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Background: Rabies is a neglected disease, primarily due to poor detection
stemming from limited surveillance and diagnostic capabilities in most countries.
As a result, there is limited ability to monitor and evaluate country, regional, and
global progress towards the WHO goal of eliminating human rabies deaths by
2030. There is a need for a low-cost, readily reproducible method of estimating
rabies burden and elimination capacity in endemic countries.

Methods: Publicly available economic, environmental, political, social, public
health, and One Health indicators were evaluated to identify variables with strong
correlation to country-level rabies burden estimates. A novel index was developed
to estimate infrastructural rabies elimination capacity and annual case-burden for
dog-mediated rabies virus variant (DMRVV) endemic countries.

Findings: Five country-level indicators with superior explanatory value represent
the novel "STOP-R index:" (1) literacy rate, (2) infant mortality rate, (3) electricity
access, (4) political stability, and (5) presence/severity of natural hazards. Based on
the STOP-R index, 40,111 (95% CIl 25,854 -74,344) global human rabies deaths are
estimated to occur in 2022 among DMRVV-endemic countries and are projected
to decrease to 32,349 (95% Cl 21,110-57,019) in 2030.

Interpretation: The STOP-R index offers a unique means of addressing the data
gap and monitoring progress towards eliminating dog-mediated human rabies
deaths. Results presented here suggest that factors external to rabies programs
influence the successes of rabies elimination, and it is now possible to identify
countries exceeding or lagging in expected rabies control and elimination
progress based on country infrastructure.

rabies—epidemiology, evaluation, country infrastructure, human rabies deaths, rabies
surveillance, dog-mediated human rabies elimination, dog-mediated rabies, rabies
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Introduction

Rabies is a zoonotic disease that causes fatal encephalitis in
humans if timely post-exposure prophylaxis (PEP) is not received
(1-3). The global burden of the disease is momentous, affecting
human health, animal health, and economic sectors (4). Though pre-
and post-exposure prophylaxis are effective when utilized as
recommended by the World Health Organization (WHO) (5), globally
an estimated 59,000 human deaths occur each year, incurring an
estimated 8.6 billion USD in economic losses (4). Rabies virus presents
one of the highest risks for zoonotic disease spillover, and human
deaths from rabies can be attributed to a complex combination of
individual and systemic factors (6). These factors include: lack of local
disease surveillance, underreporting or under-ascertainment of
human exposure incidences, limited access to PEP, and low risk
perception of disease severity and the necessity of PEP after a probable
exposure event (1, 7, 8). Disparities in the accessibility of rabies PEP,
often due to affordability and availability of vaccines, contribute to the
global disease burden with greater impact in more impoverished,
rural, or marginalized communities (4, 9, 10).

The dog-mediated rabies virus variant (DMRVV), transmitted
predominantly through dog bites, is the most common source of
human rabies infections (11). Robust public health measures have
shown empirical success at controlling rabies in dog populations,
including widespread vaccination of dogs and management of free-
roaming dog populations (12-15). In 2018, the World Health
Organization (WHO), the World Organization for Animal Health
(WOAH, formerly known as OIE), the Food and Agriculture
Organization of the United Nations (FAO), and the Global Alliance
for Rabies Control (GARC) established a global initiative for the
elimination of dog-mediated human rabies deaths by the year 2030
(“zero by 2030” or “ZB30”) (16). To monitor progress towards this
goal and identify areas to maximize the impact of investments, it is
critical to understand rabies burden and elimination capacity at
country and regional levels.

The most commonly cited estimate of the global burden of rabies
is based on country-reported data, reflective of a single time point
(2013), modeled to derive burden estimates. This approach is difficult
to update regularly due to cost, time, and data availability (4, 9).
Global data repositories, such as the WOAH World Animal Health
Information System (WAHIS) and WHO Global Health Observatory
(GHO), receive voluntary reports of human and animal rabies cases
(17, 18). However, rabies incidence data, when available, is typically
acquired from passive surveillance systems, which capture rabies
exposures and infections in individuals who are brought to the
attention of healthcare providers or veterinarians; underrepresenting
the true disease burden (19). Several studies have shown that passive
public health systems under-detect human rabies cases by 10-100-fold
and animal case by >1,000-fold (20-22). Even if case detection were
improved, reporting of cases to global repositories has low
participation rates, thereby obscuring any data that may
be available globally.

Thus, relying on one-time estimations, burdensome survey
methods, and voluntary country reporting to surveillance repositories
is not adequate to monitor progress towards the elimination of
dog-mediated human rabies. Alternative, complementary burden
estimation methods are necessary to overcome these data limitations
(23-25). Monitoring the ZB30 goal requires effective monitoring of
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rabies trends at a periodicity that can inform global policy, at a
reasonable cost. Monitoring trends in rabies epidemiology would help
prioritise intervention methods, funding allocations, and
improvements in healthcare services that are required to eliminate
dog-mediated human rabies deaths by 2030. Therefore, there is a need
for a low-cost, readily reproducible method of estimating rabies
burden and elimination capacity in endemic countries.

