveillance of dog rabies and human exposure

Passive routine dog rabies surveillance started on 4 June 2012 and is
currently ongoing in N'Djaména at the Institut de Recherche en
Elevage pour le Développement by standard immunofluorescence as
described in (14, 31). Before the mass vaccination campaign, the average
weekly incidence of dog rabies was of 0.33 dogs per 10,000. For every
laboratory-confirmed rabid dog, on average, 1.6 humans were reported
to be exposed (ascertained by questioning the dog owner), leading to a
weekly incidence of 0.11 per 100,000 people.

Dog rabies mass vaccination campaign 2012 and 2013

A citywide mass dog vaccination campaign including all 10 districts of
N’Djaména took place in 2012 and was repeated in 2013 (18). In both
campaigns, the objective was to vaccinate 70% of the total dog popula-
tion of N'Djaména with the dog rabies vaccine Rabisin (Merial Inc.).
The vaccination campaigns began in the first week of October 2012
and 2013 and lasted for a total of 13 weeks until the first week of January
of the next year. Vaccination took place only on Friday to Sunday due to
availability of staff and participation of the public during these days (as
evaluated in previous studies) (7). Every Friday to Sunday, 10 fixed post-
vaccination teams were set up in 1 of 12 (13 in 2013) areas of the city

Table 1. Number of dogs vaccinated in each week of the vaccination
campaigns. The campaign in 2012 started on 8 October 2012 (week 19)
and in 2013 started on 30 September 2013 (week 70), as described in (18).

Vaccination week Vaccinated dogs (2012) Vaccinated dogs (2013)

1 834 722

2181 ...................................... 468 ................
.3. ................................................. 376 ..................................... 330 ................
.‘.‘ ................................................... 24 ..................................... 434 ................
; ................................................. 793 ....................................... 67 ................
.6. ............................................... 2901”73 ................
.7. ............................................... 6460 ..................................... 928 ................
81393 ................................... 4215 ................
.9. ............................................... 3074 ................................... 4372 ................
101698 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 3424 AAAAAAAAAAAAAAAA
” ............................................... 3” .................................... 4591 .................
12 ............................................... 385 ..................................... 979 ................
13 ............................................... 209 ..................................... 525 .................
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corresponding to administrative boundaries. Over the 3-day period, these
teams vaccinated on average 1433 dogs (minimum, 24; maximum, 6460)
in 2012 and 1709 dogs (minimum, 67; maximum, 4591) in 2013, de-
pending on the sociocultural and ecological context of the city district
(Table 1). Details of the operational performance and the results of the
vaccination campaigns are published elsewhere (18).

Coverage assessment

A coverage assessment was carried out each week after vaccination
in the previously vaccinated area (fig. S4). Vaccination zones and
their analysis perimeter corresponded in most cases to a district. The
coverage assessment was composed of a household survey in randomly
selected geographical locations within the analysis perimeter to estimate
the proportion of owned vaccinated dogs. In addition, random transects
(where the field team traveled in straight lines to count the number of
owned and ownerless dogs) were carried out with a car in the same zone
to estimate the dog density in the street and the proportion of ownerless
dogs. Data from both studies were then combined in one Bayesian sta-
tistical model as reported elsewhere (18).

Description of mathematical model of dog-dog and
dog-human transmission

We use a deterministic population-based model of ordinary differential
equations extended from a previously published model for dog-to-dog
rabies transmission (14)

BE) _ puo(t) + haValt) — raagSa(0)1a(t) — (vaaa(t)+
ma + 1aNa())Sa(t) (14)
dE;t(t) — raBagSa(t)]a(t) — (0 + vava(t) + ma-+
aNa(6)Ea(0) (1B)
dlfigt) = 6aEq(t) — (Mg + mq + vaNa(t))la(t) (1C)
dV;t(t) = vaoa(t)(Sa(t) + Ea(t)) — (ha + ma+
YaNo() Va0 (1)

where the state variables and parameters are defined in tables S1 and S2,
respectively. The total dog population size is

Ny(t) = Sa(t) + Ea(t) + La(t) + Va(t) (2)

and the density-dependent death rate is

_bd—md
Ya = @

Zinsstag et al., Sci. Transl. Med. 9, eaaf6984 (2017) 20 December 2017

where Kj is described in table S2 and b is required to be greater than mg4.
We note here that we assume density-dependent transmission and that,
in general, Eq. 1 is a nonautonomous model where 0,4(f) varies with time

ag(t) = af +al (1) + o (1)e (4)

where o} is the (assumed) constant background vaccination rate, aél) (1)
and ot(f (t) are campaign-dependent vaccination values for the ith week,
and ¢ is a saturation parameter. Outside of the campaigns, 0.4() = o).
We further restrict the values of oz(()Z> and 01(1’) to ensure that 04(f) is con-
tinuous so that the system for rabies transmission (Eq. 1) has a unique
solution that exists for all time.

