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ARTICLE INFO ABSTRACT

Keywords: Canine rabies poses a significant risk to humans and animals in Nigeria. However, the lack of reliable tools to
Disparity evaluate the performance of existing canine rabies control programs to inform public health policy decisions
Environmental factors poses a severe obstacle. We obtained canine rabies surveillance data from the National Veterinary Research
E?;i:ir:lology Institute (NVRI) and supplemented these data with rabies diagnoses reported in the published studies from
Rabies Nigeria. To uncover contextual factors (i.e., environmental and sociodemographic) associated with canine rabies
Lyssavirus evidence at the Local Government Area (LGA) level, we classified LGAs in Nigeria into four categories based on
Socioeconomic levels evidence availability (i.e., LGAs with NVRI data or published studies, both, or no evidence). We described the
Zoonosis geographical and temporal variation in coverage. We fitted a multinomial regression model to examine the

association between LGA level canine rabies evidence and potential sociodemographic and ecological de-
terminants of canine rabies evidence. The effective annual testing during the 19 years was less than one dog/
100,000 Nigerian resident-year. Our results showed that 58% of Nigerian LGAs (450/774) had not been targeted
by the existing national rabies surveillance or studies on rabies, including ten states capitals with high human
populations. While 16% (122/774) of Nigerian LGAs concentrated in Taraba, Adamawa, and Abia had canine
rabies evidence from published studies, none of these LGAs was represented in the NVRI rabies surveillance data.
We also observed an increasing trend in rabies evidence over time towards the eastern part of Nigeria. Our
multinomial regression model indicated that education level, poverty, population density, land use and tem-
perature were significantly associated with canine rabies evidence at the LGA level. This study underscores the
value of combining canine rabies evidence from different sources to better understand the current disease sit-
uation for targeted intervention.

1. Introduction Food and Agriculture Organization of the United Nations (FAO), World
Organization for Animal Health (OIE) and the World Health Organiza-
tion (WHO) partnered to support endemic countries towards eliminating

canine-mediated rabies by 2030 [4]. A One Health approach is envi-

Globally, tens of millions of exposures and thousands of human
deaths are attributed to rabies annually. Africa and Asia have the highest

burdens, with over 95% of rabies-associated morbidity and mortality
attributed to domestic dog encounters[1,2]. The 2030 Sustainable
Development Goal 3 called for improvements in health to end the epi-
demics of neglected tropical diseases [3]. Tripartite leadership of the

sioned to improve the quality of data on the occurrence of rabies in
humans and animals, provide better access to postexposure prophylaxis
(PEP) for dog bite victims, enhance community education, and under-
take mass dog vaccination. The Stepwise Approach towards Rabies
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Elimination (SARE) was designed to allow rabies endemic countries to
objectively measure their strengths and weaknesses, using available
canine rabies evidence with scores between 0 and 5. Zero for canine
rabies endemic countries and five signifying freedom from canine rabies
[5,7-32]. Several countries within the Pan-African Rabies Control
Network (PARACON), such as Sierra Leone, Angola, Burkina Faso,
Niger, Guinea-Bissau have a score of zero. In contrast, Namibia has the
highest score of 2.5 [6]. The lack of health care infrastructure invest-
ment in vulnerable communities may result in unreported cases and
unavailability of PEP for human populations at risk, consequently
impacting an efficient evaluation of the progress made towards rabies
prevention and control.

Efficient monitoring of rabies programs depends upon gathering
accurate information on disease occurrence and regular evaluation of
the representativeness of surveillance efforts for cost-effective in-
terventions. Since the first reported human case from Nigeria in 1912,
rabies has remained a significant public health problem [7]. However, in
many endemic countries, the lack of reliable canine rabies evidence to
evaluate the performance of the existing control program poses a sig-
nificant obstacle to understanding the disease burden for targeted in-
terventions. The current SARE score for Nigeria is 1.5, implying a lack of
reliable evidence is hampering the development of a national rabies
control program [5]. This figure is likely to vary across the country, and
a recent scoping review unveiled substantial obstacles in developing
cost-effective risk-based interventions [7].

