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Over 20,000 rabies deaths occur annually in India, representing
one-third of global human rabies. The Indian state of Tamil Nadu
has pioneered a “One Health” committee to address the challenge
of rabies in dogs and humans. Currently, rabies control in Tamil
Nadu involves postexposure vaccination of humans after dog
bites, whereas potential supplemental approaches include canine
vaccination and sterilization. We developed a data-driven rabies
transmission model fit to human rabies autopsy data and human
rabies surveillance data from Tamil Nadu. Integrating local esti-
mates for canine demography and costs, we predicted the impact
of canine vaccination and sterilization on human health outcomes
and evaluated cost-effectiveness according to the WHO criteria for
India, which correspond to thresholds of $1,582 and $4,746 per
disability-adjusted life-years (DALYs) for very cost-effective and
cost-effective strategies, respectively. We found that highly feasi-
ble strategies focused on stray dogs, vaccinating as few as 7% of
dogs annually, could very cost-effectively reduce human rabies
deaths by 70% within 5 y, and a modest expansion to vaccinating
13% of stray dogs could cost-effectively reduce human rabies by
almost 90%. Through integration over parameter uncertainty, we
find that, for a cost-effectiveness threshold above $1,400 per
DALY, canine interventions are at least 95% likely to be optimal.
If owners are willing to bring dogs to central point campaigns at
double the rate that campaign teams can capture strays, expanded
annual targets become cost-effective. This case study of cost-effective
canine interventions in Tamil Nadu may have applicability to other
settings in India and beyond.

mathematical modeling | cost-effectiveness | rabies | sterilization |
vaccination

Rabies claims the lives of an estimated 59,000 people each
year, over 20,000 of which are in India (1) primarily among
children in rural or marginalized populations (2). Rabies is a
classic “One Health” challenge (3): more than 99% of these deaths
arise from exposure to a rabid dog (4). Vaccines exist to prevent
canine rabies as do human vaccines, which are the primary com-
ponent of postexposure prophylactic (PEP) regimens after a dog
bite (5, 6). However, imperfect awareness (7) compounded by
variable accessibility of PEP (8) has resulted in the persistence of
human rabies fatalities. Although canine vaccination has the po-
tential to curb rabies transmission to humans, it has generally
been perceived as prohibitively expensive in India (9, 10). Here, we
evaluate the effectiveness and cost-effectiveness of canine-focused
rabies control programs as an approach for reducing human rabies
in India as illustrated by a case study in the state of Tamil Nadu.

Tamil Nadu has pioneered the establishment of a One Health
coordination committee, which brings together leaders from the
human health, veterinary, and animal welfare sectors to develop
rabies control strategies that transcend sectoral boundaries (11).
If successful, this committee could set an example for effective
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rabies control throughout India. The state has also committed to
the provision of PEP for all dog bite victims with suspected ra-
bies exposure (11); in practice, PEP is only administered to
victims of dog bite who present for medical care. From 2014 to
2015, the local Tamil Nadu government procured 551,664 vials
of antirabies vaccine, which is able to provide 10 doses of the
intradermal regimen or 1 dose of the intramuscular (i.m.) regi-
men, as well as 16,429 antirabies Ig vials (12). Nonetheless,
65 human rabies fatalities were reported in 2014 (12, 13). This
reported mortality likely corresponds to an actual burden of
about 80 deaths, given that only 80% of human rabies cases
present with the characteristic “furious” symptoms and that the
other 20% presenting as febrile and paralytic are generally mis-
diagnosed (2, 14), often as malaria (15). Despite the high pri-
oritization of rabies control by zoonotic disease experts in India
(16), policymakers have been reluctant to implement widespread
canine rabies interventions without assessments of the balance
between expenditure and effectiveness (17).

Canine rabies vaccination has eliminated canine rabies in the
United States and Great Britain as well as controlled rabies
throughout western Europe, South America, and regions of sub-
Saharan Africa and Asia where it has been maintained at sufficient
coverage (5, 18). Central point vaccination campaigns, where
owners bring dogs to the vaccination team, have been shown to
cost-effectively prevent human rabies death in the resource-
constrained settings of Tanzania and Chad (19, 20), where PEP
availability is unreliable. However, the cost-effectiveness of canine
rabies vaccination has not been evaluated for India (21). Campaigns
of combined stray canine vaccination and sterilization are ad-
vocated by the Animal Welfare Board of India as a humane
intervention to control rabies (22-24). These campaigns have
been effective in a few cities (23, 25, 26) but are not widespread.
Additionally, with 42% of the canine population recorded as
stray (27), measures that reduce the stray population have public
support as an approach to address the thousands of dog
bite incidents, both rabid and nonrabid, that occur annually in
Tamil Nadu alone. However, such a combined strategy is more
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costly per dog than vaccination alone (9), and its cost-effectiveness
as an approach to mitigate rabies has not been evaluated in
any setting.

Here, we present a cost-effectiveness evaluation of rabies
control strategies for India, predicting the impact of exclusive
vaccination strategies as well combined strategies of canine
vaccination and sterilization. To evaluate these strategies, we
integrated a model of rabies transmission and canine demogra-
phy within a framework of cost-effectiveness analysis parame-
terized by data from Tamil Nadu. We took into account both
rabies mortality and dog bite morbidity in determining outcomes
of disability-adjusted life-years (DALYs), a measure of health
impact that ranges from zero (no health impact) to one (an
entire year lost to death). We applied WHO criteria for cost-
effectiveness, which define strategies as “very cost-effective” or
“cost-effective” when they confer health benefits at a cost per
DALY that is less than the per capita gross domestic product
(GDP) of a country or three times the per capita GDP, respec-
tively (28). Recognizing that organizations or policymakers could
prefer to apply cost-effectiveness thresholds that differ from the
WHO standards, we also evaluated the optimal strategy across a
variety of thresholds. We found that a modest investment in a
program of stray canine vaccination would be very cost-effective. If
owners are willing to bring dogs to central point campaigns at
higher rates than campaign teams can capture strays, expanded
annual targets become cost-effective. Our finding that canine
vaccination would be efficient in Tamil Nadu highlights the po-
tential efficiency of canine interventions throughout India.

Results

The parameter set that achieved the closest model fit to human
rabies mortality data included an R, of 1.41 (95% confidence
interval = 1.39-1.45) and a g, of 0.51 (0.44-0.56) (Table S1).
Under the status quo of PEP administration and 34% rabies
vaccination coverage in owned dogs, 3,028 (2,376-3,809) people
were estimated to be exposed to rabies annually in Tamil Nadu,
with an average of 82 (64-103) human deaths from rabies every
year. In addition, we estimated that 31,102 (24,554-39,554) individ-
uals are treated with PEP for dog bites annually. Our calculations
indicate that the annual human health burden from rabies mor-
tality and dog bite morbidity is 1,994 (1,545-2,590) DALYs within
Tamil Nadu. In addition, the economic cost of human rabies pre-
vention, which includes providing PEP, training health workers,
surveillance, and promoting awareness, is $1.68 ($1.44-$2.29) million.
We evaluated the effectiveness as well as the cost-effectiveness
of canine vaccination or combined strategies of vaccination and
sterilization, with annual targets of 100,000-500,000 stray dogs,
corresponding to 7-35% of the total canine population. In Tamil
Nadu, females are only 24% of the canine population (27) because
of higher mortality in females. We considered male sterilization,
because it is included in the policies currently advocated by the
Animal Welfare Board in India (24). Although combined strategies
with and without male sterilization have different costs, the canine
demographic and thus. epidemiological impacts are the same given
that the canine birth rate is limited by female fertility (24).
Canine vaccination and combined strategies differed in predic-
tions of the extent to and speed at which rabies is controlled. An
88% reduction in annual rabies deaths (fewer than 10 deaths
annually) by the fifth year of implementation was predicted for
canine vaccination strategies with annual targets of 200,000 stray
dogs, ~13% of the overall canine population. We further pre-
dicted that a 92% reduction in human deaths (an estimated 6.4
deaths annually) could be achieved by combined strategies with
the same annual target of 200,000 dogs (Fig. 14). Rather than
having a significant effect on population size (Fig. 1B and Fig.
S1B), the primary epidemiological impact of sterilization arises
from reduced turnover in the canine population, which increases
the lifespan of vaccinated dogs. Expanding the target of combined
strategies to 300,000 dogs per year was predicted to reduce human
rabies by 95% within the fifth year of implementation, below four
deaths annually. Using vaccination alone to achieve a similar
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Fig. 1. Outcome measures of human health impact in Tamil Nadu for each
year since implementation undiscounted. Rabies control strategies evaluated
include maintenance of the status quo (gray lines), expanding targets of ex-
clusive stray canine vaccination (CV; blue lines of progressively deeper shades),
and expanding targets for combined stray canine vaccination and sterilization
(CVS; red lines of progressively deeper shades). The epidemiological impact of
canine vaccination and female sterilization is identical to the epidemiological
impact of CVS. (A) Annual human rabies deaths. (B) Annual human victims of
dog bites. (C) Annual DALYs incurred from both rabies mortality and dog bite
morbidity for each year since implementation.

reduction in human rabies, down to four deaths annually, is
projected to require a target of 500,000 dogs.