In this study, a novel rabies index, the “STOP-R index,” was
developed to estimate the rabies elimination potential and annual
case-burden for all DMRVV-endemic countries. Given that accurate
rabies surveillance data is routinely cited as a gap in nearly all endemic
countries, our approach focused on assessing regularly collected and
publicly available economic, environmental, political, social, public
health, and One Health indicators. This type of data was evaluated to
identify critical variables that have a strong correlation to country-
level rabies burden estimates. This index makes it possible to evaluate
the annual rabies burden and project future changes in disease burden
at the country and regional levels. The five pillars of rabies elimination
established by the WHO, WOAH, FAO, and GARC were used as a
framework for this model, incorporating indicators that represent
each pillar: Social, Technical, Organizational, Political, and Resource
determinants (26). The specific aims of this study are to (1) determine
if routinely available country-specific indicators can accurately predict
dog-mediated human rabies burden, (2) create a novel index to
estimate the current state of rabies elimination capacity, and (3)
project trends in rabies elimination capacity and burden from 2022
to 2030.

Methods

Identification of countries eligible for
analysis

Countries were eligible for inclusion in this analysis if they (1) had
a recorded history of enzootic DMRVYV (currently or historically
enzootic), (2) have a national population greater than 100,000 people,
and (3) had at least one empirically derived point estimate of rabies
control capacity available in the selected global database.

Countries with human populations less than 100,000 were not
considered for the analysis to prevent confounding results introduced
by outliers such as small nations and isolated islands, as the approach
to and success rate of canine rabies elimination was not thought to
be similar to those required of larger endemic countries. Eligible
countries were not weighted by human population or other country-
specific parameters; each country eligible for this study was considered
an equal observation when determining factors associated with
rabies status.

Identification of country-level
measurements of dog-mediated rabies
elimination capacity

A landscape review of global databases reflecting rabies
elimination capacity or burden revealed four established resources: (1)
WHO Global Health Observatory’s rabies assessment (27), (2) the
Human Development Index’s correlation with dog rabies vaccine
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coverage and elimination (12), (3) 2015 Global Burden Study (4), and
(4) outputs from country Stepwise Approach to Rabies Elimination
(SARE) workshops. After qualitatively comparing country-level
representativeness, relevance to the objectives of this study, and
comparing subject matter expert opinions, country-specific
parameters from the 2015 Global Burden Study were selected as the
most appropriate values for the characterization of rabies control
capacities (4). Three indicators from this study were selected as the
most relevant for characterizing country capacities to control
DMRVV: human rabies death rate (per 100,000 population),
proportion of rabies exposures treated with PEP, and dog vaccination
coverage (4). Each variable was transformed to reflect the relative
value scaled from 0 to 100, with zero representing the most preferable
value in the dataset (reflecting lower human rabies death rates, higher
proportion of rabies exposures treated with PEP, and higher dog
vaccination coverage) and 100 reflecting the least preferable value in
the dataset (reflecting higher human rabies death rates, lower
proportion of rabies exposures treated with PEP, and lower dog
vaccination coverage). These three variables were combined through
equal weighting summation and then re-scaled to reflect a value
within the defined parameters. The resulting variable, referred to as
the Global Burden Study-Rabies Susceptibility (GBS-RS) score, served
as the dependent variable in this analysis. If a country eligible for
analysis eliminated DMRVV prior to 2015, its GBS-RS score was set
to zero. A lower GBS-RS score was assumed to reflect that the country
is closer to rabies elimination while a higher GBS-RS score was
assumed to reflect that the country is further from achieving
rabies elimination.

Identification and selection of
infrastructure indicators

Indicators that influence the success of dog-mediated rabies
elimination programs have been previously described as aligning with
five categorical determinants (28): (1) Social, (2) Technical, (3)
Organizational, (4) Political, and (5) Resource (Table 1).

A landscape analysis was conducted to identify routinely
collected, standardized, globally available infrastructural
indicators aligned with the STOP-R determinants (Table 1).

10.3389/fvets.2023.1147543

Bivariate linear regressions were conducted for the identified
infrastructural indicators with GBS-RS score as the dependent
variable. Results from bivariate regressions informed the use of
each infrastructural indicator in multivariate analysis. Inclusion
criteria for multivariate modelling of the infrastructural indicators
included five considerations:

1. Infrastructural indicator must be available for the majority of
eligible countries (n=153).

2. A priori determination of plausibility that the indicator would
impact dog-mediated rabies elimination capacity.

3. The bivariate association between the indicator and the
GBS-RS; R? values greater than 0.7 were considered highly
correlated and therefore prioritized for model inclusion.

4. Indicator must not exhibit collinearity or high correlation with
other indicators selected; when this occurred, subject matter
experts determined inclusion of the indicator in the
multivariate model.