With regional and state laboratories across Nigeria, the National
Veterinary Research Institute (NVRI) is the foremost institution
responsible for routine rabies testing for all suspect animals [8]. Existing
rabies surveillance information can provide baseline data to measure
progress towards rabies prevention and control, identify weaknesses and
strengths, and make evidence-based recommendations to policymakers.
However, the opportunistic nature of passive surveillance data, pri-
marily associated with sampling design, means that surveillance data
alone cannot provide a robust understanding of canine rabies for cost-
effective management. For example, enhanced surveillance evidence
from several published articles has been used to augment passive sur-
veillance data to better understand the origins of rabies, its distribution
and associated factors in Indonesia [9]. The commission on social de-
terminants of health opined that social factors might influence health
disparities [10]. In a recent study in El Salvador, locations prone to
violence had inadequate reporting of canine rabies, with gang activities
attributed as barriers to effective surveillance [11]. In Zambia, a study
that used surveillance data found that regions with more evidence of dog
bite incidence reported more canine rabies [12]. Areas without sur-
veillance and control might become high-risk zones for rabies virus
perpetuation. Therefore, it is crucial to understand the current scope of
institutional rabies surveillance efforts combined with primary research
studies and evaluate the determinants of such coverage to inform public
health policy decisions in underserved communities.

This study aimed to evaluate geographical and temporal disparities
in canine rabies evidence in Nigeria and quantify ecological and socio-
economic factors that might limit community access to public health
services.

2. Materials and methods

2.1. Geographical classification of canine rabies evidence from NVRI and
primary investigation studies

The NVRI is a parastatal organization under the Federal Ministry of
Agriculture and Rural Development. It is the Nigerian institution in
charge of canine rabies surveillance and diagnosis. The NVRI was
established in 1913 to provide disease surveillance and diagnosis for
animals and, recently, for humans (e.g., COVID-19) across the country
[8]. The NVRI manages rabies surveillance in Nigeria through multiple
outstations and the central diagnostic laboratory. This network consists
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of six zonal and eighteen state laboratories headed by a veterinarian
responsible for surveillance activities across the Federal Capital Terri-
tory (FCT) and the 36 states of Nigeria [13]. All animals suspected of
being rabid (e.g., animals with sudden and severe behavioural changes
or that had bitten an individual without provocation) were euthanized
and either submitted to a zonal or state laboratory for onward submis-
sion to the central diagnostic laboratory at Plateau State or sent directly
[14]. As one limitation, either community individuals or veterinarians
often bore the travel cost for samples submitted either to zonal labora-
tories or central diagnostic laboratories. Upon reaching the central
diagnostic laboratory, the brain was extracted and subjected to Sellers
stain for detection of Negri bodies [15] between 2000 and 2009 or the
direct fluorescent antibody testing (DFAT) following OIE guidelines
between 2009 and 2018 [16]. This study utilized all available canine
rabies surveillance data recorded in hard copy at the central diagnostic
laboratory of the NVRI. Canine rabies surveillance data were collected in
a case report form between 2000 and 2018 (i.e., 19 years of time-series
data). The dataset contained information on the street address of the
origin of the offending dog/where the attack happened. We retrieved
and digitalized these data into a consolidated Microsoft Excel database.

Because people must pay for sample submission, our preliminary
analyses of NVRI surveillance data indicated that the data was biased
towards locations close to the central laboratory. To evaluate factors
associated with potential geographical biases in the NVRI canine rabies
surveillance data, we supplemented official NVRI data with rabies data
from systematically searched, peer-reviewed research articles on dog
and human rabies involving dogs from Nigeria and published between
1990 and 2020. The detailed research protocol and the results of this
systematic review were described previously [7]. In brief, we system-
atically reviewed published articles on rabies from Nigeria using
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines to search (PubMed, Web of Science, Scopus, Goo-
gle scholar) and identify published articles on canine rabies across
Nigeria.

We extracted information on areas where the study was conducted,
determined the sample sources (where available), and contacted authors
for information on sample sources where the details were not available
in the text. Details of identified studies, including institutions where the
study was designed (mostly different from samples sources), the number
of samples collected, and the test outcome using a combination of
diagnostic protocols consistent with the OIE guidelines are presented in
Supplementary information file 1 S1 Table. All studies except one [17]
used the current OIE recommended tests for rabies (Supplementary in-
formation file 1 S1 Table). To investigate the geographical distribution
of rabies evidence across Nigerian LGAs, we overlaid the evidence from
NVRI rabies surveillance and published studies onto a population den-
sity 30 arc-second (~1 km at the equator) resolution raster from the
World Pop project site [18].