Stray capture canine vaccination at an annual target of 200,000
dogs or ~13% coverage is estimated to cost $2.68 ($2.68-$2.68)
million in the first year (Table S2), which includes $620,000 for
the initial capital costs and $2.06 million for the annual operational
expenditure (Fig. S24). A combined strategy of stray canine vac-
cination and sterilization of both females and males with an annual
target of 200,000 dogs is estimated to cost $5.40 ($5.39-$5.40)
million in year 1, $1.70 million for capital costs, and $3.69 million
for annual operational expenditure. If all dogs captured were
vaccinated, but only females were sterilized, the costs for a
program with the same target of 200,000 dogs decreased to $3.42
($3.42-$3.42) million in year 1, $900,000 of which would be capital
costs and $2.52 million of which would be operational expenditure.

In practice, PEP is used to treat all dog bites given the uncertainty
regarding whether the dog in question was rabid. Consequently, the
annual cost of providing PEP to bite victims of both rabid and
nonrabid dogs is predicted to be $1.68 ($1.44-$2.29) million for
Tamil Nadu under status quo rates of vaccination and PEP (Fig.
S2B and Table S2). Approximately $1.03 million of this would be
dedicated to program management and the training of health-
care workers in PEP delivery, $50,000 would be for treating rabid
bites, and $600,000 would be for treating nonrabid bites. Canine
rabies interventions can nearly eliminate the costs of rabid bites.

In the base case, seven strategies were found to be on the
efficient frontier of the cost-effectiveness plane, meaning that no
other strategy could avert more DALYs at a lower cost per DALY:
status quo; canine vaccination at annual targets of 100,000, 200,000,
300,000, and 400,000 dogs; and combined canine vaccination and
female sterilization at annual targets of 400,000 and 500,000 dogs
(Fig. 2 and Table S2). Of these, an annual target of 100,000 dogs
had an incremental cost-effectiveness ratio (ICER) of $1,064
($814-$1,447) per DALY, and an annual target of 200,000 dogs
had an ICER of $3,964 ($3,255-$4,853). According to WHO
criteria, these strategies would be considered very cost-effective
and cost-effective, respectively, and they would be the strategies
that provide the greatest health benefit while maintaining an
ICER below the cost-effective thresholds of $1,582 and $4,746
per DALY, respectively. When parameter uncertainty was in-
corporated, these annual targets were optimal at the WHO
thresholds with 96% and 72% certainty, respectively (Fig. 3). Canine
vaccination remained most likely to be optimal across cost-
effectiveness thresholds ranging from $1,000 to $25,000 per
DALY, beyond which combined strategies of vaccination and fe-
male sterilization became optimal. Thus, for any cost-effectiveness
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Fig. 2. Cost-effectiveness plane. The cumulative present value cost (in 2015
USD; discounted at 3% annually) and the cumulative discounted DALYs
averted (discounted at 3% annually) for four strategies: maintaining the
status quo (PEP provision for 83% of rabid dog bite victims and 34% canine
vaccination by owners; gray asterisk), expanding targets of exclusive stray
canine vaccination (CV; blue squares of progressively deeper shades),
expanding targets of combined stray canine vaccination and sterilization
(CVS; red triangles of progressively deeper shades), and expanding targets of
stray canine vaccination and female sterilization (CVFS; red circles of pro-
gressively deeper shades). Greater health benefits cannot be obtained at
lower cost along the efficient frontier of strategies (black line).

threshold above $1,400 per DALY, canine intervention is at least
95% likely to be optimal.

Mass canine vaccination campaigns in a number of settings re-
quire dogs to be brought by their owners to the vaccination teams,
avoiding the costs of dog capture (29-31). If less time is spent
catching dogs, campaign teams would be able to vaccinate more
dogs each day, and annual targets could potentially be reached with
less expense. Therefore, we considered how the optimal strategy is
impacted by an increase in the daily number of dogs accessed by
campaign teams. We found that an annual target of 200,000 dogs
remains optimal when up to an average of 20 dogs is brought to
campaign teams each day (Fig. S3). As more dogs are brought daily
to campaign teams, higher targets become optimal. For example,
an annual target of 400,000 dogs becomes optimal if an average of
100 dogs is brought daily to each campaign team. This annual
target is estimated to cost $1.27 ($1.27-$1.27) million in the first
year, including $120,000 of initial capital costs and $1.15 million for
annual operational expenditure. At a central point annual target of
900,000 dogs, vaccinating nearly all owned dogs, first year costs
would be $2.12 million, and annual operational costs would be
$1.84 million. For these targets, human rabies is reduced to six and
four annual deaths, respectively, by the fifth year.

We evaluated the sensitivity of optimal targets for stray canine
vaccination to several factors, including discount rate, timeframe,
rabies reintroduction, DALYs incurred because of dog bites, PEP
access, and the price of the canine vaccine. We found that var-
iation in discount rate or timeframe has minimal impact at the
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WHO cost-effectiveness thresholds (Fig. S4). Canine vaccination
remained most likely to be optimal across a wide range of
plausible reintroduction rates, although the optimal target at the
WHO threshold for cost-effective strategies was lower in the
scenario with no rabies reintroduction. However, combined
strategies of vaccination and sterilization would be optimal if
both the cost-effectiveness threshold and the rabies reintro-
duction rate were together higher (Fig. S5). Specifically, if rabies
is reintroduced at a rate of 0.5 rabid dogs per day, double the
base case, a combined strategy with an annual target of 300,000
dogs becomes optimal at a cost-effectiveness threshold of $9,000
per DALY, which is much lower than the $25,000 per DALY
threshold at which these strategies switch for the base case.
Approximately doubling the dog to human bite rate, S, beyond
our empirical estimate had a similar effect as raising the reintroduction
rate (Fig. S6). The optimality of strategies at the cost-effectiveness
thresholds remained robust to a reduction in canine vaccine to
80% (as has been suspected for the vaccine used in Tamil Nadu)
instead of the 100% efficacy observed for canine vaccines else-
where (Fig. S7). The optimal strategy was also insensitive to vari-
ation in the price of the canine vaccine within the range from $0 to
$2.10 per dose (Fig. S84), because campaign and administration
costs are more substantial. However, the optimal annual target
would drop to 100,000 dogs if the price of the canine vaccine rose
from the base case of $0.57 to above $2.10 per dose. Optimal
targets were highly sensitive to the efficiency of the sterilization
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Fig. 3. Acceptability curves delineating the probability that a strategy is
optimal. For each of 1,000 predictive simulations, only one strategy can be
optimal at a given cost-effectiveness threshold—but that optimal strategy
may vary from simulation to simulation as a consequence of sampling from
parameter uncertainty. Each curve depicts the probability that a strategy
would confer the greatest net health benefit across a range of cost-effec-
tiveness thresholds, estimated by the proportion of simulations in which that
strategy was optimal at each threshold. Rabies control strategies evaluated
include maintenance of the status quo (gray line), expanding targets for
stray canine vaccination (CV; blue lines of progressively deeper shades), and
expanding targets for combined stray canine vaccination and female steril-
ization (CVFS; red lines of progressively deeper shades). Canine vaccination
with sterilization of both males and females is never optimal and is not
shown here. The vertical dotted and dashed lines indicate the WHO thresholds
for very cost-effective and cost-effective strategies in India ($1,582 and $4,746
per DALY), respectively.
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team, with combined strategies of vaccination and female sterili-
zation becoming optimal if the average number of female dogs
sterilized daily per veterinary team could be increased (Fig. S8B).