We similarly use an ordinary differential equation model for dog-to-
human transmission based on (14)

dS;t(t) = bnNu (1) — BraSn(£)La(t) + anEn(t) — mpSn(t)  (5A)
dEst(t) = BhdSh(t)Id(t) — (ah + on + mh)Eh(t) (SB)
) — o8 (1) — ) (1) (50)

where the total human population size is
Ni(t) = Su(t) + En(t) + In(t) (6)

oy, is the rate of progression from the exposed to the infectious state
depending on the site of the bite

_ PPg P3P

ihead iarm

PyPy  Ps5Pg

GCh

(7)

trunc ileg

ay, is the abortive rate of progression from the exposed back to the sus-
ceptible state

P,(1—P, P;(1 — P, Py(1 — P, Ps(1 — P,
ap = 2( 6)+ 3( 7)+ 4( 8)+ 5( 9)

ihead iarm

(8)

Itrunc ileg

and the probabilities of biting different parts of the body (P, through
Ps), the probabilities of subsequent progression to rabies (Ps through
Py), and the average time to do so (1/iz, where £ is head, arm, trunk,
or leg) are described in more detail in the previous formulation of the
model (14). Figure S5 shows a schematic of the model system. We note
that the dynamics for rabies transmission in humans is dependent on
rabies transmission in dogs, but the transmission in dogs is independent
of transmission in humans.

Mathematical analysis
In the absence of vaccination campaigns [04(t) = @3], the autono-

mous mathematical model for rabies transmission in dogs (Eq. 1)
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has a trivial disease-free equilibrium point

ba + Ma)K.
g = (et hoKe (9A)
ba + ha + vao
Eq=0 (9B)
Ii=0 (9C)
a*K,
vy VafqRd (9D)

- ba + Mg -|-Vd()L3e

The control reproductive number for the dog rabies model is the num-
ber of dogs that one newly introduced rabid dog would infect, assuming
no disease in the population (with only background vaccination)

raBaa0aKa
(64 + vao + ba)(ug + ba)

R.= (10)

We show that with only background vaccination (no vaccination
campaigns), when R. < 1, the disease-free equilibrium point (Eq. 9) is
locally asymptotically stable, and when R, > 1, the disease-free equilib-
rium point is unstable, and there exists a locally asymptotically stable
endemic equilibrium point where rabies persists in the population. In
addition, if there is no background vaccination, the control reproductive
number reduces to the basic reproductive number

Ry — 7dBaa0aKa
(64 + ba) (Mg + ba)

At any time, ¢, allowing for vaccination campaigns, the effective re-
productive number, R (£), represents the expected number of new infec-
tions caused by one infectious dog

Re(t) = raPaacaSa(t)
¢ (04 + vaea(t) + ma + YaNa(t))(ug + ma + vaNa(t))

(1)

If we assume that the total dog population is at carrying capacity
(which is reasonable because the density of rabid dogs is low, so it
has a minimal impact on the population density of dogs), the effective
reproductive number simplifies to

B rdPaacaSa(t)
() = Toa T vaoa(t) + ba) iy + 0a) (12)

The threshold density of susceptible dogs at which transmission
occurs, S;, is the density at which R, = 1. From Eq. 12, outside of vac-
cination campaigns, this is

(04 + vaof + ba) (g + ba)

raPaqCd

Sy =

(13)
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The threshold vaccination coverage reached in a campaign to elim-
inate transmission, y*, is given by

yr=1-— (14)

R

when background vaccination takes place outside the campaign. Equiv-
alently, this is

Kq— S%
* d
\ @ (15)

After the vaccination campaigns, the coverage of protected dogs
decreases exponentially due to population loss of susceptible dogs
[proportionally, ba/(Ag + bg): 57% for parameter values in table S2]
and due to loss of vaccine efficacy [proportionally, Ag/(Aq + bq): 43%
for parameter values in table S2].