2.2. Environmental, socioeconomic, and epidemiological variables

Nigeria is divided into six geopolitical zones, with 774 Local Gov-
ernment Areas (LGAs). For this study, LGAs were considered as the
spatial unit of analysis. Information on the type of rabies evidence and
determinants of the type of evidence were aggregated to the LGA level.
Rabies surveillance generally exhibit clustered distributions reflecting
geo-temporal variation in the presence and density of susceptible and
infected hosts and associated contact rates, topographic, climatic, and
sociocultural factors and distribution of disease prevention and control
factors [19,20]. Therefore, the availability of evidence was likely to
depend on variables such as land cover types, elevation, education,
poverty distribution, and public access to veterinary and health care. For
this study, we obtained a poverty raster map of the proportion of people
per grid square living in poverty in Nigeria at approximately 1 km res-
olution [21]; a literacy raster map showing the proportion of men and
women aged 15-49 per grid square as literate in Nigeria at
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approximately 1 km resolution [22]; an urban extent grid (v.1) showing
the proportion of rural and urban areas in the LGA, extracted from the
Global Rural-Urban Mapping Project (GRUMP v.1, [23]; and population
density 30 arc-second (~1 km at the equator) resolution from the World
Pop project (https://www.worldpop.org/about). Elevation (at 10-m
resolution) and mean temperature data were extracted from World-
Clim (v.2). To obtain a proxy for access to dog vaccination (with the
assumption that distance to the veterinary hospital was inversely related
to vaccine access), we geolocated veterinary hospitals/clinics in Nigeria
using Google Earth and calculated Euclidean distance from the nearest
veterinary clinic (https://www.google.com/earth/) and distance to
road networks (mean distance in meters) from DIVA-GIS, because, in
Nigeria, dogs are generally vaccinated at veterinary hospitals/clinics.
Land cover types were obtained from DIVA-GIS. We retrieved Human
Influence Index grids [24], using a Global Grid of Probabilities of Urban
Expansion to 2030 at a 2.5 arc-minute resolution [25]. Zonal mean
values for each raster dataset were obtained at each LGA polygon using
the Zonal Statistics module in the Spatial Analyst toolbox in ArcGIS
software and stored in Microsoft Excel for further analysis.

2.3. Statistical analysis and variable selection

Our outcome of interest was defined by the existence of evidence of
canine rabies from either the NVRI surveillance and/or published
studies. This outcome was a categorical variable that classified the level
of canine rabies evidence at the LGA level into four separate categories.
An LGA was classified “0” were no rabies cases was reported neither
from NVRI nor published studies; “1” when the LGA had canine rabies
evidence from published articles only; “2” when the LGA had canine
rabies evidence from NVRI only; and “3” when canine rabies evidence
was reported by both NVRI and published studies. The polygon shapefile
of the Nigerian LGA (that reported categories 0-3) was overlaid onto
raster maps of sociodemographic and environmental variables, and in-
formation was extracted to each LGA polygon. The design matrix con-
tained ecological, epidemiological, and sociodemographic variables
(independent variables) that might explain the LGA level canine rabies
evidence. We performed univariable multinomial logistic regression to
select factors associated with different levels of canine rabies evidence
across the country. We assessed multicollinearity and removed highly
collinear variables (all correlation coefficient (r) < 0.6), that had the
highest regression p-value or less epidemiological relevance. The LGAs
without reported data (i.e., neither NVRI nor published evidence) were
set as the reference category. All significant variables based on a liberal
p-value (p < 0.2) in the univariable analysis were entered into the full
additive multivariable multinomial model. The variable selection was
conducted using a backward stepwise approach. We assessed con-
founding by checking the changes for the remaining coefficients when
the target variable was removed from the model. If the coefficients for
one or more of the remaining variables changed by more than 25% when
the target variable was removed, then it was considered a confounder
and retained in the model. Variables included in the final multivariable
multinomial model with a p-value of <0.05 were deemed significant.
Statistical software Stata version 15.1 (Stata Corporation, College Sta-
tion, TX, U.S.A.) was used for the data analysis.

