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The spatio-temporal epidemiology of rabies has related the influence of environmental
factors and anthropogenic changes on the movements of the hematophagous bat
Desmodus rotundus. In Mexico, D. rotundus is the main transmitter of the rabies virus
for different livestock species, modifying annually the fluctuation of the number of cases
of rabies and its dissemination in subtropical areas and regions considered free of the
disease. The purpose of this study was to perform a descriptive analysis of the distribution
of cases of rabies in Mexico, and to perform a time-series analysis to evaluate stationarity
and to predict the number of cases for the following year. A total of 3,469 cases were
reported in the period of interest, of which the 89.1% occurred in cattle, 4.3% in horses,
1.5% in sheep, 0.6% in goats, 0.01% in pig, 3.1% in vampire bats, 0.3% in cervids,
0.2% in skunks, 0.1% in insectivorous bats, 0.1% in foxes, 0.1% in buffaloes, and
0.02% in coatis; 0.5% were not identified. The most frequent antigenic variants reported
were AgV11, AgVh, and AgV3, associated with D. rotundus. The distribution of cases
in bats correlates with the distribution of cases in domestic and wild animals; however,
cases were observed in wild species in non-endemic areas of Mexico, like the State
of Chihuahua. The additive model used in the time-series analysis showed a seasonal
pattern with a peak of cases at the beginning of each year, from January to March.
The model showed a good predicting value; the Pearson correlation coefficient R? was
0.705. The highest probability for the occurrence of rabies cases in the different species
estimated by Ordinary Kriging was in the coast of the Gulf of Mexico, involving the states
of Tamaulipas, Veracruz, Tabasco, Chiapas, and Yucatan. This study confirms that rabies
in domestic and wild species is endemic in tropical and subtropical areas—however,
cases have been observed in new geographic areas—and provides useful information to
support actions to stop the spread of the rabies virus or the reservoir, and for planning
vaccination strategies considering time and place.
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INTRODUCTION

Rabies is a zoonotic disease caused by the rabies virus (RABV)
from the genus Lyssavirus. This is a neurotrophic virus that
affects all kinds of mammal species around the world (1). In
humans, rabies is most often associated with dogs; however,
the main reservoir for spillover to cattle is the vampire bat
Desmodus rotundus. D. rotundus is the main transmitter of the
RABV in the Americas, from the tropical areas of Mexico to
the north of Argentina and Chile (2, 3). In 2019, Mexico was
recognized by WHO as the first country free of dog-transmitted
rabies as a public health problem (4). However, this virus still
circulates in wild animals, such as vampire bats and other
wildlife species. D. rotundus is the main transmitter of the
RABV to cattle causing bovine paralytic rabies (BPR), a disease
characterized by limb paralysis, neck flexion, excessive salivation,
and death. The spatial-temporal epidemiology of BPR depends
of the distribution of the vampire bat. Currently, in Mexico BPR
is present in 25 out of 32 States, in the Pacific coast from the south
of Sonora to the State of Chiapas, and in the Gulf of Mexico from
the south of Tamaulipas to the State of Yucatan (5, 6). Previous
studies have reported cases in areas considered free of the disease
(7, 8) and have related this to movements of the vampire bat
in search of food (8). Even though this paper is about rabies in
animals in Mexico in general, emphasis is put on BPR since the
cases detected in cattle represent 95% of the total cases observed.

In the last decade, cattle farming in Mexico has changed—
cattle are moved to new places in accordance to the human
population dynamics, who move from rural to more urbanized
areas (8, 9); people need cattle as a source of food. All these
changes are an invitation for the vampire bat to also move
searching for food (8). D. rotundus roost near herds of cattle and
feed repeatedly, frequently in the same animal (10). Some animals
may have up to four bats feeding at the same time, and 12 bites
in a single night have been observed in areas where the vampire
population is high (11).