5. Indicator must be aligned with the intent of at least one of the
five determinants of rabies elimination from the ‘Global
Framework for the Elimination of Dog-Mediated Human
Rabies’ (STOP-R).

Missing values among indicators selected for analysis were
replaced with the country’s United Nations-designated sub-regional
average. Indicators for which a 2015 value was not available, the year
closest was used for the analysis (2015).

Development and assessment of a novel
rabies index using STOP-R indicators

Infrastructural indicators were tested for multicollinearity by
regressing the indicators against GBS-RS score. Collinearity was
considered to exist if an indicator’s condition index was greater
than 30 and two or more indicators showed variance
decomposition proportions greater than 0.5. After removing
indicators to address collinearity, a multivariate linear regression
model was created to estimate the relationship between the

selected infrastructural indicators and the country GBS-RS score.

Table 1 Description of the WOAH-defined five determinants of rabies elimination (STOP-R).

Determinant Category (WOAH-

Description?
defined five pillars of rabies
elimination)

Social Determinants

Rabies control involves a wide range of stakeholders, including the general public. The socio-cultural context influences
rabies perception and dog-keeping practices. Understanding the context guides approaches to motivate behavioral change

and plan feasible delivery of services.

Technical Determinants

Effective animal health and public health systems are required to eliminate dog-mediated human rabies. These systems

must be strengthened and resourced appropriately, and gaps identified and filled.

Organizational Determinants

The One Health approach of close collaboration is applied. Leadership, public/private Partnerships, and coordination for

rabies elimination activities are informed by the human health and animal health sectors and other stakeholders.

Political Determinants

Success is dependent on political climate and support for the elimination of dog-mediated human rabies. Political will

results from recognition of rabies elimination as a national, regional, and global public good.

Resource Determinants

Rabies elimination activities frequently span several years and therefore require sustained, long-term support.

*Adapted from WHO; WOAH; FAO; GARC (28).
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Several indicators that were not significantly associated with
GBS-RS score in bivariate analyses were included in the fully
adjusted multiple linear regression model based on a priori subject
matter opinion (i.e., Natural Hazard Score, GARC Professionals).
To achieve a parsimonious model, backwards elimination was
conducted to reduce model parameters until reaching ‘best fit’
measured by adjusted R? value, model value of p, and Akaike
information criterion (AIC) (29). Criteria to consider during
backwards elimination included the following:

1. Indicator significance value of p cutoff of <0.05.

2. If removal of an indicator caused the model’s adjusted R*
(indicator of models fit) value to change > 1%, the indicator
was kept in the model.

3. Atleast one independent indicator from each STOP-R category
(from the ‘Global Framework for the Elimination of
Dog-Mediated Human Rabies’) must remain the model,
regardless of the data element’s significance (based on value of
pand R?).

4. Final model must show a lower AIC value (indicator of model’s
fit) than fully adjusted model.

Dummy variables were added into the final model to differentiate
between the regional effects of Asia and Africa, the regions containing
the highest human rabies death rates, compared to other regions. The
final parsimonious model represents a novel rabies infrastructure
index, the “STOP-R index” and enables estimation of annual country-
specific rabies susceptibility scores. Lower STOP-R index values
suggest that a country has infrastructure that is more conducive to
supporting rabies control, whereas higher STOP-R index values
suggest that a country has infrastructure that is less conducive to
supporting rabies control efforts.

Country-specific STOP-R index values were regressed against
their respective 2015 GBS-RS scores and the associated linear
trendline and 95% prediction interval of the trend was determined.
Country estimates that fell within the 95% prediction interval were
considered to have developed rabies control capacity consistent
with their expected infrastructural capabilities (classified as
“aligned with infrastructural expectations”). Countries with higher
GBS-RS scores compared to the STOP-R index values were
considered to have lesser developed rabies control capacity than
their infrastructural capabilities would suggest (classified as
“lagging infrastructural expectations”). Countries with lower
GBS-RS scores compared to the STOP-R index values were
considered to have overcome barriers in infrastructural capabilities
and developed rabies control capacity that exceeds expectations
(classified as “exceeding infrastructural expectations”).

Projection of expected rabies control
progress and human deaths in 2030

To assess expected gaps and successes in the elimination of
dog-mediated human rabies deaths, the five selected STOP-R index
indicators were projected to the year 2030 on the country and
sub-regional level (Supplementary Files 1-5). To do this, each
indicator in the final STOP-R multivariate model underwent a
country-level trend analysis in which ten preceding years of available
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data were analyzed for best-fitting trend functions, as evaluated by
model R? value. The trend functions were used to project the STOP-R
model indicators’ values into the year 2030, and the STOP-R model
equation was used to calculate country indices, using these values, for
each year from 2022 to 2030.