2.4. Residual spatial cluster analysis

To assess whether the variables in the final multivariable multino-
mial model accounted for the observed spatial autocorrelation in the
LGA-level pattern of canine rabies evidence rabies in Nigeria, we carried
out a cluster analysis of Pearson residuals extracted from the final
multinomial model. We performed a global clustering test of residual
evidence for rabies occurrence using Moran’s I index [26].We used a
spatial weight matrix to specify the spatial relationship of LGA. Neigh-
bours were defined using inverse distance. Moran’s negative values
indicate overdispersion (neighboring LGAs are more dissimilar), and
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positive values indicate clustering (neighboring LGAs are similar), while
zero corresponds to a spatially random distribution [26].

3. Results

3.1. Descriptive analysis and spatio-temporal distribution of canine rabies
evidence in Nigeria

Between January 2000 and December 2018, a total of 3644 samples
were submitted to NVRI. During the 19 years, less than one dog/100,000
Nigerians resident-year was submitted and processed. Most samples
were offered by veterinarians, veterinary clinics, or outstations except
9% (314/3644) that community members submitted. The majority
(64%, 2319/3644) of samples tested positive for rabies. Sellers stain was
the diagnostic protocol between 2000 and 2004; in 2005, NVRI staff
members were trained on DFAT, and a final switch to DFAT happened in
2009. Sample cases increased over the years, with a higher proportion of
positive cases between 2001 (97%,169/175) and 2002 (100%,186/
186). There were only 17 submissions during 2004, after which there
was variation in positive and negative submissions, with peak submis-
sion occurring in 2009 at a total of 408 submissions and a steady decline
afterwards (Fig. 1). Monthly trends indicated confirmed canine rabies
cases peaked during April and August (Fig. 2).

We observed spatiotemporal variation in confirmed canine rabies
cases. Initially cases were concentrated in the central states, with
gradual expansion between 2005 and 2008 when DFAT began to replace
Sellers stain for rabies diagnosis (Fig. 3). Between 2009 and 2014, when
DFAT was fully implemented at NVRI, confirmed cases expanded to-
wards the southwest of Nigeria, especially in 2014 (Fig. 3). The trend of
expanding evidence continued between 2015 onwards towards south-
south and southeast LGAs, especially in 2018 (Fig. 3). Nevertheless,
most LGAs (58%, 450/774), had no submission from NVRI surveillance
nor published studies, notably ten state capitals with high human pop-
ulations including South West (Osun, Ekiti, Oyo), South-East (Anambra,
Imo), Northcentral (Niger), North East (Yobe, Adamawa) and North
West (Sokoto Katsina) (Fig. 4). About 16% (122/774) of LGAs had evi-
dence of rabies occurrence from published studies but were not captured
by NVRI surveillance data, notably in Taraba, Adamawa, Benue, and
Abia (Fig. 4). About 13% (97/774) of LGAs had rabies evidence from
NVRI surveillance data only, mostly in Plateau, Kaduna, and Bauchi
States. Published studies generally sampled dogs at different slaughter
points across Nigeria. Such studies on dog rabies testing started in 1999
with a single survey conducted each year until 2010, when two studies
were carried out. These continued to increase significantly during 2013
(four studies), 2014 (five studies), and 2019 (four studies)—Fig. 5.

3.2. Factors associated with the presence of rabies evidence at the LGA-
level in Nigeria

Our univariable multinomial models showed that LGAs with NVRI
rabies surveillance data were significantly associated with population
density, mosaic cropland, open broadleaved deciduous forest/woodland
(>5 m) and closed to open (>15%) broadleaved or needle-leaved,
evergreen or deciduous shrubland (Table 1). At the univariable level,
Nigerian LGAs with published evidence of canine rabies studies were
significantly associated with poverty, the level of literacy of the under-
lying population, urbanization, the probability of urban-expansion by
2030, human influence, distance to road and closed to open (>15%)
broadleaved evergreen or semi-deciduous forest (>5 m). In our uni-
variable multinomial analysis, LGAs reporting both NVRI and published
studies were associated with distance to a veterinary hospital/clinic,
distance to road, urbanization, probability of urban expansion by 2030,
human influence, mosaic cropland, mosaic vegetation, closed to open
(>15%) broadleaved evergreen or semi-deciduous forest (>5 m) and
closed to open (>15%) broadleaved or needle-leaved, evergreen or de-
ciduous shrubland (Table 1). We dropped distance to road because of
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Fig. 1. Temporal distribution of submissions to NVRI for canine rabies testing and diagnostic test results.
4. Discussion
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Fig. 2. Monthly distribution of confirmed rabies cases between 2000 and 2018
with peak submissions in April and August.

collinearity with distance to a veterinary hospital.