Model predictions were robust to changes in the canine de-
mographic parameters. For example, as the proportion of females
is increased from the 24% that has been recorded in the region
(27), combined programs of vaccination and female sterilization
would become increasingly expensive to execute without much
improvement in effectiveness, and there would be greater certainty
in the optimality of vaccination-only campaigns (Fig. S9). Across
stray dog proportions ranging from 30 to 70%, the optimal targets
at the WHO cost-effectiveness thresholds are robust for both
central point and stray capture campaigns. However, at higher
thresholds for cost-effectiveness, such as $10,000 per DALY, we
find that certainty in the optimal annual target for central point
vaccination campaigns decreases as the proportion of stray dogs
increases (Fig. S10). For stray capture campaigns, combined strat-
egies of vaccination and sterilization are more likely to be optimal
at high cost-effectiveness thresholds when a larger proportion
of the canine population is stray. As an example, vaccination
campaigns are optimal at the $20,000 per DALY threshold if
42% of the canine population are stray, but combined vaccination
and sterilization strategies would be optimal if 70% of the canine
population are stray.

We found that the optimality of annual targets was robust to
PEP access within the range from 64 to 84% (Fig. S8C). If PEP
access ranges from 34% to 64%, which is the case for other
settings in India, the optimal target would rise to 300,000 dogs,
and if PEP access falls between 6% and 34%, the optimal target
would rise further to 400,000 dogs. If PEP access drops below 6%,
the optimal strategy switched to a combined strategy of vaccination
and female sterilization, with an annual target of 400,000 dogs. By
contrast, the optimal strategy was insensitive to changes in the
proportion of patients receiving intradermal vaccines vs. the more
expensive i.m. vaccines (Fig. S8D) or plausible variation in the
DALY incurred per dog bite (Fig. S8E).

In the base case, we assume that PEP administration practices
would not change for nonrabid dogs bite victims. However, because
canine vaccination reduces the risk of rabies, communication
between physicians and veterinarians regarding the true risk to
victims could reduce wasteful PEP allocation. Specifically, if 50%
of nonrabid bite injuries could be identified as such, and unnecessary
PEP, therefore, is not administered to these bite victims, $300,000
could be saved annually in Tamil Nadu. We further predicted that,
if these savings were allocated to expand owner-driven central
point campaign targets from the base case optimum of 400,000
dogs to an annual target of 600,000 dogs, 21 additional lives
would be saved over 10 y in Tamil Nadu. As an additional
comparison, we calculated the health impact of shifting the en-
tire current budget for PEP to canine vaccination, a cost-neutral
change. If the entire amount of $1.7 million spent annually on
PEP was instead dedicated to owner-driven central point vacci-
nation campaigns, these campaigns could achieve the vaccination
of 700,000 dogs per year and reduce annual human deaths to 24, a
70% reduction.

Discussion

In this cost-effectiveness analysis for rabies control in India, we
found that canine vaccination is more efficient than combined
vaccination and sterilization. This finding is counter to the
combined strategy advocated by the Animal Welfare Board of
India (24) and currently implemented in Jaipur. With a target of
200,000 stray dogs vaccinated annually, canine vaccination is pre-
dicted to cost-effectively control rabies in Tamil Nadu. However,
we also found that, if owners are willing to bring their dogs to the
vaccination teams, central point vaccination campaigns could more
efficiently achieve rabies control than stray capture strategies.
Although the optimal campaign style or strategy type may de-
pend on operational parameters, it is clear across a range of
plausible parameters and assumptions that canine interventions are
an efficient method for the control of human rabies in Tamil Nadu.

Fitzpatrick et al.

An annual vaccination target of 200,000 stray dogs corresponds
to ~13% of the canine population, which is highly feasible to
implement in Tamil Nadu and other settings in India. Showing
that an effective rabies control strategy is both cost-effective and
feasible is paramount to the decision of policymakers to imple-
ment the program. The 70% coverage recommended by the WHO
globally as well as targets recommended in sub-Saharan Africa (19,
20) deterred rather than inspired the implementation of such
policies in India as a result of perceived infeasibility. As elaborated
below, a combination of factors underlies the efficiency of the
lower target for Tamil Nadu: first, the relatively low transmissibility
of rabies in Tamil Nadu; second, the success of the state’s PEP
program; and third, the expense of catching stray dogs.

First, we estimated the reproductive number R of rabies in
Tamil Nadu to be 1.41, implying that a single rabid dog will infect
1.41 additional dogs in the absence of intervention, consistent
with values observed in other contexts (32-34). This low trans-
missibility corresponds to a critical threshold of vaccination
coverage less than 30%. Although this coverage is higher than
the status quo, it can nonetheless be feasibly reached and sus-
tained with a modest intervention.

Second, Tamil Nadu has made a commitment to provide PEP
for dog bite victims (11), and PEP is a remarkably efficient and
life-saving intervention (35, 36). Despite the availability of PEP
in Tamil Nadu, human rabies deaths continue to occur in the
state. Given that the ICER measures the marginal benefit of
adding additional interventions beyond the status quo program
of PEP, the ICERSs of canine intervention will be more favorable
in regions where PEP is less available. For example, fewer than
one-half of bite victims completed a PEP regimen in the neigh-
boring state of Karnataka (37). As our sensitivity analysis shows,
lower PEP accessibility translate to higher optimal annual targets
(i.e., the ICER for canine interventions becomes more favorable
as status quo mortality burden of rabies rises).

Third, using personnel to catch stray dogs is more expensive
than having owners bring dogs to a central location. Central
point vaccination campaigns have been successful in sub-Saharan
Africa and Latin America (6, 29, 30). Our scenario analyses in-
dicated that, if owners are willing to bring their dogs to the campaign
team, a higher annual target for canine vaccination becomes
optimal. For example, the optimal annual target increases from
200,000 to 300,000 dogs if a daily average of 25 dogs can be
accessed per vehicle. An alternative operational plan might in-
volve interspersing days dedicated to owner-driven central point
vaccination with those dedicated to stray capture. Although there is
evidence that owner participation may be much less viable in India
than elsewhere (38, 39), our results nonetheless suggest that central
point vaccination campaigns deserve additional piloting and evalu-
ation in India, with assessment of costs and owner participation rates.

The greater impact on rabies of the combined strategy for a
given annual target is driven not by a reduction in the stray
population through sterilization, which is only minimal, but by
two epidemiological factors. First, sterilization dampens canine
population turnover, such that fewer dogs need be vaccinated to
maintain a specific vaccination coverage. Second, dogs can be
inefficiently revaccinated annually in vaccination campaigns but
not in combined campaigns, because the latter involves veteri-
nary staff qualified to permanently mark the dogs. In our base
case, these benefits are not sufficient to justify the costs incurred
by surgical sterilization. However, canine immunocontraceptives
currently under development (40) may dramatically reduce ster-
ilization costs (9). Our sensitivity analysis highlights that even a
small improvement in the speed and efficiency of canine sterili-
zation would make combined strategies of vaccination and female
sterilization optimal.