For countries which are not DMRVV-free, country STOP-R index
values were compared with human rabies death rates estimated by the
Global Burden Study published in 2015 (4). Region-specific models
were compared with country-aggregate models. The best-fitting
functional region-specific equations, assessed by residuals standard
error, f-statistic, and R?, were selected to represent the association
between the STOP-R index and rate of human rabies deaths (per
100,000 population) (4). These functional equations were used to
calculate country-specific human rabies deaths and death rates.
Exponential/natural logarithm and polynomial functions showed high
relatedness based on R* value and were further evaluated to determine
the best-fitting functions to calculate projected death rates
(Supplementary Table 3). Residuals were calculated by subtracting the
resulting STOP-R death rate by the Global Burden Study death rate
for each country. Plots of the residuals by the STOP-R death rate were
analyzed for each functional equation, as were the resulting global
human rabies death estimates.

The final models were selected based on three factors: (1) a high
R? value when comparing the Global Burden Study human rabies
death rate to the STOP-R index, (2) a high R* value when comparing
the residuals to the STOP-R death rate, and (3) a global rabies death
estimate derived from the STOP-R index that was consistent with
the current estimate used by the WHO to characterize global rabies
burden, 59,000 (4). Country-specific dog-mediated human rabies
deaths and accompanying 95% confidence intervals were calculated
by applying STOP-R death rates by the projected country population
during the years 2022 to 2030 (Supplementary Figure 1), while
accounting for changing human populations during this time (30).
It was assumed that improvements in the STOP-R index value would
not immediately reflect gains in rabies control capacity. Therefore,
death estimates were calculated based on a 5-year lag in STOP-R
value (e.g., a 2015 STOP-R value would reflect the expected human
rabies death rate in 2020) (12). Changes in country and sub-regional
STOP-R index values were examined with consideration of the
WHO?’s 2030 elimination goal, and a STOP-R index “cutoft” was
determined to mark the expectation of DMRVV-freedom for
previously DMRVV-endemic countries (16). Bivariate and
multivariate modelling was performed using SAS v9.4 (SAS Institute,
Cary, NC, United States) and trend projections were calculated using
Microsoft Excel (Microsoft Corporation, Redmond, Washington,
DC, United States).

Results

Identification of eligible countries for
analysis

Analysis was conducted on 153 countries that fit all inclusion
criteria for analysis; 46 had eliminated DMRVV and 107 were endemic
for DMRVYV, as indicated in the 2015 Global Burden Study (4). Of the
18 UN-designated sub-regions represented by those 153 countries, 4
(Northern America, Northern Europe, Southern Europe, and Western
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Europe) had no countries with a presence of dog-mediated human
rabies deaths as of 2015 (31).

Identification of country-level
measurements of dog-mediated rabies
elimination capacity

With a possible range of 0-100, GBS-RS scores were calculated
for 107 endemic countries and set as 0 for 46 countries that
eliminated dog-mediated human rabies deaths. The average GBS-RS
score was 28.9 with a range of 0-100 among all 153 countries
included in the analysis. The average score was 41.4 with a range of
10.1-100 among only the 107 countries with a presence of
DMRVV. Among the endemic countries, the proportion of
unvaccinated dogs contributed to 63% of the GBS-RS score, human
rabies death rate contributed to 24% of the GBS-RS score, and
inaccessibility of rabies PEP contributed to 13% of the GBS-RS score
(Figure 1). These distributions varied by sub-region.

Identification of infrastructural indicators

Thirty economic, environmental, political, social, public health,
and One Health indicators fit the inclusion criteria for independent
variables (Supplementary Table 1). Of the thirty indicators, ‘Animal
Welfare, ‘Pets per Vet, ‘Veterinary and other Services for Pets; and
‘Household Spending on Pets’ were removed from the analysis due to
poor data completeness (Figure 2). The ‘Healthcare Access and
Quality (HAQ) index’ was removed because it is a composite indicator
consisting of data elements that are individually represented in the
model. Bivariate models ran on the remaining 25 indicators showed
varying levels of associations between the indicators and GBS-RS
score, with R? values ranging from 0.31 t0 0.85 (Supplementary Table 2).
After testing for multicollinearity, the ‘Human Development Index’
and ‘Birth Rate’ indicators were removed.

T T T

Global -
Western Europe B Unvaccinated Dogs

Southern Europe O Inaccessibility of PEP

Northern E
orthern Europe [0 Human Rabies Deaths

Northern America

Eastern Europe
Central America
South America
Eastern Asia
Caribbean
Western Asia

Central Asia

Northern Africa
Southeastern Asia

Southern Africa

Southern Asia
Middle Africa
Eastern Africa

-

Western Africa

0 10 20 30 40 50 60 70 80
Global Burden Study—Rabies Susceptibility (GBS-RS) Score

FIGURE 1

Distribution of average Global Burden Study-Rabies Susceptibility
(GBS-RS) Score components among countries included in analysis
by sub-regions.
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Development and assessment of a novel
rabies index using STOP-R indicators

