
Booth and Wester ﻿BMC Public Health          (2022) 22:354  
https://doi.org/10.1186/s12889-022-12776-y

RESEARCH

A multivariable analysis of the contribution 
of socioeconomic and environmental factors 
to blood culture Escherichia Coli resistant 
to fluoroquinolones in high- and middle-
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Abstract 

Background:  Antimicrobial resistance (AMR) is a public health concern. We wanted to determine if various environ-
mental and socioeconomic variables as well as markers of antimicrobial use impacted on the level of AMR in coun-
tries of different income levels.

Methods:  We performed cross-national univariate and multivariable analyses using the national proportion of 
quinolone-resistant Escherichia coli (QREC) in blood culture as the dependent variable. Access to safe water and sani-
tation, other socioeconomic variables, and human and animal antimicrobial consumption were analysed.

Results:  In middle-income countries, unsafely managed sanitation, corruption and healthcare access and quality 
were significantly associated with the national proportion of blood culture QREC (%) in univariate analyses, whereas 
no variables remained significant in the multivariable models. For the multivariable high-income country model, 
corruption and healthcare access and quality were significantly associated with blood culture QREC (%) levels. For the 
model including all countries, human fluoroquinolone use, corruption level, livestock and crop production index were 
significantly associated with blood culture QREC (%) levels in the univariate analyses.

Conclusion:  Corruption is a strong predictor of AMR, likely reflecting a multitude of socioeconomic factors. Sanita-
tion quality contributed to increased blood culture QREC (%) levels in middle-income countries, although was not an 
independent factor, highlighting the need to also focus on infrastructure such as sanitation services in the context of 
AMR.

Keywords:  Antimicrobial resistance, Quinolone-resistant Escherichia coli, Wastewater, sanitation, and hygiene, 
Antimicrobial usage, Corruption
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Background
Antimicrobial Resistance (AMR), the ability of a dis-
ease-causing microbe to survive antimicrobial agents, 
is a growing global public health concern. The reduced 
options to treat infectious diseases can lead to longer 
duration of illness, increased hospital time and increased 
mortality rates across all areas of healthcare. AMR is 
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currently estimated to account for 700,000 deaths annu-
ally worldwide, increasing to approximately 10 million 
deaths and US$ 100 trillion annually by 2050 [1].

The development and spread of AMR is a complex 
issue, partly due to the fact that environmental bacteria, 
predating the antibiotic era, carried genes that encode 
for resistance to antibiotics [2]. Indeed, antibiotics and 
antibiotic resistance genes are natural elements of the 
environment. The concern, however, is the influence that 
human activities, including the misuse of antibiotics and 
inadequate disposal of them, has had on driving the dis-
tribution and abundance of these resistance genes [2].

Antimicrobial agents are used in many societal sectors. 
Apart from their role in human and veterinary medicine, 
they are used extensively in agriculture, aquaculture and 
the farming industry. There is much emphasis on the 
impact of inappropriate antibiotic (here defined as anti-
microbials with effect on bacteria only) use in human 
medicine on the development of AMR, resulting in the 
development of the World Health Organization (WHO) 
guideline on antibiotic stewardship [3], as well as in agri-
culture and farming, resulting in guidance on prudent use 
of antibiotics according to the World Organisation for Ani-
mal Health (OIE) intergovernmental standards [4]. While 
this is vital for the control of AMR, it neglects an alarm-
ing aspect of antibiotic usage – the disposal of these agents 
into the environment and the resulting potential breeding 
grounds for resistant bacteria through selective pressure.

The role of the environment and quality of sanitation and 
water infrastructure as drivers for the development and 
spread of AMR, in addition to rate of disease spread, has 
become a recent focus of research [5]. When environmen-
tal and pathogenic bacteria share a common habitat, novel 
antibiotic resistance genes develop through processes such 
as mutations, rearrangements and horizontal gene transfer 
[5]. Stressors in the environment, primarily antimicrobi-
als, but also metals and biocides, add to this process and 
induce the transfer of genetic material between organ-
isms [6]. Different antimicrobials are also affected to vary-
ing extent by the environmental matrix (air, soil or water) 
that they enter. Some antimicrobials such as fluoroqui-
nolones and sulphonamides, are chemically stable and are 
frequently detected in the environment, whereas others, 
like beta-lactams are easily degradable and not typically 
detected, although the wide use of these family of antibiot-
ics can still contribute to resistance [7]. The temperature 
of the environmental matrix also influences the transfer of 
resistance genes with optimum transfer occurring at tem-
peratures of thirty degrees Celsius (30 °C) [7].

