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Abstract

Foot-and-mouth disease (FMD) is endemic in India, where circulation of serotypes O, A and Asia 1 is frequent. In the past two

decades, many of the most widespread and significant FMD lineages globally have emerged from the South Asia region. Here,

we provide an epidemiological assessment of the ongoing mass vaccination programs in regard to post-vaccination monitoring

and outbreak occurrence. The objective of this study was to quantify the spatiotemporal dynamics of FMD outbreaks and to

assess the impact of the mass vaccination program between 2008 to 2016 with available antibody titer data from the vaccination

monitoring program, alongside other risk factors that facilitate FMD spread in the country. We first conducted a descriptive

analysis of epidemiological outcomes of governmental vaccination programs in India, focusing on antibody titer data from >1

million animals sampled as part of pre- and post-vaccination monitoring and estimates of standardized incidence ratios calculated

from reported outbreaks per state/administrative unit. The percent of animals with inferred immunological protection (based

on ELISA) was highly variable across states, but there was a general increase in the overall percent of animals with inferred

protection through time. In addition, the number of outbreaks in a state was negatively correlated with the percent of animals

with inferred protection. Because standardized incidence ratios of outbreaks were heterogeneously distributed over the course

of eight years, we analyzed the distribution of reported FMD outbreaks using a Bayesian space-time model to map high-risk

areas. This model demonstrated a ˜50% reduction in the relative risk of outbreaks in states that were part of the vaccination

program. In addition, states that did not have an international border experienced reduced risk of FMD outbreaks. These

findings help inform risk-based control strategies for India as the country progresses towards reducing reported clinical disease.

Hosted file

Spatiotemporal dynamics of foot-and and-mouth disease outbreaks in India, 2008-2016_UG.docx

available at https://authorea.com/users/418654/articles/525332-spatiotemporal-dynamics-of-

foot-and-mouth-disease-outbreaks-in-india-2008-2016

1

https://authorea.com/users/418654/articles/525332-spatiotemporal-dynamics-of-foot-and-mouth-disease-outbreaks-in-india-2008-2016
https://authorea.com/users/418654/articles/525332-spatiotemporal-dynamics-of-foot-and-mouth-disease-outbreaks-in-india-2008-2016


P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Corr:

0.183

Corr:

0.147

Corr:

−0.171

Corr:

0.353*

Corr:

−0.140

Corr:

−0.212

Corr:

0.375*

Corr:

−0.138

Corr:

−0.280

Corr:
0.500**

pden1 gden1 forest_c1 Wdensity.1 Rdensity.1

pden1
gden1

forest_c1
W

density.1
R

density.1

0 10 20 30 40 50 0 50 100 0.00 0.25 0.50 0.75 0.00 0.05 0.10 0.15 0 1 2 3

0.00

0.02

0.04

0.06

0.08

0

50

100

0.00

0.25

0.50

0.75

0.00

0.05

0.10

0.15

0

1

2

3

Pig Density Goat Density Forest Coverage Water Density Road Density

P
ig D

ensity
G

oat D
ensity

F
orest C

overage
W

ater D
ensity

R
oad D

ensity

2



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

2014 2015 2016

2011 2012 2013

2008 2009 2010

70°E 75°E 80°E 85°E 90°E 95°E 70°E 75°E 80°E 85°E 90°E 95°E 70°E 75°E 80°E 85°E 90°E 95°E

10°N

15°N

20°N

25°N

30°N

35°N

10°N

15°N

20°N

25°N

30°N

35°N

10°N

15°N

20°N

25°N

30°N

35°N

<0.0

0 − 1

1 − 5

5 − 10

10 − 20

20−40

>40

3



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Corr:

−0.065

Corr:

−0.002

Corr:

−0.113*

Corr:

−0.069

Corr:

0.035

Corr:

−0.180**

Corr:

−0.230***

Corr:

0.113.