Multivariate linear regression modelling conducted on the
remaining 23 indicators had an AIC of 744.5 and showed a good
model fit with an adjusted R* value of 0.86 (Table 2). The model
resulting from backwards elimination, including a variable to
differentiate between the regional effects of Asia and Africa, contained
one indicator from each STOP-R category, had an AIC of 731.4, and
showed a good model fit with an adjusted R* value of 0.86. The
indicator ‘Natural Hazard Score’ was the only indicator remaining in
the final STOP-R model after backwards elimination that was not
significantly associated with GBS-RS score, but was kept in the final
model as the most significant representative within the ‘Resource’
category of determinants. The final model shows that GBS-RS score is
positively associated with increases in infant mortality and frequency
of natural hazards. Conversely, there is a negative association between
GBS-RS score and decreases in literacy rate, political stability, and
electricity access. In summary, capacity to eliminate rabies is expected
to be lesser in countries with high rates of infant mortality, high
frequency of natural hazards, lesser political stability, lower access to
electricity, and lower literacy rates.

The final, fully adjusted model yielded the following coefficients
to calculate country-specific STOP-R indices:

STOP-R index values among DMRVV-endemic and DMRV V-free
locations ranged from —3.0 to 91.5 on the country level and from —0.5
to 69.2 on the sub-regional level for the vyear 2015
(Supplementary File 6). When the STOP-R index was compared to the
GBS-RS score to determine how countries are performing in rabies
control based on their infrastructural capabilities, excluding countries
considered to be rabies-free, 28 countries (18%) were classified as
‘exceeding infrastructural expectations, 28 countries (18%) were
classified as ‘lagging infrastructural expectations, and 47 countries
(31%) were classified as ‘aligned with infrastructural expectations’
(Figure 3). A STOP-R index of 10 was assumed to represent a marker

STOP-R Index=

75.4 - (0.3*Literacy Rate) + (0.3*Infant Mortality
Rate) - (0.4*Electricity Access) — (2.7* Political
Stability) + (0.3*Natural Hazard Score)

+14.6 IF country in Asia

+7.8 IF country in Africa.

for the expectation of DMRV V-elimination upon examining trends in
STOP-R index values for DMRV V-free countries in Figure 3, with 50
countries expected to be free from dog-mediated human rabies deaths
based on their country infrastructure and rabies control capacity
(Supplementary File 8).

Projection of expected rabies control
progress and human deaths in 2030

Projected STOP-R index values are predicted to increase for 12

countries from 2022 to 2030, indicating that country infrastructural
capabilities are not expected to improve. STOP-R values are predicted to
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Social

[1] Human Development
Index

[2] Urban Population

[3] Household Spending
on Pets

[4] Literacy Rate

[5] Animal Welfare

[6] Urbanization Rate

[7] Predominant Religion

30 Variables Considered for Analysis

Technical Organizational
[QI],::‘I]Z{:::ES [16] Drinking Water Access
[10] Obesity Rate [17] Electricity Access
Mlolrte]llli?;alil;te [18] Dependency Ratio

[12] Rate of Immuniza-

tion of Measles [19] Sanitation Facility Access

[13] Inpatient
Healthcare Utilization

[14] Outpatient
Healthcare Utilization

[15] HAQ Index

Political

[20] Health Expenditure

[21] Education Expenditure
[22] Political Stability

[23] Control of
Corruption

[24] Border Risk Index

Resource

[25] Population Below the
Poverty Line

[26] Natural Hazard Score

[27] GARC Professionals

[28] Pets per Vet

[29] Veterinary Workforce

[30] Veterinary and Other
Services for Pets

[8] Birth Rate

‘Animal welfare’ variables [3] [5] [28] [30] removed due to data quality

Variables [1] [8] removed due to collinearity

FIGURE 2

Rabies Control.

25 Variables
Modelled in
Bivariate Analyses

23 Variables
Modelled in
Multivariate Analysis

5 Remaining Variables Comprise the STOP-R Model

Social Technical Organizational Political Resource
[4] Literacy [11] Infant [17] Electricity [22] Political [26] Natural Hazard
Rate Mortality Rate Access Stability Score

Independent variable selection process for bivariate and multivariate modelling. HAQ=Healthcare Access and Quality; GARC=Global Alliance for

Composite variable [15] not considered for multivariate model

18 variables removed during backwards selection

decrease for 136 countries, indicating that country infrastructural
capabilities are expected to improve (Figure 4A; Supplementary File 6).
On the sub-regional level, projected STOP-R index values decreased for
all sub-regions containing endemic countries between 2022 and 2030,
other than Northern America and Western Europe whose STOP-R index
values are the same for those years (Supplementary File 7). Of
sub-regions that are not DMRV V-free, the sub-region with the lowest
projected STOP-R index in 2030 was Northern Europe and the
sub-region with the highest was Western Africa.

Several models were compared to estimate human rabies deaths
based on the STOP-R index model (Supplementary Table 3). Log-log
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functions were selected as the best fitting equations to calculate
projected human rabies death rates for Asia and Africa, individually
(Figure 5). A polynomial function of the fourth order was selected as
the best fitting equation to calculate projected human rabies death
rates for all other countries. These region-specific models showed
better fit than aggregate, non-region-specific functions.