In Mexico, as in some other countries, it is estimated that for
every case of rabies reported in cattle, there are 10 that are not (12,
13). The non-notification of suspected cases is currently a major
problem for national passive surveillance, and it is estimated that
the cattle mortality rate caused by this disease is four times higher
than that officially reported (14). Despite reports of low incidence
of rabies in D. rotundus reported by the National Service of
Health, Safety and Agrifood Quality of Mexico (SENASICA,
acronym in Spanish) (8), cases of BPR are increasing, causing
severe economic losses to the country’s livestock sector, especially
cattle, which represents 69% of Mexico’s livestock production,
worth $480 million annually through the export of live cattle
(7,15-18).

Despite the efforts to control rabies transmitted by D. rotundus
to cattle, such as vaccination of cattle and the control of vampire
bats by using chemicals to reduce population size, it is still
necessary to understand the complexity of how the disease is
disseminated, and spatio-temporal studies are an option to gather
useful information, for example, information about factors that
influence the presence of cases in areas previously free of rabies.
Studies based on multivariate geostatistical methods in Mexico

have partially explained the year-to-year occurrence of cases in
cattle in endemic areas, and areas where it has been reported
for the first time (7, 19). It has been found that environmental
variables indirectly affect the ecological behavior of D. rotundus;
however, these studies have used small databases coming from
small geographic areas. It is still unclear whether all cases caused
by vampire bats in cattle occur in the place where they are
reported, or they were infected in endemic areas and then moved
to the reported place before the disease was evident. It is not
known either what environmental or anthropological factors are
determining the presence of BPR in new or non-tropical areas
(7,8, 19-21).

In general, the use of time-series analysis is for characterizing
patterns of behavior occurring in natural environments over
time, and for analyzing fluctuations of the variable along the same
time period, inferring the impact of an intervention introduced,
and forecasting future responses of the variable under study
(22, 23). Time series, as epidemiological models, reflect more
accurately the dynamics of the epidemiological behavior of a
disease despite under-reporting or over-reporting of cases, as
occurs in the systematization of data on BPR (24, 25). Therefore,
the purpose of this study was to perform a descriptive analysis of
the distribution of cases of rabies in Mexico, and perform a time-
series analysis to evaluate stationarity, and to predict the number
of cases for the following year.

MATERIALS AND METHODS
The Data

Data about cases of rabies in animal species from 2010 to 2019
were obtained from the National Service of Health, Safety and
Agrifood Quality of Mexico (SENASICA, acronym in Spanish).
The database includes data of all reported cases confirmed by
the direct immunofluorescence diagnostic test with monoclonal
antibodies against the viral nucleocapsid protein conjugated
with fluorescein isothiocyanate, as indicated by Mexican Official
Standard Norm (18). Epidemiological information of cases
includes state, country, locality, geographic coordinates and
meters above sea level (masl), date of report (month and year),
information about animal (species, sex, and age), and type
of antigenic variant of the rabies virus associated with the
hematophagous bats D. rotundus (AgV3, AgV5, and AgVl1l),
foxes (AgV7), and skunks (AgV8).

Statistical Analysis

A descriptive analysis was performed for all variables in the
data set using frequency tables and graphics for the qualitative
variables, and descriptive statistics such as means, SD, and 95%
CIs for the quantitative variables. All statistical analyses were
performed in SPSS 22.0, released in 2013 (26).

Spatial Analysis

Geographic coordinates for most of the cases were in the data
set. Coordinates missing in the data set were obtained using
Google Earth. Geographic coordinates were used to elaborate
maps and identify areas with probability of cases. Coordinates
were first transformed from sexagesimal units to coordinates
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from the universal transverse Mercator (UTM), and then to
decimal units. Mappings of distribution of cases and cases per
year and species were performed using ArcMap version 10.1
(27). Prediction of cases was performed with the regionalized
variable “number of cases”, using ordinary kriging from the
geostatistical analyst extension of ArcMap v. 10 (27). The
number of cases was aggregated by municipality, for a smoothing
process and to reduce the random error. Ordinary kriging is
a linear-weighted interpolation method, whose weight not only
depends on distance but also on the direction and orientation
of the neighboring data to unsampled locations. This method
assumes that data collected from a given population are spatially
correlated (28, 29).