Combined strategies may be optimal under specific circum-
stances, potentially the combination of higher cost-effectiveness
thresholds than recommended by the WHO and another plau-
sible scenario (for example, if either rabies reintroduction rate or
the dog to human bite rate was double their base case estimates).
In these cases, focusing sterilization efforts exclusively on female
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Fig. 4. Compartmental model structure. The Tamil Nadu canine population of
~1.5 million dogs was stratified into owned and stray strata. Within the stray
stratum, dogs were classified as neither sterilized nor vaccinated (Ss), vaccinated
but unsterilized (Vs), sterilized and vaccinated males (Ms), sterilized and vacci-
nated females (Fs), or sterilized but immunologically susceptible females
(Xs), the result of vaccine failure. Sterilized but immunologically susceptible
males are identical to dogs in the Ss class. Owned dogs were classified as either
susceptible (Sp) or vaccinated (Vo). Unvaccinated dogs can become infected
with rabies, whereupon they enter a latent phase (E) and then, progress to
infectious phase (/). Infectious dogs do not recover, because rabies is inevitably
fatal. Humans (Sy) become exposed to rabies (E;) through bites from an
infectious dog. Vaccine-protected canine epidemiological states are blue,
and all other canine states are green. Human epidemiological states are
yellow. Solid arrows indicate the transition of individuals between com-
partments, and dashed arrows represent rabies transmission.

dogs is clearly more efficient compared with strategies in which
males are also sterilized. Although it is straightforward that a
campaign that incurs the costs of male sterilization without pro-
viding any demographic or epidemiological benefit would be less
efficient than an equivalent campaign that only sterilized females,
we included this strategy in our analysis, because it is currently
standard procedure in urban campaigns throughout India. The
standard operating procedure for canine vaccination and steriliza-
tion campaigns distributed by the Animal Welfare Board of India
states that limited resources should be directed primarily to the
sterilization of females (24). However, veterinary teams are com-
pensated equally for the sterilization of male and female dogs, and
male sterilization is simpler than female sterilization. Consequently,
there is a misalignment between compensation incentives of indi-
vidual practitioners and optimal policies from a societal perspec-
tive. Our analysis shows the significant cost savings that could be
achieved by an intervention that exclusively sterilizes females.
These savings may be particularly large for Tamil Nadu, where
females are estimated to be only one-quarter of the canine
population (27). If the decision is made to implement sterili-
zation, we would recommend the design of an incentive struc-
ture for campaign teams and veterinarians that prioritizes
female sterilization.

We conducted sensitivity analyses on the proportion of stray
dogs, because the statewide estimate of 42% is subject to empirical
uncertainty. This uncertainty arises from potential heterogeneity
between villages, fluidity in the definition of dog ownership in
India, and lack of independent validation. Our sensitivity analyses
showed that, at WHO-recommended cost-effectiveness thresholds,
the efficiency of the optimal annual targets is robust across the
range considered of 30-70% compared with 42%. At higher cost-
effectiveness thresholds, decisions become somewhat more
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sensitive to the proportion of stray dogs. Specifically, at the
$20,000 per DALY threshold, the optimal strategy remains
vaccination of 400,000 dogs annually from 30 to 60% stray dogs,
switching to a combined strategy of vaccination and sterilization
targeting 400,000 dogs annually at 70% stray dogs. Thus, if Tamil
Nadu is willing to invest in canine vaccination significantly beyond
the targets suggested by the WHO cost-effectiveness criteria, it
would be ideal to verify the proportion of stray dogs with ecological
mark and recapture canine studies, which have been conducted in
Tanzania (41).

In the first year, the full benefits of canine intervention for hu-
man health have yet to be realized. However, capital costs must be
invested in the first year, leading to relatively high cost-effectiveness
ratios for canine vaccination programs in the first year. In the
years proceeding initial investment, with lower annual costs and
full realization of the impact on incidence, cost-effectiveness
ratios based on cumulative costs and DALYs averted become
more favorable. In accordance with Generally Accepted Account-
ing Principles, the international standards adopted by government
agencies in India as well as many other countries, we took into
account that capital costs are expected to be incurred every 5y
(42). Consequently, this pattern of 1y of high cost-effectiveness
ratios followed by 4 y of lower cost-effectiveness ratios repeats
over time.

Models of rabies for China and sub-Saharan Africa have
predicted the effectiveness (33, 34, 43) and efficiency (19, 20, 44)
of annual vaccination campaigns, the success of which has been
borne out in practice (30, 45). Given differences between counties,
particularly regarding canine demographics and campaign cost
structure, it is important to tailor evaluations of rabies control
programs to specific settings. Our model considers rabies pro-
grams in one Indian state. In particular, we find that the balance
of local availability of PEP, the status quo vaccination coverage in
owned dogs, and the specific costs of interventions together de-
termine the optimality of more modest and hence, highly feasible
targets for Tamil Nadu than other settings.

For the base case, we assumed perfect protection and lifelong
immunity from rabies after vaccination, consistent with canine
challenge experiments and longitudinal studies, albeit that they
were conducted for up to 3y (46, 47), which approximates the av-
erage canine lifespan in India (26). However, there is speculation
that locally manufactured vaccines in Tamil Nadu are less effica-
cious. Nevertheless, we found that the optimal strategy is robust to a
reduction in vaccine-mediated protection arising from either lower
initial efficacy or waning efficacy.

Given that our analysis was conducted from the perspective
of the state government in Tamil Nadu, which provides the
interventions, there are additional positive externalities that we
conservatively did not incorporate. For instance, additional
economic costs are incurred by individuals because of travel
and lost income for those seeking PEP treatment as well as
from the loss of livestock after attacks from rabid dogs (1).
Rabies also provides a challenge for species conservation as
evidenced by rabies outbreaks that decimated populations of
spotted deer in India (48-50). Our analyses were also conser-
vative with respect to the morbidity associated with dog bite
wounds and trauma, especially among children. Additionally,
sterilization campaigns have been shown to improve the well-
being of sterilized dogs and other dogs in the community (51).
A societal perspective that encompassed these wider costs and
benefits would be expected to judge canine interventions as
even more favorable, likely justifying additional expansion of
intervention targets.

Despite a commitment to PEP, rabies will continue to threaten
human life if unabated in canine populations. Coordination between
different sectors of state government will be fundamental to the
successful control of rabies in Tamil Nadu specifically and India
more broadly. Insofar as rabies control improves human health and
reduces medical costs, the benefits accrue primarily in the human
health sector. However, canine interventions will require the par-
ticipation, expertise, and resources of the Department of Animal
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Husbandry Dairying & Fisheries and the Animal Welfare Board of
India, neither of which have a mandate or funding to address human
health challenges. Tamil Nadu is the first state in India to establish
a coordination One Health committee to address rabies (11). Our
analysis underscores the potential synergy of such cooperation by
showing that the positive externality of canine interventions is both
effective and cost-effective from the perspective of reducing human
rabies alone. We find potential for additional efficiencies if agency-
level coordination could be duplicated at the provider level, with
local doctors and veterinarians communicating about the true risk of
rabies exposure posed by a particular dog, thereby reducing PEP
wastage. We also find that human rabies can be virtually eliminated
with a much more moderate investment than anticipated (9). Fur-
thermore, the successful implementation of canine vaccination in
Tamil Nadu could serve as an example of cost-effective rabies con-
trol for similar settings within and beyond India.

Methods

We developed a compartmental model of canine demography and rabies
transmission parameterized with empirical data from Tamil Nadu and
India. We compared three rabies control approaches: (/) vaccination only,
(ii) combined strategies of vaccination and sterilization, and (i) combined
strategies of canine vaccination and sterilization for females only. We evaluated
these approaches across a range of intervention magnitudes, with strategies
focused primarily on captured stray dogs in the base case and then extended to
evaluate owner-driven mass vaccination campaigns. The costs of interventions
and PEP were inflated from their valuations in earlier years to 2015 Indian ru-
pees (INRs) and then converted to 2015 US dollars (USDs) at the 2015 exchange
rate of 66.768 INRs to 1 USD (52). We evaluated the health impact of rabies
mortality and dog bite morbidity in terms of DALYs, a metric that scores an
individual’s health in a given year across the range from zero (death) to one
(perfect health). We predicted the costs and benefits that were likely to
accrue from the state government perspective over 10 y assuming a standard
3% annual discount rate in the base case. We applied the WHO-recommended
threshold for cost-effectiveness, which deems strategies very cost-effective
or cost-effective when they confer health benefits at cost per DALY that is
less than the per capita GDP of a country or three times the per capita GDP,
respectively (28). For India, the 2015 thresholds were $1,582 per DALY and
$4,746 per DALY, respectively (53). In alternative scenarios, we varied both
the discount rate (1-3%) and the timeframe (5-20 y).