The country level projected human rabies death rate per 100,000
people in 2030 is estimated to range from 0.03 (95% CI 0.02-0.06) to
6.9 (95% CI 4.9-9.0; Figures 4B). Based on the STOP-R index, 40,111
(95% CI 25,854-74,344) human rabies deaths are estimated to occur
in 2022 among DMRVV-endemic countries and are projected to
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TABLE 2 Infrastructural indicator selection resulting in the STOP-R index model.

|e 3o apedeuog

22UaI05 AleulialaA Ul SIS0

L0

610 uISI13UO0L

Indicator Indicator STOP-R Fully adjusted model STOP-R backwards elimination model
number* category** (Adj. R? =0.86) (Adj. R? =0.86)
95% ClI 95% ClI
p Coefficient p Coefficient p-Value
Lower Upper Lower Upper
Intercept 57.3 16.2 98.4 0.007 75.4 55.3 ‘ 95.5 ‘ <.0001
2 Urban population 0.0 —0.1 0.2 0.73
4 Literacy rate -0.2 -0.5 0.0 0.09 -0.3 -0.5 ‘ -0.2 ‘ <.0001
6 Urbanization rate 2.2 -0.3 4.7 0.09
7 Predominant religion
7 Christian -11.9 —19.5 —4.4 0.002
7 Muslim =5.1 -13.0 2.9 0.21
7 Other Referent category
9 HIV/AIDS prevalence -0.3 —-0.8 0.3 0.37
10 Obesity rate -0.2 -0.6 0.2 0.39
11 Infant mortality rate 0.3 0.1 0.6 0.005 0.3 0.1 0.4 0.002
12 Rate of immunization of measles 0.2 0.0 0.4 0.01
13 Inpatient healthcare utilization 21.1 —29.0 712 0.41
14 Outpatient healthcare utilization —0.4 -1.3 0.6 0.46
16 Drinking water access 0.9 -0.5 2.2 0.21
17 Electricity access 0.0 -0.2 0.3 0.70 —0.4 -0.5 -0.3 <.0001
18 Dependency ratio —0.4 —-0.5 —0.2 <.0001
19 Sanitation facility access —-0.1 —0.4 0.1 0.31
20 Health expenditure -0.1 —-0.3 0.1 0.22
21 Education expenditure 0.2 -0.7 1.2 0.60
22 Political stability -3.5 —6.8 -0.2 0.04 -2.7 =5.1 -0.3 0.03
23 Control of corruption -1.8 —5.4 1.7 0.31
24 Border risk Index 0.1 —-0.1 0.3 0.50
25 Population below poverty line 5.0 -10.6 20.7 0.52
26 Natural hazard score -0.3 -1.8 1.1 0.64 0.3 —-0.8 1.5 0.60
27 GARC professionals 0.0 0.0 0.0 0.30
29 Veterinary workforce 0.0 0.0 0.0 0.18
Region
Africa 7.8 1.0 14.7 0.03
Asia 14.6 10.0 19.2 <0.0001
Other Referent category

*Indicator numbers are based on Figure 2.

#*STOP-R category is based on the WOAH-defined five pillars of rabies elimination: S =social determinants, T = technical determinants, O = organizational determinants, P = political determinants, R =resource determinants.
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Projected human rabies deaths and STOP-R index values by country between 2022 and 2030:(A) Estimated STOP-R index values, (B) Estimated human
rabies death rate per 100,000 people, (C) Global rabies deaths*. *Median values shown in legend. Countries in grey not included in analysis; death
estimates were not calculated for countries without dog-mediated rabies virus variant in panels B and C; Mexico considered DMRVV-free as of 2019.
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FIGURE 5
Models selected to achieve human rabies death rates and estimates for (A) Asia, (B) Africa, and (C) all other countries. GBS-RS Score DR=Global Burden
Study-Rabies Susceptibility Score Death Rate.

decrease to 32,349 (95% CI 21,110-57,019) in 2030, assuming
countries’ STOP-R indicator values follow historical and projected
trends (Figure 4C; Supplementary File 9). Considering only
sub-regions containing DMRV V-endemic countries, Southern Asia is
estimated to experience the most human rabies deaths in 2022 with
13,931 (95% CI 7,969-38,362), followed by Western Africa with 9,933
(95% CI 6,934-11,885) and Eastern Africa with 7,492 (95% CI 5,332-
8,987). The same ranking of sub-regions is seen in 2030 sub-regional
human rabies death estimates (Supplementary File 10).

Seven countries which are currently classified as DMRVV-
endemic are projected to have 0 human rabies deaths in 2030 and 34
additional countries are estimated to have less than 10 human rabies
deaths in 2030. Based on projected 2030 STOP-R indices, 17endemic
countries are expected to have infrastructural improvements
consistent with that of rabies-free countries by 2030.