Parameter estimation

The values for most parameters are taken from the previous model (14)
except where new published results or new data have allowed for revised
values. The parameter values and their sources are summarized in table
S2. The birth and death rates of dogs were calculated as in previous
work, but the carrying capacity of dogs was revised to reflect a total pop-
ulation of 25,103 dogs in an area of 240 km?, as estimated in the 2012
coverage assessment. The vaccination rate of dogs and the transmission
rates from dogs to dogs and dogs to humans were estimated as de-
scribed below.

Dog vaccination rate
We found that 12% (n = 105) of all owned dogs had antibodies (and so
could be considered effectively vaccinated), implying that there was
some ongoing background vaccination outside of the two campaigns
conducted in 2012 and 2013. The coverage assessment estimated that
for every 10 owned dogs, there was one unowned dog. Assuming that
the background vaccination rate was constant and the proportion of
vaccinated dogs was at equilibrium (Eq. 9), with demographic and other
vaccination parameters as in table S2, the per capita background vacci-
nation rate was 2.96 x 10~>/week.

The number of dogs marked as vaccinated in each campaign is
shown in Table 1. We estimated the vaccination rate parameters,
oz(()Z ando,’, using a simple model of vaccination for each campaign

du® , G .
= ba(Ka = U)o,V ()00 (16A)
dv .
7 = otd <1) t)U<l> (168)

where U? is the density of all unmarked dogs, V*? is the density of dogs
marked in campaign week i, and aé’) (t) is the rate of marking dogs during
campaign week i. We define time, t, as varying from 0 at the start of each
campaign week to 1 at the end of each campaign week.

The coverage assessment could only determine whether dogs were
marked as vaccinated or not and did not determine the immune status
of dogs. We therefore ignore the efficacy of the vaccination and do not
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consider background vaccination, because these dogs would not be
marked as campaign-vaccinated dogs, so

ag' () = o) (1) + ) (e (17)
For simplicity, we ignore rabies transmission, assume that the dog
population is at carrying capacity, and ignore the death of marked dogs
or the loss of marking collars during the campaign week. Because the
coverage assessment was conducted within 3 days of the vaccination cam-
paign, these assumptions are reasonable. We assume that the markings
from the 2012 campaign do not last until 2013, so for both campaigns,
the initial density of unmarked dogs is equal to the carrying capacity

U (0) = Ky (18A)
and from continuity

U(0) = UD(1) fori > 1 (18B)

The initial density of dogs marked during a campaign week is zero

V@D(0) =0fori>1 (18C)

We fix ¢ = 100. To ensure that a4(f) is continuous, we set
ot(()1> + a(ll) =0 (19A)
of) + ol =i +al Ve fori>1 (19B)

The final density of dogs marked in a campaign week, V (Eq.1), is
set equal to the number of marked dogs estimated from the coverage
assessment for that week (Table 1) divided by the campaign area for that
year (240 km? in 2012 and 285 km? in 2013). Condition (Eq.19) and the
ordinary differential equations for the vaccination model (Eq. 16) with
its boundary conditions provide two sets of equations for each campaign
week. For other parameter values as provided in table S2, we numerically
simulate the vaccination model using an adaptive step-size Runge-Kutta
method (ode45) and then use a root-finding algorithm (fzero) to calculate
01(()’) andocgl> (in MATLAB, version 8.5) for each campaign week. Figure S6
shows the final estimated vaccination rates during the two campaigns.

Rate of loss of vaccine immunity

In 2012, before the vaccination campaigns were conducted, a total of
105 dogs in N'Djaména were tested for antibody titers, vaccinated, and
then followed up over a period of 1 year. Of these dogs, 58 had initial
antibody titers that showed no previous vaccination and were success-
fully followed up over the entire year. After 1 year, 44 dogs had antibody
titers above 0.5 IU, which, as a conservative estimate, we considered pro-
tective (32). We calculated the rate of loss of vaccine decay, A4, assuming
exponential decay and a relative value of 0.76 after 52 weeks.

Rabies transmission rates
The number of rabid dogs and exposed humans recorded per week
since 4 June 2012 are shown in the additional file RabiesDatal.txt. Re-
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cording of both human and dog cases is ongoing, but the analysis only
included cases until the end of October 2015. We divide the numbers of
dogs and humans by the area estimated in the coverage assessment of the
2012 vaccination campaign (240 km?) to provide the densities of rabid
dogs and exposed humans.