Epidemiological and Demographic Model. The Tamil Nadu canine population
of ~1.5 million dogs was stratified into 58% owned and 42% stray strata
according to canine census data from Tamil Nadu (27) (Fig. 4 and S/ Text).
Immunologically, dogs were classified as either susceptible or vaccinated. Within
the stray stratum, dogs were additionally classified as sterilized males, sterilized
females, or unsterilized (Fig. 4). Susceptible dogs could become infected with
rabies, whereupon they enter a latent phase and then progress to infectious.
Infectious dogs did not recover, because rabies is inevitably fatal. Humans became
exposed to rabies through bites from an infectious dog. In the base case, the
canine rabies vaccine was assumed to elicit complete and lifelong protection,
consistent with empirical studies (54). In a scenario analysis, we evaluated a canine
vaccine at only 80% efficacy, such as has been suspected for the rabies vaccine
produced in Tamil Nadu, which could arise either from lower initial efficacy
or waning. Also in the base case, we assumed a steady rabies reintroduction
rate of 0.25 rabid dogs per day into the infectious compartment (S/ Text)
based on the average distance between primary and secondary rabid dog
infections and the geography of Tamil Nadu (S/ Text).

Stray dogs were all susceptible at birth, but an empirically parameterized
proportion of owned dogs was born into the vaccinated class, with the remainder
susceptible. Stray dogs were subject to a constant death rate as well as a density-
dependent death rate that increases as the stray population reaches its carrying
capacity according to the Verhulst logistic equation (55). Additionally, we
assumed that owned dogs would become stray as the former reached its
carrying capacity, with dogs maintaining their epidemiological status. The
differential equations underlying the model (Dataset S1) were solved in
continuous time in R (56) with the package deSolve (57). Code is available
on request.

Parameters, Fitting, and Predictions. Canine demographic and rabies natural
history parameters were drawn from published literature (S/ Text and Table S3).
Using Bayesian Markov Chain Monte Carlo procedures (58), we estimated the
dog to dog transmission rate 4 and the dog to human bite rate 3, for Tamil
Nadu, specifying flat priors over plausible domains. We constructed the
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likelihood function to evaluate the probability of the 2014 reported human
rabies mortality data and the probability of the 2005 autopsy data using bi-
nomial and Poisson distributions around model simulations for the years 2014
and 2005, respectively, and a normal distribution around g, (S/ Text):

e n! 1 (@-p?
L(h,k,n,qllp,po6)=—r—X——— k 1- n—k =
(h, k. n,qld p,u,0) == i —kiP (1-p) x—=¢

where h = 65, the number of 2014 cases reported in Tamil Nadu; k = 3 and
n = 6,264 parameterize the historical Tamil Nadu human rabies mortality from
a regional autopsy study (2); and x4 = 0.51 and ¢ = 0.03 are the mean and the
variance of the bite rate, respectively, estimated from Tanzanian contact-
tracing data (20, 32, 33). The parameters 1 and p represent the model estimates
for human rabies under current and historical PEP coverage, respectively, and
q represents the model estimate for the dog to human bite rate. From h, the
annual human rabies deaths predicted by the model for the year y, 2 = 0.8h2014
to account for the underreporting of the typically misdiagnosed “nonfurious”
human rabies cases (2, 14), and P = 0.8h,p0s/d, Where d = 495,378, the overall
annual mortality in Tamil Nadu.

In 2005, the state government of Tamil Nadu committed to making PEP
available for all dog bite victims at health clinics. For model simulations of the
human rabies burden in 2005, also the year in which the autopsy studies were
conducted (2), we assumed that the commitment had not yet been fully
enacted and specified a prior distribution for PEP coverage with a mean of 48%
(Table S3) based on national surveys conducted in 2003 (59). Despite the current
commitment and streamlined PEP distribution system (11), not all bite victims
seek care (2, 14). We used the current childhood vaccination coverage of 83% as
a proxy for access to healthcare and assigned an equivalent coverage for PEP
for more recent time points and base case predictions.

In each predictive simulation, we drew 1,000 samples from the joint posterior
parameter distribution. For every parameter set drawn, we predicted rabies
incidence for status quo and each intervention evaluated. We parameterized our
base case with values that maximized the likelihood of the data.

Interventions. In the sensitivity analyses, we varied PEP access between 0%
and 100% compared with the base case of 83%. We specified that 34% of
owned dogs are vaccinated under status quo in accordance with regional dog
ownership surveys (59).

We considered annual intervention targets for stray capture programs
ranging from 100,000 to 500,000 dogs. Combined with the dogs vaccinated by
their owners, this range of stray dog vaccination corresponds to population-
level vaccination coverage of ~25-50%. For canine vaccination, we assumed
that stray dogs are caught without regard to previous vaccination status. For
combined strategies of vaccination and sterilization, dogs are marked by
veterinarians and not recaptured in subsequent years (S/ Text). Male and
female dogs were assumed to be caught in numbers proportional to pop-
ulation composition. Specifically, females make up only 24% of the canine
population in Tamil Nadu as measured in the national livestock census (27).
We compared strategies in which all caught dogs are vaccinated, marked,
and sterilized with strategies in which all caught dogs are vaccinated and
marked but only females are vaccinated. We assumed that the efficiency of
capture declines with reductions in both the overall population size and the
proportion of dogs remaining unsterilized (S/ Text).

To model the impact of female sterilization on dog population growth, we
reduced the per capita canine fertility rate by the proportion of female dogs
sterilized. We did not adjust the fertility rate in response to the sterilization of
male dogs. The standard operating procedure for sterilization campaigns in
India suggests that limited resources be focused on sterilizing females, be-
cause an unsterilized male dog may impregnate several females (24). Male
sterilization was considered, because it is implemented in India by many
veterinarians, who are compensated by the government for the procedure,
as a component of rabies control programs. Our analyses quantify the costs
that are essentially wasted on these procedures.

Cost of Interventions. The costs of PEP and canine interventions were primarily
derived from a previous compilation in Tamil Nadu, with some adjustments
that took into account recent developments on the ground (9) (Table S4).
Specifically, in our base case, we assumed that the proportion of dog bite
victims who receive the intradermal regimen (vs. the more expensive i.m.
regime) is 0.33, consistent with the regional assessment (9). Given recent
initiatives to promote intradermal PEP (11), we also varied this proportion
from zero to one in sensitivity analyses. We updated the percentage of dog
bites classified as Category Il and treated with expensive Igs from 63% [as
assessed in 2004 (59) and used in the previous compilation of costs (9)] to
57% [as measured in 2011 (60)]. The percentage of bite victims treated with
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Igs decreases as more patients access PEP overall, because patients who
would not have previously sought treatment are less likely to have severe
wounds, the criterion for Ig application. We assumed that the fixed costs
associated with training health workers to administer PEP as well as program
management were unaffected by canine interventions.

The previous compilation of Tamil Nadu canine intervention costs assumed that
the entire canine population of 1.5 million dogs would be targeted for vaccination
or both vaccination and sterilization (9). To adjust for target size of the proposed
interventions, we proportionally reduced the capital costs for shelters, vehicles,
and staff (S/ Text). According to the international guidelines for financing and
accounting as stipulated by the generally accepted accounting principles (42), we
assumed that these capital costs would be incurred at the initiation of imple-
mentation and then, every 5 y. There is a fixed cost for the annual survey of the
canine population, irrespective of the rabies intervention approach. Per dog costs,
such as for the vaccine or veterinary care, were multiplied by the number of
animals vaccinated and/or sterilized in a given year. We conducted a sensitivity
analysis on the price of the canine vaccine, because it may be negotiable or vary
over time. For female sterilization, we assumed that the same number of vehicles
but fewer shelters would be required compared with sterilization of both males
and females. In the former strategy, both male and female dogs would be caught
by campaign teams, but the costs of surgical sterilization and recovery would only
be incurred for females. We also assumed a minimum of 32 shelters (one per
health district) given the large territory to be covered.

Human Health Outcomes. We quantified human health outcomes using
DALYs. Human rabies is inevitably fatal, and DALYs from mortality were
calculated using an age distribution for rabies victims (2) and age-specific life
expectancies for India (61). We assumed that bite victims with wounds from
nonrabid dogs severe enough for presentation at a clinic incurred 0.005
(0.002-0.013) DALYs per patient as assigned to short-term open wounds by
the Global Burden of Disease Study (62). This DALYs estimate is likely con-
servative given that some wounds may be much more severe. In sensitivity
analyses, we considered DALYs per dog bite to range from 0.001 to 0.05.