Time-Series Analysis

An important feature of time-series analysis is that any variable
measured over time is potentially influenced by previous
observations (autocorrelation). To take advantage of these
relationships, time-series models use previous observations as
the basis for predicting future behavior. This is the essential
difference between time-series analysis and traditional statistical
tests for measuring change, such as regression analysis, which rely
on variation in independent variables to explain changes in the
outcome (30). In this study, for the time-series analysis, the total
number of BPR cases was included to describe the distribution
by year, and check for seasonality using an additive model. To
evaluate the time-series model and to predict the number of cases
in the following years, the dataset was divided into two parts, the
model was run with data from 2010 to 2017, and tested with data
from 2018 to 2019; prediction was made for the year 2018. All
statistical analyses were performed in SPSS v.22.

RESULTS

The total number of rabies cases registered during the interest
period from 2010 to 2019 was 3,469. Ninety-five percent of
the cases occurred in domestic animals (cattle, horse, sheep,
and goat); from these, 89.1% occurred in cattle (n = 3,091),
the rest occurred in wildlife, 5% (n = 137), including the
vampire bats D. rotundus, cervids, skunks, insectivorous bats,
foxes, buffaloes, and coatis; 17 cases had no record about species
affected (Table 1). Seventeen States reported at least 50 cases in
different animal species. The cases of rabies in cattle are localized
mainly in endemic States; however, some others like Sonora,
Nuevo Leon, Baja California, Chihuahua, and Durango are not
considered tropical or rabies endemic states but have nonetheless
reported considerable number of cases (Table 2). Seventy-five
percent of the cases occurred under 1,000 masl, 21.4% between
1,001 and 2,000 masl, and only 3.3% above 2,000 masl.

Not all cases had data about the antigenic variant of the virus.
From the 194 cases that did, 76 had variant AgV'11, 87 the AgV5,
and 10 the AgV3, all of them associated with vampire bats.
Other variants were AgV7 (two cases) associated with foxes and
AgV8 (17 cases) associated with skunks. It was observed that
in the state of Veracruz, the three antigenic variants associated
with D. rotundus and the variant associated with skunks were
present (Table 3). Table 4 shows the number of cases per month,

TABLE 1 | Frequency of the number of cases of rabies in different livestock and
wildlife species in Mexico, 2010-2019.

Species Number of cases %
Cattle 3,091 89.1
Horse 150 4.3
Vampire bat 109 3.1
Sheep 53 1.5
Goat 20 0.6
Unknown 17 0.5
Cervid 9 0.3
Skunk 7 0.2
Insectivorous bat (3), 13 0.4
fox (4), buffalo (2), coati

@), pig (1)

Total 3,469 100

The bold value 3,469 means the total number of cases and value 100 is the total
percentage of the frequency of cases.

TABLE 2 | Total number of cases of rabies by state in the different livestock and
wildlife species in Mexico 2010-2019.

State Number of cases %

Veracruz 491 14.2
San Luis Potosi 330 9.5
Yucatan 311 9.0
Chiapas 308 8.9
Tabasco 291 8.4
Hidalgo 252 7.3
Puebla 198 5.7
Tamaulipas 193 5.6
Nayarit 187 54
Guerrero 159 4.6
Jalisco 107 3.1

Quintana Roo 97 2.8
Campeche 90 2.6
Oaxaca 76 2.2
Michoacan 55 1.6
Colima 53 1.5
Queretaro 51 1.5
Zac (46), State of Mexico 220 6.3
(33), Son (32), Mor (28), Sin

(22)(24), Gto (17), BCS (10),

NL (5), BC (3), Chih (3),

Dgo(3), Cd. Mex. (1), Nay (1)