The correlation between socioeconomic factors and 
AMR has also become a focus of research. Alvarez-Uria 

et. al. showed that a country’s income predicts their 
levels of AMR, with an 11·3% decrease in the preva-
lence of E. coli resistant to broad-spectrum cephalo-
sporins for each log increase in Gross National Income 
(GNI) per capita [8]. This study did not consider any 
potential confounders. The authors’ proposed expla-
nation was that countries with a lower income have a 
higher population density, suboptimal sewage systems, 
poor sanitation and lack of access to clean water as well 
as inadequate antimicrobial stewardship programmes, 
low vaccination rates and lower education levels [8]. 
Collignon et.al. looked at the contribution of poor gov-
ernance and corruption in European countries on AMR 
levels and demonstrated that higher levels of corrup-
tion are strongly associated with an increase in AMR 
[9]. They proposed that when the quality of governance 
is low, there are less effective antibiotic stewardship 
programmes and inadequate control of food and water 
safety. They also recently published a similar article, 
based on data from a broader geographical area, that 
found that poor governance, income level and lack of 
infrastructure contribute to AMR [10]. These studies 
highlight the importance of considering systems level 
factors in combination with data on antibiotic use, 
sanitation, water treatment, and other environmental 
factors, in investigating determinants of AMR. Indeed, 
Noyes et.al., published a paper that emphasised the 
need to move away from solely focusing on antibiotic 
use and AMR, and to consider anthropogenic and envi-
ronmental drivers of AMR [11].

Some of the most robust data on water and sanita-
tion is produced by the World Health Organization 
(WHO) and United Nations Children’s Fund (UNICEF) 
Joint Monitoring Programme (JMP) for Water Supply, 
Sanitation and Hygiene (WASH) [12]. The JMP bian-
nual report presents the proportion of the population 
with access to an improved sanitation facility and an 
improved drinking water source.

In order to further evaluate the impact of water and 
sanitation on AMR, along with various socioeconomic, 
environmental and agricultural factors, we performed 
a cross-national multivariable analysis. Furthermore, 
we wanted to assess whether the determinants of 
AMR remain consistent across high-income, middle-
income and low-income countries. For example, while 
poor infrastructure may drive AMR in low-income 
countries, other factors may be at play in high-income 
countries where the standard of infrastructure remains 
consistently high. An answer to this could promote a 
more stratified response to the issue of AMR according 
to the drivers of AMR specific to each country.
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Methods
Data acquisition
We chose to use the proportion of quinolone-resistant 
Escherichia coli (QREC %) in blood culture samples as 
our model pathogen and dependent variable. This was 
chosen as an indicator for national levels of AMR as E. 
coli is the prototypical faecal indicator bacterium [13]. 
Furthermore, E. coli is the target bacterial species of the 
WHO Tricycle AMR Surveillance Project, which focuses 
on the proportion of extended-spectrum beta-lactamase 
(ESBL) producing E. coli across the human, animal/
food safety and environment compartments [13]. Fluo-
roquinolones are antibiotics that are stable in the envi-
ronment and have widespread use in human and animal 
medicine [14]. They are in the ‘highest priority’ WHO 
list of critically important antimicrobials based on their 
essential use in human medicine and their high resist-
ance potential [15].

Data on blood culture QREC (%) is available across 
multiple countries. We obtained this data from the 
Resistance Map Repository, produced by the Centre for 
Disease Dynamics, Economics and Policy (CDDEP). This 
database has aggregated data from 1999 to 2017 on anti-
biotic resistance from several sources including national 
and regional AMR surveillance databases [16]. CDDEP 
has harmonised the data to present similar definitions 
of resistance across countries to enable comparison. 
Each country and region included in the CDDEP data-
base used standardised methods of testing for resist-
ance, either using Clinical Laboratory Standards Institute 
(CLSI) criteria or European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) breakpoints. This data-
base presents data for a pathogen only when 30 or more 
isolates had been tested against an antibiotic agent. Fluo-
roquinolones included were ciprofloxacin, ofloxacin, lev-
ofloxacin, moxifloxacin and norfloxacin. The Resistance 
Map dataset was supplemented with data from the WHO 
Global Antimicrobial Resistance Surveillance System 
(GLASS) [17]. For countries that had data on proportion 
of QREC (%) among blood culture E. coli, we retrieved 
data on potential explanatory variables (Table 1).