Cost-Effectiveness Analysis. For the base case analysis, we excluded all strongly
dominated strategies defined as those for which an alternative strategy
would avert more DALYs at equal or lower cost. We calculated the ICER for
each nondominated strategy, (C; — C)/(D. — Ds), where C; and C, are the
predicted costs for a strategy and its comparator, respectively, and Ds and D,
are the predicted DALY burdens for a strategy and its comparator, re-
spectively. The comparator of a strategy is identified as the next non-
dominated strategy that is only incrementally less costly. After initial ICERs
are calculated, strategies with a putative ICER that is higher than the ICER of
a more costly strategy are deemed weakly dominated and excluded. ICERs
for the remaining strategies are recalculated accordingly. These remaining
strategies define the efficient frontier of the cost-effectiveness plane.
According to the criteria of the WHO (63), any strategy that averts a DALY at
an ICER below the per capita GDP of India is very cost-effective, and any
strategy with an ICER three times higher is cost-effective.

To incorporate parameter uncertainty into our analysis, we conducted a
probabilistic sensitivity analysis using a net health benefits approach (64, 65). The
net health benefits approach uses a cost-effectiveness threshold, indicating a
societal willingness to avert DALYs up to a maximum cost per DALY, to convert
the cost of a strategy and the health benefits conferred into a single metric. Net
health benefits are calculated by dividing the cost of a strategy by the cost-
effectiveness threshold summed with the DALYs averted. For each of 1,000
parameter sets drawn from the joint posterior distribution, we identified the
strategy that conferred the most net benefits at a given cost-effectiveness
threshold. We then tabulated the probability that each strategy would confer
the most net benefits, and the strategy with the highest probability was con-
sidered “optimal” at that threshold (66). We conducted this analysis across cost-
effectiveness thresholds ranging from $1 to $30,000 per DALY.
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Scenario and Sensitivity Analyses. If owners brought dogs to a central point,
campaign efforts could be shifted away from dog capture, such that many more
dogs might be accessed each day. Thus, we conducted a scenario analysis to
examine the possibility that central point vaccination campaigns might be more
efficient than campaigns focused on stray dogs. Although no country-specific
operational costs for central point campaigns are available for India, we con-
sidered that fewer vehicles and their associated costs would be required to reach
a given annual target. For stray capture programs, campaign teams were
assumed to be able to capture 10 stray dogs daily based on the experience of
urban sterilization campaigns in other Indian states (9). A recent central point
vaccination campaign in Malawi recorded that six-person teams were able to
vaccinate, at most, 150 owned dogs daily (31), suggesting that the four-
person vaccination teams (as has been the protocol in other Indian states)
might be able to vaccinate as many as 100 dogs daily. Therefore, we evaluated
the optimal central point campaign strategy at daily access rates per team
ranging from 0 to 120 dogs in increments of 5 dogs. We considered annual
intervention targets for central point vaccination of owned dogs ranging from
100,000 to 900,000 dogs. We assume that 34% of owned dogs continue to be
vaccinated at birth. Central point campaigns vaccinate dogs without regard to
previous vaccination status, reflecting the potential for owners to avail
themselves of free campaigns instead of paying for private veterinary revacci-
nation and that this potential becomes greater as campaign targets expand.
We applied a probabilistic net benefits approach as described above, holding
the cost-effectiveness threshold constant at the WHO threshold of $4,746
per DALY and instead, varying the daily number of dogs accessed per team.
We conducted sensitivity analyses regarding the reintroduction rate, the
rate at which rabid dogs bite humans (85), and canine vaccine efficacy as well
as the percentages of female and stray dogs. For each scenario, the entire
parameter set was refit for the alternative scenario. As each parameter
under investigation was varied in turn, we set the other parameters to their
base case prior distributions or point estimates. Using parameter sets fitted
for each scenario and additional scenarios with alternative discount rates
and timeframes, we conducted a probabilistic uncertainty analysis across a
range of cost-effectiveness thresholds as above. To assess sensitivity to DALYs
incurred by bites from nonrabid dogs, access to PEP, the proportion of dog bite
victims receiving intradermal vaccines, and the price of the canine vaccine, we
conducted a one-way sensitivity analysis and identified the optimal strategy as
defined for the scenario analysis of daily access rates also as above.

Through One Health practices implemented at the provider level, commu-
nication between physicians and veterinarians regarding the true rabies risk to
victims has the potential to reduce wasteful PEP allocation. We calculated the
monetary savings that could be achieved if such communication resulted in a 50%
reduction in the provision of PEP for nonrabid bite injuries. We identified the
expansion from the optimal annual canine vaccination target that could be
afforded through application of these funds to canine programs and the resultant
lives saved. As a separate analysis, we calculated the health impact of shifting the
entire current budget for PEP to canine vaccination, a cost-neutral shift.
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Model Parameters. We parameterized a total carrying capacity of
1.65 million dogs separated into carrying capacities of 950,000 and
700,000 dogs for owned and stray populations, respectively, based
on a livestock census for Tamil Nadu in 2012 (27). We estimated
the canine fertility rate by combining the sex ratio for dogs in
Tamil Nadu (27) with per female fertility data from Jodhpur (26).
We defined prior distributions for the incubation and infectious
periods of canine rabies with means of 22.5 and 3.1 d, respectively,
consistent with the epidemiological literature (31). Canine vac-
cine coverage for owned dogs was parameterized as 34% from
dog owner survey responses for India (58). We assumed 100%
canine vaccine efficacy in the base case, because clinical trials of
canine vaccines have shown perfect efficacy against rabies for at
least the 3-y duration of the studies (46, 47). Because the canine
vaccines currently used in Tamil Nadu are suspected to have
imperfect efficacy, we tested the sensitivity of our results to this
parameter with a scenario of lower efficacy (considered at 80%).

Because Tamil Nadu borders restrict animal movement only
minimally, if at all, the reintroduction of infectious dogs from
surrounding areas is likely to present a challenge to any rabies
control program. Rabid dogs have been observed to stay primarily
within 5 km of the site of their infection (31), and we estimated
that ~2% of the land border of Tamil Nadu is within 5 km of the
border. We, therefore, assumed that 1% of the equilibrium
number of rabid dogs per year could be land importations and
that an additional 0.5% could be imported through ports or
other human-mediated travel. The annual equilibrium number
of rabid dogs is ~6,000, and therefore, the reintroduction rate
calculated for the base case was 0.25 rabid dogs per day. We
evaluated the sensitivity of our predictions to this assumption as
a one-way scenario analysis. We did not include the import or
export of nonrabid animals.

In the base case, the prior distribution for the rate at which a
rabid dog bites a human has a mean of 0.51 bites per rabid dog
from observations in rural Tanzania (Table S3) (20, 31). One
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assumption of this estimate was that rabid dogs that disappeared
from the system died and were not the same dogs reappearing
with no known source of infection. The alternative assumption,
that disappearing and imported cases of rabies are the same
dogs, leads to an average bite rate of 0.91 (31), and we use this as
an alternative value in scenario analyses.

Interventions. Interventions were modeled continuously throughout
the year. To model canine vaccination, £pSg/(365 X Ns) was moved
daily from the susceptible stray class (Ss) to the vaccinated stray
class (Vs), where ¢ is the efficacy of the canine vaccine, and p is the
annual target. For a combined target of ¢, female dogs transitioned
from S to Fi at rate e¢ and from Ss to X at rate (1 — €)@, whereas
male dogs moved from Sg to My at rate €¢. For combined strat-
egies, we assumed that the efficiency of the campaign teams in
capturing unsterilized animals declined as these animals became a
smaller proportion of the population, which is described in the
equation for A(fr) (Dataset S1).

Cost of Interventions. The costs of canine interventions have been
estimated for Tamil Nadu previously (Table S4) (9). We adjusted
the costs to the scale of the proposed interventions, generally
assuming that no less than 32 surgical recovery shelters (one per
health district) would be constructed for combined interventions
and that the veterinary team at each shelter could sterilize up to
six dogs per day. We assumed a minimum of one vehicle per
shelter, three dog catchers, and one driver per vehicle and a
maximum of 10 successfully caught and vaccinated dogs per
vehicle daily (9). We took into account that, if only female dogs
are sterilized, only female dogs need to recover at shelters. A
statewide program with 32 shelters and 96 vehicles (3 vehicles
per shelter) could catch an average of 8.3 dogs and sterilize an
average of 6 dogs per workday per shelter to reach an annual
target of 200,000 dogs. If both male and female dogs are steril-
ized, 134 shelters and 134 vehicles would be required to meet the
same target within Tamil Nadu.