After multivariable adjustment, our results indicated that LGAs with
published studies on canine rabies were positively associated with the
underlying population’s poverty level and level of urbanization
(Table 2). Those LGAs reporting NVRI canine rabies surveillance data
only were positively associated with literacy level, population density
and mosaic cropland/vegetation (grassland/shrubland/forest)
(Table 2). Finally, LGAs reporting both NVRI surveillance data and
published studies were positively associated with urbanization, proba-
bility of urban expansion by 2030, mean temperature and mosaic
cropland/vegetation (grassland/scrublands/forest) (Table 2). Unsur-
prisingly given the large spatial areas with zero reported canine rabies
evidence, our results suggested significant residual spatial autocorrela-
tion after fitting the rabies evidence model (Moran’s I = 0.684, p <
0.001), indicating that estimates of coefficient standard errors and p-
values are likely biased by non-independence and some caution is
needed for their interpretation [27].

detection. Furthermore, nine state capitals had no surveillance or pub-
lished studies evidence. This is partly because all the states are located
further from the central diagnostic laboratory.

Our findings indicated that despite two LGAs in Sokoto and Cross
River having a regional diagnostic laboratory, no case was detected. This
can partly be explained by the fact that regional NVRI laboratories do
not carry out rabies testing. Regional NVRI laboratories should be
equipped to carry out such testing. Moreover, if regional NVRI labora-
tories collaborate with private veterinarians and human hospitals to
create awareness, it might lead to more case detection and report.

The relatively high number of reported positive cases between 2000
and 2002 can be attributed to the diagnostic protocol used at NVRIL. The
Sellers staining method is a histological test that allows the identifica-
tion of Negri bodies within the cytoplasm of infected nerve cells [28].
Histological staining of Negri bodies is neither as sensitive nor as specific
as DFAT and dRIT [28]. False-positive samples might have been pro-
cessed, or only submissions from confirmed cases were processed
[1-50]. Moreover, the Sellers staining method can be laborious, as
evident in the number of samples processed before the introduction of
DFAT, especially during 2004. Furthermore, the spatio-temporal trend
of rabies evidence towards the southern part of the country might be
related to primary investigations into rabies virus antigen detection
among dogs from 2006 onwards [29-31]. Case detection in those re-
gions and September 28 World Rabies Day activities which started in
2007, likely raised awareness about rabies by bringing together partners
to enhance prevention and control efforts, resulting in more local
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2003

Fig. 3. Spatio-temporal variation in canine rabies evidence (confirmed positive cases submitted to NVRI) across Nigeria between 2000 and 2018. Evidence was
generally concentrated in the central states and expanded to other regions over the years, especially between 2005 and 2018.

reporting [32]. Moreover, establishing private veterinary clinics, setting
up institutional rabies diagnostic centres, rabies workshops, and training
are possible reasons for this gradual geographical expansion. [33]

We observed peak submissions to NVRI during April and August
corresponding to the dry season, consistent with previous human hos-
pital studies in Nigeria that reported more dog bite occurrence during
the dry season [34-36]. The studies opined that dogs tend to be more
aggressive during the dry season, which coincides with their breeding
season resulting in more bites. Other factors such as heat stress and food
scarcity may also contribute to aggressive behaviour, resulting in more
dog bites and reporting [34]. However, some veterinary hospital studies
in Nigeria reported more dog bites during the wet season [37,38]. The

inconsistency between human and veterinary hospital reports can be
attributed to poor record-keeping in veterinary hospitals in Nigeria, as
previously reported [39]. Moreover, the lack of shelters during the wet
season could have resulted in low reporting. There is a need for quan-
titative research into the influence of season on rabies occurrence to
inform strategic interventions such as targeted education and mass
vaccination campaigns in Nigeria.