Corr:

0.050

Corr:
0.133*

temp winds winds.var temp.var Rainfall

tem
p

w
inds

w
inds.var

tem
p.var

R
ainfall

0 10 20 30 1 2 3 4 5 0.0 0.5 1.0 1.5 2.0 0 50 100 100200300400

0.00

0.05

0.10

0.15

1

2

3

4

5

0.0

0.5

1.0

1.5

2.0

0

50

100

100

200

300

400

Temperature Wind Speed Wind Variance Temp. Variance

T
em

perature
W

ind S
peed

W
ind V

ariance
T

em
p. V

ariance

4



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

5



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

●

●0

25

50

75

100

pre post
Round of vaccination

P
er

ce
nt

 w
ith

 in
fe

rr
ed

 p
ro

te
ct

io
n

●●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

25

50

75

100

AP &
Te

lag
an

a

Dell
hi

Guja
ra

t

Har
ya

na

Ker
ala

M
ah

ar
as

ht
ra

Pun
jab

Ta
m

ilN
ad

u

UP

Province

P
er

ce
nt

 w
ith

 p
ro

te
ct

io
n

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

● ●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●
●

●

●
●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

● ●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●
●

●

●
●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

30

60

90

5 10 15 20
Round of vaccination

P
er

ce
nt

 w
ith

 in
fe

rr
ed

 p
ro

te
ct

io
n

Paired

●

●

●

●

●

●

●

●

●

AP &Telagana

Dellhi

Gujarat

Haryana

Kerala

Maharashtra

Punjab

TamilNadu

UP

A B

C

6



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

7



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

8



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Relative Risk

●

●

●

●

●

●

● ●

●

●

●

●

● ●
●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●
●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

● ● ●

●

●

●
● ●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●
●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●
●

●
●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

● ● ●

●

●

●
● ●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

● ● ●
●

●

●

●
●

● ●
●

●

●

●

● ●

●

●

●

● ●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

● ● ●
●

●

●

●
●

● ●
●

●

●

●

● ●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

● ●

●

●

●

●
●

●
●

●

●
●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

● ● ●

●

●

●

●

●

●
●

●

●

● ●

● ●
● ●

●

●

●

● ●

●
●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
● ● ● ●

●

● ● ●

●

●

●

● ●
●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

● ●

●

●

●

●
●

●
●

●

●
●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

● ● ●

●

●

●

●

●

●
●

●

●

● ●

● ●
● ●

●

●

●

● ●

●
●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
● ● ● ●

●

● ● ●

●

●

●

● ●
●

●

●

●

●

●

●

● ●

●

●

●
●

●
●

●
●

●

●

●

●

●

● ● ●
●

●

●

●
●

●

●

●

● ●

●

●
●

●

●

●

● ● ●

●
●

●

●

●

●

●

●

●
● ●

●

● ●
●

●

●

●

●

●

● ●

●

●

●

● ●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●
●

●

●

●

●

●

●

●

●

●
● ●

●
●

●

●

● ●
● ●

●

●

●
●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

● ●

●

● ● ●

●

●
●

● ●

●
●

● ●

●
●

●

●
●

●

● ●

●

●

●

●
●

●
●

●
●

●
●

●

●

●

●

●

● ● ●
●

●

●

●
●

●

●

●

● ●

●

●
●

●

●

●

● ● ●

●
●

●

●

●

●

●

●

●
● ●

●

● ●
●

●

●

●

●

●

● ●

●

●

●

● ●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●
●

●

●

●

●

●

●

●

●

●
● ●

●
●

●

●

● ●
● ●

●

●

●
●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

● ●

●

● ● ●

●

●
●

● ●

●
●

● ●

●
●

●

●
●

●

● ●

●

●

●

●

pre post

typeA
typeA

sia1

5 10 15 20 5 10 15 20

0

30

60

90

120

0

30

60

90

120

The round of vaccination

P
er

ce
nt

 o
f a

ni
m

al
s 

w
ith

 in
fe

rr
ed

 p
ro

te
ct

io
n

Paired

●

●

●

●

●

●

●

●

●

AP &Telagana

Dellhi

Gujarat

Haryana

Kerala

Maharashtra

Punjab

TamilNadu

UP

9



P
os
te
d
on

A
u
th
or
ea

8
J
u
n
20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
62
31
45
32
.2
77
55
02
7/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Excess Risk

10