Total 3,469 100

Number of cases corresponding to Zacatecas (Zac), State of Mexico, Sonora (Son),
Morelos (Mor), Sinaloa (Sin), Guanajuato (Gto), Baja California Sur (BCS), Nuevo Leon
(NL), Baja California (BC), Chihuahua (Chih), Durango (Dgo), Ciudad de Mexico (Cd. Mex.),
and Nayarit (Nay) are shown in parentheses. The bold value 3,469 means the total number
of cases and value 100 is the total percentage of the frequency of cases.

the highest number of cases were reported in January, February,
and March, with 360, 380, and 350 cases, respectively. The
lowest frequency of cases occurred in June, July, November, and
December. There was an increasing trend of cases from 2010
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TABLE 3 | Number of cases of rabies in different animal species per year, state, municipaliy, and type of antigenic variant in Mexico.

Year State Number of cases

Municipality

AgV3 AgV5 AgV7 AgVs AgV11

2012
Veracruz 16
Guerrero
Puebla
2013

—
(e)

Veracruz 27

Guerrero

2
Baja California 2
Colima 1

2

N = = N

Oaxaca
2014
Veracruz 42 30
Colima 6
Hidalgo 1
Michoacan 2 2
Zacatecas 2
Guerrero 2
2015
Veracruz 65
Morelos 2
Michoacan 1

- 4 a4

Guerrero 1
2016
Veracruz
Campeche
Puebla
San Luis Potosi
Hidalgo

N o o
4 a4 a4 a4

Sonora
2017
Sonora 1 1

| |
I
o
oo
-

|

|

|
- NN

|

1 - - - -

Antigenic variants associated to D. rotundus: AgV3, AgV5, AgV'11. Antigenic variant associated to foxes: VAgV7. Antigenic variants associated to skunks: AgV8. Of the 194 cases that

reported type of antigenic variant, two were atypical.

to 2015, and then a decreasing trend from there on. The lowest
number of cases was observed in 2011 (Figure 1).

Figure 2 shows the time-series frequency and the predicted
number of cases. A slight seasonal effect was observed at the
beginning of each year, from January to March. The real and
the predicted values of cases in all species for the year 2018
obtained in the time-series analysis used for predicting data
for the years 2010 to 2017 are shown in Table 5. The model
showed good predicting value; the Pearson correlation coefficient
R? was 0.705.

Figure 3 shows the spatial distribution of cases of rabies in
different animal species per year during 2010-2019. There is a
clear pattern of dissemination to areas where the disease had
not been previously reported, such as the center and north of
Mexico. The spatial distribution of cases in all livestock species
and vampire bats in the same period is shown in Figure 4. It
is observed that most cases corresponding to cattle occurred in
the coasts the Pacific and the Gulf of Mexico. An area with a

high number of cases is observed in the junction of the States
of Veracruz, Tamaulipas, Guanajuato, Queretaro, and San Luis
Potosi. This area called “The Huasteca” has traditionally been
known as an endemic region that needs permanent attention
and probably one of the sources of infection for other regions.
Surprisingly, cases are observed in the States of Sonora and
Chihuahua, which are dry and arid, with an environment hostile
for the vampire bat.

Figure 5 shows the risk map obtained by ordinary kriging.
This map is based on the regionalized variable of number
of cases. The spherical semivariogram model was as follows:
0 * Spherical * [4.35] + 118.47 * Nugget with a value for
the standardized mean of —0.36 and the standard error of
1.15 indicating an acceptable model. Prediction clearly shows
high risk in the areas located in the coast of the Gulf of
Mexico, involving the States of Tamaulipas, Veracruz, Tabasco,
Chiapas, Yucatan, Campeche, and Quintana Roo. In the Pacific
coast, the states with higher risk are Oaxaca, Guerrero, and
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Nayarit. As expected, the high-risk areas correspond to the
typical distribution of the hematophagous bat D. rotundus.
However, a high-risk tendency was observed in the regions
of Huasteca Potosina, Huasteca Hidalguense, the north of
the country over the coast line throughout Tamaulipas,
and the center of the country in the region known as
the Bajio.