We first fit the dog-to-dog transmission rate, Baq, for the model with
transmission only in dogs (Eq. 1) with the data for the number of rabid
dogs with other parameter values as described in table S2 and the vac-
cination rate as described above. We then use this value for Bgq to
estimate the dog-to-human transmission rate, Bpg, for the full model
with transmission between dogs (Eq. 1) and to humans (Eq. 5) with
the data for number of exposed humans.

To fit Bag, we numerically simulate Eq. 1 using an adaptive step-size
Runge-Kutta method and minimize the Euclidean distance between the
simulated incidence of infectious dogs (from the first term of the right-
hand side of Eq. 1) and the observed weekly incidence of infectious dogs
in MATLAB. We assume that the probability of detecting a rabid dog is
pa=0.5so that, on average, there were twice as many rabid dogs as those
detected. There are few data on this parameter, but our sensitivity analysis
showed that unless py is very low, the estimated values for Bgq did not
change much (fig. $3). We assume that the initial condition for the ordi-
nary differential equations in June 2012 is at the unique endemic equilib-
rium [with 04(t) = o] and the dog density is at carrying capacity.

We similarly fit B,,q by numerically simulating Egs. 1 and 5 and
minimizing the Euclidean distance between the simulated density of
exposed humans, E;,(t), and the observed density of exposed humans
on a weekly time step in MATLAB. Here, we assume perfect detection
of exposed humans (p;, = 1) and that the initial condition in June 2012
is at the unique endemic equilibrium with a population density of humans
of 4833 humans/km” (from a total population size of 1.16 million in
2012 estimated from the 2011 population size of 1.079 million using a
growth rate of 7.5%) (33, 34).

Phylogenetic importation analysis

To investigate the hypothesis of a reintroduction of dog rabies in
N’Djamena from outside of the city after the vaccination campaigns,
we performed a phylogenetic analysis using the previously described
29 complete nucleoprotein sequences of rabies virus isolates collected
between August 2011 and January 2014, with the inclusion of one sup-
plementary sequence of an isolate collected during this period (GenBank
accession number KY124541), in addition to the sequences of the three
first isolates collected in the city after this period (from February 2014 to
January 2015, GenBank accession numbers MF538629-31) and to pub-
lished available sequences from Chad (n = 1) and from neighboring
countries (n = 14). Using jModelTest2 (35, 36), the best-fit model of
nucleotide substitution according to the Bayesian Information Criterion
was the general time reversible model with proportion of invariable sites
plus gamma-distributed rate heterogeneity (GTR+1+I'4). A phyloge-
netic tree was then estimated using the ML method available in PhyML
3.0 (37) using subtree-pruning-regrafting branch-swapping. The robust-
ness of individual nodes on the phylogeny was estimated using 1000
bootstrap replicates and using the approximate likelihood ratio test
with Shimodaira-Hasegawa-like supports (38). GenBank accession num-
bers of published sequences used in this tree are as follows: EU853590
(07072RCA), EU853651 (07149RCA), EU038107 (35RD8005), KT119773
(8801CAM), KX148243 (8803CAM), U22635 (8804CAM), EU853654
(9014NIG), KX148208 (92029CAR), KT119779 (9218TCH), KT119784
(9502CAM), KF977826 (CAR_11_001h), KC196743 (DRV_NG11),
EU038108 (RD128), EU038096 (RD137), and EU038093 (RD9305HN).
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Sensitivity analysis

We conducted local and global sensitivity analysis of the control repro-
ductive number, R. (Eq. 10), to the model parameters (fig. S7). We used
the normalized forward sensitivity index for the local analysis (39, 40) at
the parameter values defined in table S2 and the partial rank correlation
coefficients for the global analysis (41), assuming that all parameters
were uniformly distributed in the intervals: r4 € [0.049,1], Baq €
[0.00292,0.0614], Kj € [10.5221], 64 € [0.0239,0.504], by € [0.0013,0.0273],
ug € [0.123,2.59], vq € [0.094,1], and o} €[0.000296,0.00622]. Both
the local and global analysis showed that the probability of developing
rabies, rg, the transmission rate, Bq4, the carrying capacity, Ky, and the
rabies-induced mortality rate, {14, had a strong impact on the threshold
for sustained transmission, R, whereas the other parameters had
minimal impact.