The underperformance of canine rabies surveillance (i.e. an effective
testing rate of less than a dog/year per 100,000 Nigerian residents) is a
significant public health concern, especially during monitoring and
evaluation as per the SARE guidelines towards rabies freedom. This
finding is consistent with Bhutan’s investigation that observed low
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Fig. 4. Spatial distribution of canine rabies evidence from NVRI data and
published studies. A vast majority of local government areas (LGAs) are without
observed canine rabies evidence, notably ten states capitals. The LGAs with
evidence from published studies only are scattered across different states but
concentrated in northeastern states of Taraba, Adamawa, and Abia. The map
was created using ArcMap software (ESRI Inc., Redlands, CA, USA). The
shapefile was retrieved from DIVA-GIS (https://www.diva-gis.org/).
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Fig. 5. Temporal trend in the number of published studies between 1990
and 2020.

canine rabies reporting compared to livestock [40]. The study attributed
the inadequate reporting of canine rabies to difficulty tracing potential
canine rabies cases and the low economic value of dogs compared to
livestock [40]. However, individuals must pay for transporting samples
to a regional or central diagnostic laboratory. Indeed, our univariable
analysis showed that distance to a road network and veterinary clinics
was significantly associated with rabies evidence. People distant from a
diagnostic facility might be reluctant to send samples for diagnosis and
helps to explain the spatial variation observed for NVRI surveillance
data that were concentrated in states close to the central diagnostic
laboratory. Therefore, Nigeria should invest in rabies surveillance by
engaging surveillance officers at the LGA level and the use of point of
care testing to enhance detection. Moreover, educating the public on the
proper response to a rabies case, providing incentives, and covering the
transportation costs for individuals who report cases directly to a rabies
laboratory will support gathering of more reliable data to allow for an
evidence-based evaluation of the program.

Our results demonstrated that NVRI canine rabies surveillance data
was significantly associated with the literacy level of the underlying
population of Nigerian LGAs. Individuals who can read and write are
more likely to seek care and bear the cost of transporting samples to a
laboratory for confirmation after potential rabies virus exposure than
those with a lower literacy level. Previous studies indicated that
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illiterate people were 4.6 times more likely to delay PEP than literate
people [41]. Hence, there is a need for enhanced surveillance and testing
in LGAs with low literacy and improving their knowledge about rabies.
Also, evidence of rabies from NVRI surveillance data was significantly
associated with human population density, consistent with a study from
Bhutan [40]. This finding further underscores the disparity in health
care investment for rabies surveillance in LGAs with a high human
population (urban areas) compared to those with a lower human pop-
ulation (e.g., rural areas). These results suggest that canine-rabies virus
exposure in LGAs with a lower human population can go unnoticed.

Rabies evidence from published studies was significantly associated
with the poverty level of the underlying population. This finding accu-
rately represents locations where there are more rabies cases, but the
NVRI surveillance system missed due to its passive nature. Authors of
published studies often make substantial personal sacrifices, like
sentinel surveillance offers, to obtain samples from dog markets and
butchers. Enhanced surveillance, education, and health care infra-
structure investment in impoverished LGAs might support rabies control
in Nigeria.

Our study also demonstrates that locations with evidence from both
NVRI canine rabies surveillance and published studies were significantly
associated with urbanization and the probability of urban expansion by
2030. While this finding may indicate an increased occurrence of rabies
virus in urbanized compared to rural settings due to increased oppor-
tunities for human-animal interactions, this finding can partly be
explained by access to health care services and supportive infrastructure
for rabies research. Differentiating these is critical to determine appro-
priate interventions. Previous studies have reported that most Nigerians
keep dogs for security purposes, implying an increase in the human
population would increase the dog population [42]. Urbanized LGAs
may constitute a potential hotspot to rabies virus exposure since indis-
criminate waste disposal near community dwellings will attract free-
roaming/feral dogs in proximity to human populations [42]. Further-
more, rabies diagnostic facilities and tertiary education research centres
are located primarily in urban areas [43]. Thus, metropolitan areas are
more likely to have health care infrastructure and educated people with
positive healthcare-seeking behaviour than rural areas. There is a need
for investment in healthcare infrastructure in rural areas with insuffi-
cient evidence. Furthermore, the challenges associated with extended
travel to urban areas, local dog consumption practices and trans-
portation costs may reduce the evidence of rural regions where the
rabies burden is assumed to be higher [31,44].