TABLE 4 | Frequency of the number of cases of rabies in different livestock and
wildlife species by month for the period 2010-2019 in Mexico.

Month Number of cases %
January 360 10.4
February 380 11.0
March 350 10.1
April 246 74
May 282 8.1
June 236 6.8
July 220 6.3
August 322 9.3
September 282 8.1
October 296 8.5
November 211 6.1
December 221 6.4
Total 3,469 100

DISCUSSION

Our results show that the highest frequency of cases occurred
in cattle in both coasts of Mexico, the Pacific and the Gulf of
Mexico coast, with an important contribution of the States of
San Luis Potosi. These results agree with previous reports (31),
who reported the highest number of cases in Veracruz, San Luis
Potosi, Yucatan, Tabasco, and Chiapas for data from 2007 to
2015. It agrees also with a recent study in central Mexico, where
the State of San Luis Potosi had the highest number of cases in
central Mexico (19).

Our study shows that in recent years, cases of rabies have been
reported in areas where the disease had not been observed before,
such as some regions of the States of Guanajuato and Queretaro,
where the climatic conditions are not suitable for the vampire bat
D. rotundus (19). However, it has been hypothesized that non-
environmental, anthropogenic factors have a role in the disease
distribution, for example, livestock population density, changes
in agricultural activities, new buildings and bridges, and some
others (8, 32). Areas with topography with caves also favor the
presence of the vampire bat (33). It has been documented that
the vampire bat can adapt to different ecosystems as far as it has
feeding sources, where livestock might have an important role
(7, 34).

The highest frequency of cases was observed in cattle, horses,
sheep, and goat, species traditionally affected by D. rotundus
(35). Livestock management may play a role in this; in some
geographic areas of Mexico, it is common to congregate cattle

600

< >

Number of cases of paralytic rabies

2010 2011 2012 2013

400
30
20
i -

2014

FIGURE 1 | Distribution of cases of rabies in different animal species in Mexico per year, 2010-2019.
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and the predicted values. Forecasting was performed for the year 2018.
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FIGURE 2 | Time-series analysis and prediction of number of cases in different animal species in Mexico. Red line plots the observed values; blue line, the adjusted

TABLE 5 | Predicted and real values of the number of observed rabies cases in
different animal species in Mexico 2010-2019.

Year Month Real values Predicted values 95% CI
Low Up
2018 January 62 38 21 55
2018 February 48 42 23 61
2018 March 44 39 19 60
2018 April 38 28 6 50
2018 May 43 32 8 56
2018 June 22 30 5 56
2018 July 46 24 -3 50
2018 August 49 35 7 63
2018 September 30 33 3 62
2018 October 24 35 5 66
2018 November 0 29 -3 60
2018 December 2 29 —4 62

Trial period: 2010-2017. Prediction period, 2018.

and other domestic animals during the rainy season in corrals
close to the family house (21, 36), and this might be an
opportunity for D. rotundus to attack when roosting near herds
of cattle and feed repeatedly and frequently in the same animal
(10). Some animals may have four or more bats feeding at the
same time and have 12 bites in a single night (11).

Only five types of the antigenic variant of the RABV
were observed, which correspond to wild animals, three to D.
rotundus. The distribution of vampire bat populations matches

the distribution of cases in domestic and wildlife animals, where
variants AgV11, AgV3, and AgV5 associated with D. rotundus
have been reported (37). However, the presence of cases in
wild species in non-endemic areas of Mexico is remarkable;
nevertheless, the variant V8 in skunks in Chihuahua has been
previously reported (38).