Discussion

Rabies is a neglected disease, primarily due to poor detection
probabilities stemming from limited field-level surveillance and
diagnostic capabilities in most countries. As a result, there is limited
ability to monitor and evaluate country, regional, and global progress
towards the ZB30 goal. A global burden study was conducted in 2013
to estimate the burden of rabies and control capacity for nearly every
endemic country (4). Studies such as these are critically important to
developing effective policies for rabies control, but are expensive and
logistically complicated to replicate on a routine basis. Additionally,
endemic countries seldom report rabies surveillance the WHO
Global Health Observatory, further obscuring the true burden and
cost of dog-mediated rabies; human rabies death estimates were only
reported by 93 of 194 countries in 2017 (18). Recognizing that
widespread improvements in the infrastructure for adequate
surveillance and diagnostic capabilities is unlikely to be realized in
the near future, indirect burden estimations are an unfortunate
necessity to obtain yearly estimates. Indirect estimation methods
using composite indices of better-understood variables are not
uncommon; many composite variables are routinely used to monitor
political, economic, and health outcomes, including the Human
Development Index, Gross Domestic Product, and Environmental
Sustainability Index. This study has attempted to establish one such
indirect estimation for monitoring rabies burden over time, and the
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results reveal a promising method for systematic, annual rabies
burden re-estimation. Until global rabies surveillance and data
sharing systems are improved, these indirect methods provide insight
into progress toward the WHO ZB30 goal.

There have been numerous attempts to estimate dog-mediated
human rabies deaths over the past several decades. Due to
underreporting of human rabies deaths, all of these methods have
relied on mathematical models to derive estimates. Additionally, a
2020 global systematic review of rabies spatial epidemiology data
concluded that the literature currently lacks appropriate methodology
and data to provide an evidence-based approach towards
dog-mediated rabies elimination efforts (32). Various modeling
methods have resulted in a wide variation in annual human death
estimates, ranging from 13,000 to 60,000 (33-35). The methods used
here also rely on mathematical modelling and provide estimates
consistent with previously published point estimates.

One publication, a global rabies burden analysis published in
2015, is consistently referenced for global rabies statistics
throughout literature, the media, and scientific discussions (4). The
authors estimated that globally 59,000 (95% CI 25,000-159,200)
human deaths from rabies occurred in 2015, which is consistently
referred to as an annual, instead of one-time, estimate in a
considerable number of publications (4). Referencing this figure as
a current estimate does not enable the rabies community to
showcase progress towards the elimination of dog-mediated human
rabies deaths since the study’s publication; examples of rabies
control improvements are continuously reported (36-40). Assuming
trends in the STOP-R index values continue as expected and no
major global or national disruptions to these extrinsic and intrinsic
factors occur, there will be an estimated 32,349 (95% CI 21,110-
57,019) human rabies deaths in 2030. Results presented here suggest
that the goal of elimination of dog-mediated human rabies deaths
will not be reached without a significant change in multi-sectoral
interest and support. However, these results should encourage
communities, national governments, and international agencies to
lend focused support for rabies control to address these
infrastructural gaps and follow the lead of countries that have
shown it to be possible to eliminate rabies or overcome
infrastructural challenges.

Five indicators representing the five determinants of the rabies
elimination framework showed superior explanatory value and
were chosen to represent the STOP-R index: (1) literacy rate, (2)
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infant mortality rate, (3) electricity access, (4) political stability,
and (5) presence and severity of natural hazards.

1. Literacy rate, which is associated with increased country
capacity to eliminate rabies, is an indicator of country
educational development. Those in endemic countries are
likely to be more empowered to recognize rabies exposures,
seek PEP, and vaccinate their dogs if they understand why these
public health actions are important (41).

2. Infant mortality, which is associated with decreased country
capacity to eliminate rabies, is a standard indicator of poverty
and a technical determinant reflecting the state of health
systems (42). Countries with relatively high rates of infant
mortality are expected to have increased competition for public
health resources, which may negatively impact the success of a
rabies program.

3. Lower rates of access to electricity are associated with decreased
country capacity to eliminate rabies. Without access to
electricity, the cold chain required for human and dog vaccine
storage cannot be maintained, among other difficulties that
would complicate dog vaccination campaigns, other rabies
control activities, and other One Health activities. Electrical
access likely reflects the broader infrastructure of a country,
and lower infrastructural development would make all aspects
of rabies prevention and control more difficult.

4. Political stability is associated with increased country capacity
to eliminate rabies. Political instability often causes economic
instability, which can cause adverse ripple-effects throughout a
country or region and set back political initiatives like disease
control programs (43).

5. Higher frequency of natural hazards is associated with
decreased country capacity to eliminate rabies. These events
can hamper rabies prevention and control activities in a myriad
of ways; for example, by resulting in the displacement of dog
populations and impeding dog vaccination programs (44).