Distance to health care centres, landscape and weather conditions
have been documented as potential risk factors associated with reported
rabies occurrence locally by impacting animal distribution and move-
ments and modulating community access to health services and the
distribution of human communities at risk [45]. Understanding the
relationship of different land cover types would allow a more accurate
designation of areas to focus surveillance efforts for a more precise
estimation of the disease burden. Our results indicated that mosaic
cropland vegetation (grassland/shrubland/forest) were positively asso-
ciated with local overall canine rabies evidence (i.e., NVRI data and
published studies). Forest/woodland and farmland provide suitable
habitats for free-roaming dogs to thrive, primarily because forests may
provide suitable habitats for wildlife, including birds that may serve as
prey to free-roaming/feral dogs. The use of dogs for bushmeat hunting is
widespread across Nigeria [46].A previous study found that most dogs
(88%) used for hunting in Nigeria were unvaccinated against rabies
[47], consistent with a study from South Africa [48].The study opined
that hunting dog owners might be reluctant to vaccinate, fearing it
might reduce the dog’s hunting ability. The use of dogs for hunting, and
the decreasing chance of being vaccinated, may partly explain these
findings. In Bauchi, Nigeria, a study reported a spillover of rabies virus
to wildlife through hunting dogs [49]. Targeted surveillance around
forest/woodland areas may increase the chance of detecting canine
rabies cases in Nigeria. Our results also showed that the mean
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Table 1

Univariable analysis of the association between rabies virus infection evidence and risk factors at the LGA level in Nigeria.
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Variable Rabies published studies NVRI surveillance data Published studies and NVRI
data
RRR (95%CI) p- RRR (95%CI) p- RRR (95%CI) p-
Value Value Value
Sociodemographic factors
Distance to a veterinary hospital (Mean distance in meters) 0.67 (0.36-1.25) 0.206 0.66 (0.29-1.51) 0.326 0.39 (0.15-1.00) 0.050
Distance to road (Mean distance meters) 1.25 0.025 1.79 0.573 1.39 (1.70-1.71) 0.014
(1.32-1.471) (0.90-1.352)
Poverty (mean proportion of people living in poverty) 4.55 0.020 2.13 0.362 2.59 (0.47-14.37) 0.278
(1.27-16.29) (0.42-10.86)
Literacy score (mean proportion of men and women aged 15-49) 0.47 (0.23-0.92) 0.028 1.16 (0.48-2.82) 0.739 1.40 (0.55-3.57) 0.480
Population density 1.34 (0.99-1.00) 0.087 1.00 (1.40-1.85) 0.030 1.00(0.99-1.79) 0.392
Proportion urban areas 1.62 (1.09-2.44) 0.020 1.15 (0.68-1.96) 0.602 3.62 (1.95-6.71) <0.001
Urban by 2030 (Global Grid of Probabilities of Urban Expansion to 2030) 2.58 (1.19-5.57) 0.016 1.57 (0.51-4.78) 0.432 4.97 (2.06-11.93) <0.001
Human Influence Index grids 1.02 (1.00-1.05) 0.026 1.01 (0.98-1.04) 0.612 1.04 (1.01-1.08) 0.016
Environmental factors
Mean temperature 1.00 (0.93-1.07) 0.925 1.00 (0.89-1.13) 0.955 1.20 (1.04-1.36) 0.013
Elevation 1.00 (0.99-1.00) 0.265 0.99 (0.99-1.00) 0.740 1.00 (0.99-1.00) 0.187
Mosaic cropland 1.03 (0.99-1.07) 0.145 1.05 (1.00-1.09) 0.037 1.09 (1.05-1.13) <0.001
Mosaic vegetation 0.99 (0.93-1.05) 0.679 0.97 (0.89-1.06) 0.512 0.77 (0.63-0.95) 0.014
Closed to open broadleaved evergreen or semi-deciduous forest (>5 m) 0.79 (0.63-1.00) 0.050 0.98 (0.86-1.13) 0.817 0.15 (0.04-0.62) 0.009
Open broadleaved deciduous forest/woodland (>5 m) 1.05 (0.99-1.10) 0.058 1.06 (1.01-1.12) 0.017 1.00 (0.91-1.10) 0.962
Mosaic forest or shrubland/grassland 0.94 (0.69-1.29) 0.714 0.98 (0.67-1.43) 0.921 1.17 (0.93-1.48) 0.184
Closed to open (broadleaved or needle leaved, evergreen, or deciduous) 1.03 (0.98-1.07) 0.207 1.06 (1.01-1.10) 0.020 1.06 (1.02-1.11) 0.004
shrubland
Sparse vegetation 0.43 (0.11-1.61) 0.208 0.34 (0.04-2.66) 0.307 0.68 (0.19-2.43) 0.550
Water bodies 0.64 (0.25-1.65) 0.357 0.33 0.292 0.43 (0.07-2.71) 0.367
(0.044-2.56)
Bare areas 0.07 0.265 0.76 (0.15-3.96) 0.746 0.15 0.500
(0.001-7.40) (0.0007-35.63)
Closed to open herbaceous vegetation 0.91(0.79-1.05) 0.187 0.95 (0.82-1.09) 0.445 0.87 (0.69-1.12) 0.293
Table 2
Final multinomial analysis risk factors associated with rabies virus infection evidence at the LGA level in Nigeria.
Variables Rabies published studies NVRI surveillance data Published studies and NVRI data
RRR (95%CI) p- RRR (95%CI) p- RRR (95%CI) p-
Value Value Value
Sociodemographic factors
Literacy score (mean proportion of men and women aged 15-49) 0.7 (0.2-1.9) 0.4 4.52 (1.12-18.25) 0.034 5.34 (0.84-33.98) 0.076
Poverty (mean proportion of people living in poverty) 9.18 (1.21-69.86)  0.032 12.85(0.83-199.97)  0.068 24.87 (0.63-979.09)  0.086
Proportion urban areas 1.76 (1.07-2.88) 0.025 1.07 (0.57-2.02) 0.835 5.05 (1.91-13.38) 0.001
Urban by 2030 (Global Grid of Probabilities of Urban Expansion to 2030)  2.98 (0.80-11.07)  0.102 1.05 (0.16-6.77) 0.963 15.44 (3.06-77.97) 0.001
Population density 1.23 (0.99-1.00) 0.431 1.6 (1.02-1.12) 0.043 0.99 (0.99-1.00) 0.973
Environmental factors
Mean temperature 1.00 (0.91-1.10) 0.973 1.03 (0.91-1.17) 0.583 1.31 (1.11-1.55) 0.001
Mosaic cropland/vegetation (grassland/shrubland/forest) 1.02 (0.98-1.07) 0.286 1.06 (1.01-1.12) 0.010 1.17 (1.11-1.23) 0.001