The highest frequency of cases occurs between February and
March each year. This might be due to management practices of
cattle during that period. Between November and April, grass is
scarce in some tropical regions and farmers gather the animals
in corrals to provide silage and hay; this may be used for the
vampire to obtain food easily. It might also be explained by
the reproductive behavior of bats—the reproductive season of
D. rotundus occurs during this time, and juvenile vampires
require constant feeding to complete their development, meet
the energy demands necessary for reproduction, and, in the case
of males, to move to other colonies in search of females (39—
42). Considering that the gestation period in bats is 205 days,
the female bats pregnant in March or April will give birth in
September or October, so it is possible that during the months of
May, June, July, and August, the cases of rabies decrease a little.
This is because near the calving date, the flight hours decrease
considerably due to the weight and bulging of the abdominal
region, which make the female expend more energy to find
food (11, 43).

The annual frequency of observed cases of rabies shows an
increasing pattern from 2010 to 2015, and then decreasing from
2016 to 2019. This pattern has been observed in other countries
in Latin America (21). The increase in the number of cases in
livestock could be more likely related to official policies and

Frontiers in Veterinary Science | www.frontiersin.org

April 2022 | Volume 9 | Article 800735


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Ortega-Sanchez et al. Descriptive Time Series Analysis Rabies

Year 2010 Year 2011
> X & : .@.
&, § ¢ 7 !
Y Y ~7 '.I
0 13 210 540 Mdes R
0 1% 210 540 Miles
[ e SR
Year 2012 Year 2013
&, ~f ) K\ o
e S o 4 .
14 Cagh 4 N K Y ¢S
i, ® y LN SN
U2 e, &3
~
0 135 270 540 Milos 9. % 3 o
Ptrpgufunpuagumged
Year 2014 Year 2015
‘ & 9%
l ‘\ ?’ t L 0
_~, . ~':.
o 15 270 540 Miles ¢ %™ 540 Mes N
PSR e m
Year 2016 Year 2017
& L EL . ‘. '
/s /-‘ ‘\\ & ©
0 1% 2710 540 Mies . 0 135 270 540 Mdes d
L e e o o o | L o s o o |
Year 2018 Year 2019
& 1 B -
b il b N
V | %
P ol ?:"
g\
0 1% 210 540 Mies 0 136 270 540 Miles A

FIGURE 3 | Distribution of cases of rabies in different species animals per year during the period 2010-2019.
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FIGURE 5 | Prediction of risk to cases of rabies in different species from 2010 to 2019 by ordinary kriging.
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provision of economic resources to the national rabies control
program rather than to a real natural phenomenon.

Underreporting is another issue. The main critical point for
surveillance lies in the systematization of case reporting. For
example, in the endemic area of southeastern Mexico, 95% of
farmers affected with cases of rabies in livestock do not notify to
competent authorities about the disease. This may also occur in
other geographic regions (21). This is reflected in the fact that
the municipalities who send a high number of samples to the
laboratory are also the ones with the highest number of detected
cases (21, 34, 44).

Results from the time-series analysis reflected a seasonal
pattern of cases. This seasonality could be associated with the
variability of monthly temperature in some geographic areas.
Something similar has been observed in Brazil and Colombia
where the higher number of cases in livestock reached the peak
in the months of January, April, and October (32, 45). In Mexico,
the months of December to March are the coldest months of the
year; therefore, it is possible that cattle are calm and close to each
other to avoid the cold weather, making easier for the bats to
attack. It has been reported that in some regions, the population
density of D. rotundus in refuges is higher during the spring (46),
which could be associated with more cases at this time of the year.

Figure 5 shows the risk for the presence of cases of rabies.
It can be observed that there is a tendency of risk toward not
endemic or areas free of the disease, suggesting that due to
the lack of policies to prevent the spread of the disease, cases
could be detected in those areas in the near future, especially
if those areas offer microclimates suitable for the vampire
bat D. rotundus (7, 21, 47).

CONCLUSIONS

This study confirms that rabies in domestic and wildlife species
is endemic in tropical and subtropical areas in both the Pacific

and the Gulf of Mexico coasts, and that its distribution is clearly
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