O
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CV 100K CVS 100K

Annual DALYs incurred (bites from rabid dogs)
Annual DALYs incurred (bites from non-rabid dogs)
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o

Fig. S1. DALY components and total over time for the status quo (gray lines), expanding targets of exclusive canine vaccination (CV; blue lines of progressively
deeper shades), and expanding targets of combined canine vaccination and sterilization (CVS; red lines of progressively deeper shades). In accordance with our
assumptions, the epidemiological impact of canine vaccination and female sterilization is identical to the epidemiological impact of CVS. (A) Annual DALYs
from rabid dog bites (both rabies morbidity and dog bite mortality), (B) annual DALYs from nonrabid dog bites, and (C) total annual DALYs.
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Fig. S2. Annual rabies costs during intervention period in 2015 USD and undiscounted. (4) Costs of canine rabies interventions. (B) Cost of PEP administration.
(C) Total costs (sum of A and B). Rabies programs evaluated include maintaining the status quo (PEP provision for 83% of rabid dog bite victims and 34% canine
vaccination by owners; gray lines), exclusive canine vaccination (CV; blue lines of progressively deeper shades), combined canine vaccination and sterilization
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Fig. $3. Sensitivity analysis on the optimal target for central point vaccination campaigns given the daily number of dogs able to be vaccinated by the team.
Acceptability curves delineate the probability that a strategy is optimal. For each of 1,000 predictive simulations, only one strategy can be optimal at a given
daily rate—but that optimal strategy may vary from simulation to simulation as a consequence of sampling from parameter uncertainty. Each curve depicts the
probability that a strategy would confer the greatest net health benefit across a range of daily rates estimated by the proportion of simulations in which that
strategy was optimal at each rate. Rabies control strategies evaluated include maintenance of the status quo (gray lines) and expanding targets for owned
canine vaccination (green lines of progressively deeper shades). The vertical dotted and dashed lines indicate the rate observed for stray capture campaigns
elsewhere in India and the central point rate observed in Malawi (10 and 100 dogs vaccinated daily), respectively.
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Fig. S4. Sensitivity of strategy optimality to discount rate and timeframe. The probability that each strategy is optimal across a range of cost-effectiveness
thresholds was evaluated for combinations of annual discount rates of (A, D, and G) 1%, (B, E, and H) 3%, and (C, F, and /) 5% and timeframes of (A-C) 5,
(D-F) 10y, and (G-/) 20 y. Rabies programs evaluated include maintenance of the status quo (gray lines), expanding targets for exclusive canine vaccination
(CV; blue lines of progressively deeper shades), and expanding targets of combined canine vaccination and female sterilization (CVFS; red lines of progressively
deeper shades). Canine vaccination with sterilization of both males and females is never optimal and is not shown here. The vertical dotted and dashed lines
indicate the WHO thresholds for very cost-effective and cost-effective strategies in India ($1,582 and $4,746 per DALY), respectively.
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Fig. S5. Sensitivity of strategy optimality to rabies reintroduction rate. The probability that each strategy is optimal across a range of cost-effectiveness
thresholds was evaluated for rabies reintroduction rates from 0 (4), 0.125 (B), and 0.5 (C) rabid dogs per day in the entire state of Tamil Nadu (current canine
population size of 1.5 million dogs). Rabies programs evaluated include maintenance of the status quo (gray lines), expanding targets of exclusive canine
vaccination (CV; blue lines of progressively deeper shades), and expanding targets of combined canine vaccination and female sterilization (CVFS; red lines of
progressively deeper shades). Canine vaccination with sterilization of both males and females (CVS) is never optimal and is not shown here. The vertical dotted
and dashed lines indicate the WHO thresholds for very cost-effective and cost-effective strategies in India ($1,582 and $4,746 per DALY), respectively.
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Fig. S6. Sensitivity of strategy optimality to rabid dog to human bite rate. The probability that each strategy is optimal across a range of cost-effectiveness
thresholds was evaluated for an alternative assumption regarding missing contact tracing data on rabid dog outcomes yielding an estimate of 0.99 bites per
rabid dog (base case: empirical estimate of 0.51) (a detailed explanation is in S/ Text). Rabies programs evaluated include maintenance of the status quo (gray
lines), expanding targets of exclusive canine vaccination (CV; blue lines of progressively deeper shades), and expanding targets of combined canine vaccination
and female sterilization (CVFS; red lines of progressively deeper shades). Canine vaccination with sterilization of both males and females is never optimal and is
not shown here. The vertical dotted and dashed lines indicate the WHO thresholds for very cost-effective and cost-effective strategies in India ($1,582 and
$4,746 per DALY), respectively.
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Fig. S7. Sensitivity of strategy optimality to canine vaccine efficacy. The probability that each strategy is optimal across a range of cost-effectiveness
thresholds was evaluated for an alternative canine vaccine efficacy of 80% (base case: 100% vaccine efficacy). Rabies programs evaluated include maintenance
of the status quo (gray lines), expanding targets for canine vaccination alone (CV; blue lines of progressively deeper shades), and expanding targets for
combined canine vaccination and female sterilization (CVFS; red lines of progressively deeper shades). Canine vaccination with sterilization of both males and
females is never optimal and is not shown here. The vertical dotted and dashed lines indicate the WHO thresholds for very cost-effective and cost-effective
strategies in India ($1,582 and $4,746 per DALY), respectively.
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Fig. S8. One-way sensitivity analysis of key economic parameters: (A) price of the canine vaccine; (B) number of sterilizations per day that a veterinary team
has the capacity to perform; (C) access to PEP; (D) percentage of bite victims receiving intradermal (vs. i.m.) vaccines; (E) DALYs incurred per dog bite. Shading
indicates the optimal program for a particular parameter combination. Rabies programs evaluated include maintenance of the status quo (SQ; gray areas),
expanding targets of exclusive canine vaccination (CV; blue areas of progressively deeper shades), and expanding targets of combined canine vaccination and
female sterilization (CVFS; red areas of progressively deeper shades). The optimal target within each area is stated in the text, and dashed lines indicate the
empirically estimated base case value for the parameter.
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Fig. S9. Sensitivity of strategy optimality to sex ratio in the canine population. The probability that each strategy is optimal across a range of cost-effec-
tiveness thresholds was evaluated for scenarios where females make up 30% (A) and 40% (B) of the canine population (base case: empirical estimate of 24%).
Rabies programs evaluated include maintenance of the status quo (gray lines), expanding targets of exclusive canine vaccination (CV; blue lines of progressively
deeper shades), and expanding targets of combined canine vaccination and female sterilization (CVFS; red lines of progressively deeper shades). Canine
vaccination with sterilization of both males and females (CVS) is never optimal and is not shown here. The vertical dotted and dashed lines indicate the WHO
thresholds for very cost-effective and cost-effective strategies in India ($1,582 and $4,746 per DALY), respectively.
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Fig. $10. Sensitivity of strategy optimality to the percentage of dogs that are stray. The probability that each strategy is optimal across a range of cost-
effectiveness thresholds was evaluated for 30% (A), 50% (B), 60% (C), and 70% (D) stray dogs (base case: 42%). Rabies programs evaluated include main-
tenance of the status quo (gray lines), expanding targets for canine vaccination alone (CV; blue lines of progressively deeper shades), and expanding targets for
combined canine vaccination and female sterilization (CVFS; red lines of progressively deeper shades). Canine vaccination with sterilization of both males and
females (CVS) is never optimal and is not shown here. The vertical dotted and dashed lines indicate the WHO thresholds for very cost-effective and cost-ef-
fective strategies in India ($1,582 and $4,746 per DALY), respectively.