Stochastic model simulations
We derived and numerically simulated a stochastic dog-to-dog trans-
mission model based on Eq. 1, with the master equation

9P S Wl P, £) — Wirlm) P, )]

i (20)

where 7 is any state of the system at time £, and W; are the transmission
rates deduced from the parameters in table S2 using the Gillespie
algorithm with the tau-leaping simulation method (42, 43). Figure S8
shows a sample stochastic simulation of the density of exposed and
infectious dogs with the corresponding simulation of the deterministic
model and the underlying data for the number of infectious dogs. Figure
3B shows that the mean of 500 simulation runs of the stochastic model
declines after the first vaccination campaign in a similar manner to the
deterministic model.

Phylodynamic analysis

Twenty-nine sequences of canine rabies viruses, collected between
August 2011 and June 2013, were analyzed with Beast v2 (44). We chose
a Hasegawa-Kishino-Yano model for substitutions with a relaxed log-
normal clock (45). We assumed an exponential (0.001) prior for the
mean rate, an exponential (0.3333) prior for the SD, and a log-normal
(1,1.25) prior for kappa.

For the epidemiological model, we chose the birth-death skyline
model (46). We used a log-normal (0,1) prior for the effective reproduc-
tive number, R,, and allowed R, to change in January 2013, August 2012,
and April 2012 (that is, every 4.8 months before the last sample in June
2013). We assumed a uniform prior on the interval (9.44,9.5) for the dog
removal rate [corresponding to an expected infection time of exposed and
active rabies between (1/9.5,1/9.44) years, which is about 1.1 months]. The
sampling probability of a rabid dog was assumed to be 0 before the first
sample and uniform on (0.4,0.6) between the first and last sample. The
time of the initial case in that transmission chain was assumed to be a
uniform prior on (0,20) before the most recent sample. We ran the
Markov chain Monte Carlo simulations for 10” steps. We neglected the
first 10% of the states as a burn-in period. The effective sample size of
all parameters was 350 or higher (determined within Tracer v1.6.0,
http://tree.bio.ed.ac.uk/software/tracer/), implying that we obtained
substantial mixing.

To investigate sensitivity toward our assumption of a constant
sampling proportion, we performed a second analysis allowing the
sampling proportion to change at the same time points as when the
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R, changes. As above, sampling was assumed to be 0 before the oldest
sample. Further sampling was assumed to be uniform on (0.2,0.6) in
each interval [compared to uniform on (0.4,0.6) above]. As shown in
fig. S9, the results do not change qualitatively.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/421/eaaf6984/DC1

Fig. S1. One-dimensional sensitivity analysis of simulation results on parameter values.

Fig. S2. One-dimensional sensitivity analysis of simulation results on parameter values with
dog-to-dog transmission fixed as constant.

Fig. S3. Sensitivity analysis of the simulation results on the probability of detecting rabid dogs.
Fig. S4. Density of vaccinated dogs in N'Djaména in 2013 calculated on the basis of the data
presented by Léchenne et al. (18).

Fig. S5. Schematic of mathematical model of rabies.

Fig. S6. Vaccination rates during the two campaigns in 2012 and 2013.

Fig. S7. Local and global sensitivity indices of the control reproductive number, R, to the
model parameters.

Fig. S8. Sample simulation of the stochastic model, including the deterministic result.

Fig. S9. Results of the phylodynamic analysis showing median (red) and 95% HPD interval
(black) for Re through time.

Table S1. State variables of dog rabies transmission model.

Table S2. Parameters of the rabies transmission model with estimated values and sources.
RabiesData1.txt (incidence data)

RabiesData2.txt (genetic sequences of 33 dog rabies virus N-protein deposited in GenBank)
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Stemming the spread of rabies

Rabies is still a problem in some developing countries. The authors examine the impact of two previously
conducted vaccination campaigns that vaccinated about 70% of dogs against rabies in N'Djaména, the capital city
of Chad. Transmission modeling and phylodynamic analysis supported the idea that the sequential vaccination
campaigns reduced dog-to-dog and dog-to-human rabies transmission. A phylogenetic analysis suggested that
post-campaign reintroduction of rabies to N'Djaména may have occurred due to unvaccinated dogs in regions
surrounding the city, rather than ongoing transmission within immunized areas in the city. Thus, mass vaccination
efforts may be effective tools to stem rabies incidence in regions still afflicted by this fatal disease.
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