Extrinsic threats, which likely cannot be controlled to a
meaningful degree by a national rabies control program, include
natural hazards, global political disruptions, and significant economic
disasters. The most basic concern about population disrupting events,
such as global pandemics or natural disasters, is the diversion of
efforts and resources that might otherwise be used for rabies control
activities—as was experienced during the COVID-19 pandemic
(45-47). The incidences of natural catastrophic events are predicted
to increase as global temperatures continue to rise, with most
significant impacts affecting many of the most heavily rabies-affected
countries. The resulting disruption of health programs and
redistribution of public resources will likely be a source of
competition for rabies control efforts in the coming years and decades
(48). Depending on geographic location, some countries are
inherently at greater risk of impact from these extrinsic factors.
Annual re-assessment of the STOP-R indicators and re-estimation of
rabies burden will be even more important as the frequency of these
global emergencies increases.

Intrinsic threats, which are largely under the control or influence
of national governments, consist of deficient investments in key
societal markers: literacy, infant mortality rate, and political stability.
Intrinsic threats require that governments prioritize resources,
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appropriately govern, and show commitment to sustainable
improvements for progress to be achieved. Since advancements in
these intrinsic indicators would likely result in downstream benefits
to rabies control programs, an all-systems approach to advocacy in
which zoonotic disease programs are also considered in societal
investments may offer a means of mutual cross-program synergy (49).

The STOP-R index is a unique tool for assessing rabies burden
because it reflects holistic country infrastructure development
relative to rabies control capacity. This type of analytical process
allows countries to be identified that might be suitable for
prioritizing domestic and international investment in rabies control
activities. For example, a country with a relatively low STOP-R
index value compared to their expected rabies burden (“exceeding
infrastructural expectations”) may reflect a good investment for
rabies control, as they have overcome infrastructural barriers to
develop rabies control capacity. However, these methods cannot
predict several important determinants of a successful rabies
program, including political will, external support, and community
engagement, amongst others. These factors may play a significant
role in countries with the infrastructure to support rabies control
activities but have not yet done so.

It is unlikely that improvements in the core infrastructural
indicators that make up the STOP-R index would immediately result
in changes in rabies control capacity and associated death rates, and it
is also unlikely that there is a standard time delay across all countries.
However, this analysis assumes a 5-year delay from when a STOP-R
index value changes until this change affects the rabies program.
Additionally, it is reasonable to assume that worsening STOP-R values
would more immediately impact rabies control programs compared to
improvements in STOP-R values, as was evident during the COVID-19
pandemic when several countries reported spikes in rabies cases
shortly after rabies control activities were halted (50, 51). The
COVID-19 pandemic temporarily disrupted dog vaccination programs
in many countries; lapsed vaccination campaigns can lead to rapid
declines in vaccine herd immunity and rapidly derail vaccination
program successes that may take years to develop (48). Future
applications of this model to predict changes in rabies burden may wish
to consider different delay periods, particularly in situations where
STOP-R index values are expected to worsen.

While STOP-R is a useful tool for better understanding country,
regional, and global rabies control capacity and burden, it was
created due to the lack of global data on rabies incidence. Therefore,
in countries where evaluations of current rabies capacity and
incidence are available, validated estimates should be used instead
of the estimation method described here. Countries with better
infrastructure that are lacking in rabies control warrant further
investigation to determine specific, underlying reasons for
non-participation in rabies control activities on a case-by-case
basis. This analysis is based on 2015 data, and it is possible that
countries have since achieved elimination of dog-mediated human
rabies deaths, or that countries made significant changes in the
Global Burden Study indicators used here; these changes would not
be reflected in this model, and could lead to erroneous conclusions.
Finally, the development of the STOP-R does not address the pivotal
issue in rabies elimination: poor data quality. Countries should
consider implementing programs that improve field-level data
collection and participate in global data sharing platforms like the
WHO Global Health Observatory.
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This proposed STOP-R index for estimating rabies susceptibility is
not preferred; it is an unfortunate necessity given the weak state of rabies
surveillance in most endemic countries. The STOP-R model appears to
be a robust means of estimating changes in rabies burden and offers a
unique means of addressing the data gap and monitoring progress
towards eliminating dog-mediated human rabies deaths. Results from
this analysis suggest that factors external to rabies programs likely
influence the successes of rabies elimination, and it is now possible to
identify countries that are exceeding or lagging in expected rabies
control and elimination progress based on country infrastructure.
According to the results presented here, the ZB30 goal is unlikely to
be met without a drastic increase in support for rabies control activities
and without fundamental infrastructural improvements in many
endemic countries. However, the rabies community is continuously
changing with attention and expertise from groups that aim to accelerate
progress towards the ZB30 goal. For example, The United Against
Rabies Forum was recently developed to provide the impetus needed to
promote collaboration among technical experts, increase political
engagement, and mobilize resources (52). Committed and continued
injections of energy towards this global goal may ultimately be the
reason for future global elimination success.
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