Fitzpatrick et al. www.pnas.org/cgi/content/short/1604975113 8 of 11


www.pnas.org/cgi/content/short/1604975113

L T

/

1\

BN AS  PNAS D)

Table S1. Epidemiological parameters for predictions
Sensitivity range
Variable Description Base case  95% Prediction interval* or scenarios Source
1/o Canine rabies incubation 22.0 19.9, 24.8 — Ref. 32
period (days)
1o Canine rabies infectious 3.32 2.82, 3.35 — Ref. 32
period (days)
B Canine rabies transmission rate 0.426 0.423, 0.503 — Fit (Methods)
e Canine vaccine efficacy 100% — 80% Ref. 47
¢ Canine intervention rate 0 — 100,000-500,000 Control variable
(dogs per year)
n Vaccination coverage in owned 0.34 0.33, 0.35 — Ref. 59, p. 26
dogs before intervention
u" Canine death rate (years”) 0.32 0.22, 0.38 — Ref. 54
Q Proportion of canine population 0.24 — 0.3;04 Ref. 27
that is female
3 Proportion of canine population 0.76 — 0.7; 0.6 Ref. 27
that is male
P Annual pregnancy rate for 0.475 — — Ref. 54
female dogs
A Median litter size 5 — — Ref. 26
Ko Carrying capacity, owned dogs 950 — 495; 660; 825; 1,155 Ref. 27
(thousands)
Ks Carrying capacity, stray dogs 700 — 1,155; 990; 825; 495 Ref. 27
(thousands)
X Rabies reintroduction rate 0.25 — 0; 0.125; 0.5 Assumption
(rabid dogs per day)
Human health
outcomes
Bu Humans bitten per rabid dog 0.506 0.443, 0.566 — Ref. 32
PEP Historical PEP coverage® 0.446 0.446, 0.513 — Ref. 59, table 17
p(rab) Probability of developing rabies without PEP 0.159 0.156, 0.161 — Refs. 35 and 67

*Variables without prediction interval use the base case value in all simulations.
TPosterior distribution for historical (2003) PEP coverage is reported here for completeness. Because the state of Tamil Nadu has specific initiatives to improve
PEP access, current PEP coverage values are assumed to be equivalent to current coverage with the diptheria-tetanus-pertussis vaccine (DTaP) (Table S3).

Table S2. Health, economic, and cost-effectiveness results for the base case

Canine Annual target Cumulative canine Cumulative PEP Cumulative total ICER* ($US
intervention (dogs) intervention costs* ($US) costs* ($US) costs* ($US) DALYs* per DALY)
Status quo 0 0 14,341,778 14,341,778 17,008 NA

cv 100,000 11,894,017 14,064,424 25,958,440 6,090 1,064
CVFS 100,000 16,729,500 14,058,256 30,787,757 6,032 Dominated
v 200,000 18,673,827 14,021,802 32,695,629 4,390 3,964
[@V) 100,000 19,846,416 14,058,256 33,904,673 6,032 Dominated
CVFS 200,000 23,112,076 14,005,948 37,118,025 4,148 Dominated
v 300,000 25,453,638 14,004,323 39,457,960 3,691 9,663
CVFS 300,000 31,975,814 13,976,308 45,952,122 3,340 Dominated
v 400,000 32,233,448 13,994,568 46,228,016 3,299 17,300
cVs 200,000 34,570,416 14,005,948 48,576,364 4,148 Dominated
v 500,000 39,013,258 13,988,247 53,001,505 3,045 Dominated
CVFS 400,000 39,823,800 13,959,046 53,782,846 3,007 25,869
CVFS 500,000 47,569,015 13,950,173 61,519,188 2,828 43,283
[@V) 300,000 48,760,212 13,976,308 62,736,520 3,340 Dominated
[@V 400,000 60,296,928 13,959,046 74,255,973 3,007 Dominated
CcVs 500,000 71,548,677 13,950,173 85,498,850 2,828 Dominated

CV, canine vaccination; CVS, canine vaccination and sterilization of males and females; CVFS, canine vaccination and female steril-

ization;

NA, not applicable.

*Cumulative over 10 y; discounted at 3% annually.
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Table S3. Prior distributions for epidemiological parameters

Prior distribution or base

Variable Description case value* Source

1/a Canine rabies incubation period (days) N (3.1, 0.128) Ref. 32

s Canine rabies transmission rate Uninformative —

€ Canine vaccine efficacy 100% Ref. 47

n Vaccination coverage in owned dogs before intervention B (2,879, 5,621) Ref. 59, p. 26

u Canine death rate (years™) N (0.3, 0.04) Ref. 54

1/o Canine rabies infectious period (days) N (22.3, 1.28) Ref. 32

Q Proportion of canine population that is female 0.24 Ref. 27

5) Proportion of canine population that is male 0.76 Ref. 27

p Annual pregnancy rate for female dogs 0.475 Ref. 54

) Median litter size 5 Ref. 26

Ko Carrying capacity, owned dogs 950,000 Ref. 27

Ks Carrying capacity, stray dogs 700,000 Ref. 27

X Rabies reintroduction rate (rabid dogs per day) 0.25 Assumption

Human health
outcomes
Bu Humans bitten per rabid dog N (0.51, 0.03) Ref. 32
PEP Historical PEP coverage B (439, 477) Ref. 59, table 17
% Probability of bite to head or neck Mult (3,882, w = 0.0178) Ref. 67
> Probability of bite to upper extremity 0.3150 Ref. 67
w3 Probability of bite to trunk 0.0242 Ref. 67
g Probability of bite to lower extremity 0.6430 Ref. 67
P1 Probability of rabies given bite to head or neck 0.55 Ref. 35
P2 Probability of rabies given bite to upper extremity 0.22 Ref. 35
pP3 Probability of rabies given bite to trunk 0.09 Ref. 35
Pa Probability of rabies given bite to lower extremity 0.12 Ref. 35

*Variables without distributions use base case values throughout model fitting. Mult, multinomial distribution.
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Table S4. Economic parameters

Item Value Source
Healthcare costs
Proportion of patients receiving I1gG 0.57 Ref. 60
Cost of procuring IgG $5.24 Department of Public
Health, TN
Wastage rate of I9G 0.15 Ref. 9
Proportion of patients receiving ID PEP 0.33 Ref. 9
Outpatient visits per ID patient 4 Ref. 9
Vials of ID PEP used per visit 0.2 Ref. 9
Outpatient visits per i.m. patient 5 Ref. 9
Vials of i.m. PEP used per visit 1 Ref. 9
Cost of procuring single vial of ID or i.m. $1.87 Department of Public
Health, TN
Wastage rate of vials 0.3 Ref. 9
Health system cost for outpatient visit $1.32 Ref. 63
Training, education, and surveillance $1,029,648 Ref. 9
Canine intervention costs (all campaigns)
Cost per vehicle $7,686 Ref. 9
Dog-catching equipment per vehicle $66 Ref. 9
Annual salary for one driver per vehicle $3,960 Ref. 9
Annual salaries for three dog catchers per vehicle $9,743 Ref. 9
Workdays per year 250 Assumption
Maximum no. of dogs caught per vehicle per day 10 Ref. 9
Kilometers per workday per vehicle 100 Ref. 9
Running cost per 1 km $0.12 Ref. 9
Training cost per 1,000 dogs $160 Ref. 9
Dog survey $599,541 Ref. 9
Antirabies vaccine dose $0.57 Ref. 9
Canine sterilization costs
Maximum dogs sterilized per shed per day 6 Ref. 9
Capital cost per shed $4,951 Ref. 9
Annual water and electricity per shed per year $33 Ref. 9
Veterinarian and paraveterinarian expenses per $5.27 Ref. 9
female dog sterilized
Veterinarian and paraveterinarian expenses per $3.62 Ref. 9
male dog sterilized
Medicine per female dog sterilized $5.21 Ref. 9
Medicine per male dog sterilized $3.55 Ref. 9
Admitted days per female dog sterilized 7 Ref. 9
Admitted days per male dog sterilized 4 Ref. 9
Cost of dog food per day $0.33 Ref. 9

Costs are in 2015 USD. ID, intradermal; TN, Tamil Nadu.

Other Supporting Information Files

Dataset S1 (PDF)
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Dataset S1: Model Equations
Posterior parameter distributions, used in predictions, can be found in Table SI.

Prior distributions are located in Table S4.
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where ag and ag are daily birth rate for owned and stray dogs respectively. Ng =
Ss+ E+ 1+ Fg+ Vs+ Mg+ Xg is the stray dog population and Np = Sp + Vp is
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We used hill function of the form,
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such that fy is the starting population of fertile females, fr is the current population

h(fr) =

of fertile females. The constant m is set to 28, which hits the target of 90% efficiency
when fr = 0.1f,.