RRR -Relative Risk Ratio.
NVRI- National Veterinary Research Institute.
Cl-Confidence interval.

temperature was associated with canine rabies from the published
studies and NVRI surveillance data. Rabies/dog bite susceptible in-
dividuals in Nigeria (male children and dog meat butchers) are more
likely to be involved in outdoor activities, thereby providing an oppor-
tunity for interaction with free-roaming dogs [7]. This interaction pro-
vides an opportunity for dog bite incidents and reporting, mostly in
urban areas with access to health facilities.

Our findings should be interpreted within the context of some limi-
tations. While we reviewed the totality of the NVRI surveillance data,
the storage system using hard copies might result in records going
missing and lost in official archives. The noted geographical bias in the
NVRI data could be due to the distance between NVRI zonal and state
laboratories and the central diagnostic laboratory, which could have
precluded sample submission for processing. Although we had a dis-
tance to veterinary clinics/hospitals and the distance to the road

network as a proxy for health access, both factors were not retained in
our final multivariable model, probably due to regression dilution bias
due to the ecological nature of our modelling using aggregated rabies
data at the LGA level [50]. The residual spatial autocorrelation indicates
that estimates of coefficient standard errors and p-values are likely
biased by non-independence, and some caution is needed for their
interpretation.

In conclusion, this study has demonstrated the value of combining
canine rabies evidence from different sources to better understand the
current disease situation. It also underscores the need for investment in
enhanced rabies surveillance to allow a more logical evaluation of
Nigeria’s existing rabies prevention and control program to inform
public health decisions in a One Health context, particularly in highly
urbanized areas and localities where published evidence exists, but no
submissions have been received by NVRI identified in our study.
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