Statistical analysis
Countries included in the study were categorized into 
high-income, middle-income and low-income groups 
according to the updated World Bank classification [27]. 
There was only one low-income country with data on 
blood culture QREC (%), namely, Malawi.

Descriptive statistics were obtained for all variables 
using medians with interquartile ranges (IQR’s). Given all 
variables were numerical and fairly normally distributed 
we used univariate linear regression analysis to deter-
mine the association between individual independent 

variables and the outcome variable (proportion of QREC 
(%) among blood culture E. coli isolates tested). Regres-
sion coefficients and p-values for the independent vari-
ables analysed using univariate regression can be found 
in the Additional file 1. We developed scatter plots with 
correlation coefficients (R2) to describe the direction and 
strength of associations between the dependent variable 
and potential explanatory variables.

We performed multivariable linear regression to deter-
mine the effect of each variable when controlling for 
the others. All variables that were significantly associ-
ated with the outcome variable (p-value < 0·05) in the 
univariate analyses were included in a multivariable lin-
ear regression model. We performed analyses for and 
reported on separate multivariable models for all coun-
tries, high-income countries and middle-income coun-
tries. We also attempted to further stratify countries by 
income by testing models looking at upper-middle and 
lower-middle income countries, but we found that there 
was too little data in these sets and were concerned about 
low statistical power. We considered removing Malawi 
from the data-set as it was the only lower-income coun-
try, however, removing it made no impact on the signifi-
cance of the results and we decided to analyse it in the 
middle-income country group for completeness of the 
data set. A p-value of less than 0·05 was considered sig-
nificant in the multivariable regression models. The fit of 
each model was described using the coefficient of deter-
mination, R2.

Prior to inclusion in the multivariable models, we 
checked variables for heteroscedasticity and multicollin-
earity. Robust standard errors were used to account for 
heteroscedasticity. Variance Influence Factor (VIF) was 
used to test for multicollinearity, with a VIF of > 6 consid-
ered as potentially serious multicollinearity. We used the 
Missing Completely at Random (MCAR) for multivariate 
data test to detect any bias in the dataset.

STATA version 14.0 (Statacorp LLC, Texas, USA) was 
used for statistical analysis. Microsoft Excel 2019 was 
used to illustrate the proportion of QREC (%) among 
blood culture E. coli by country.

Results
Seventy-one countries had data on blood culture QREC 
(%), of which 42 represented high-income countries, 28 
were middle-income countries, and one country (Malawi) 
was a low-income country (Fig. 1). The median propor-
tion of blood culture QREC (%) globally was 34%. Table 2 
shows the number of countries that had data on depend-
ent and independent variables as well as the median and 
interquartile range for each variable.

As visualised in Fig. 2  and calculated in the univari-
ate analysis (see Additional file 1) several variables were 



Page 4 of 12Booth and Wester ﻿BMC Public Health          (2022) 22:354 

Ta
bl

e 
1 

D
es

cr
ip

tio
n 

an
d 

so
ur

ce
s 

of
 v

ar
ia

bl
es

 u
se

d

CD
D

EP
 C

en
te

r f
or

 D
is

ea
se

 D
yn

am
ic

s 
Ec

on
om

ic
s 

an
d 

Po
lic

y,
 W

H
O

 W
or

ld
 H

ea
lth

 O
rg

an
iz

at
io

n,
 N

A 
N

ot
 a

pp
lic

ab
le

, U
N

IC
EF

 U
N

 C
hi

ld
re

n’
s 

Fu
nd

, J
M

P 
Jo

in
t M

on
ito

rin
g 

Pr
og

ra
m

, W
ID

E 
W

or
ld

 In
eq

ua
lit

y 
D

at
ab

as
e 

on
 E

du
ca

tio
n,

 
U

N
ES

CO
 U

N
 E

du
ca

tio
na

l, 
Sc

ie
nt

ifi
c 

an
d 

Cu
ltu

ra
l O

rg
an

iz
at

io
n

D
efi

ni
tio

n
U

ni
t

D
at

a 
So

ur
ce

 (d
at

a 
ye

ar
)

Fl
uo

ro
qu

in
ol

on
e 

Re
si

st
an

t E
. c

ol
i

Pr
op

or
tio

n 
of

 b
lo

od
 c

ul
tu

re
 E

. c
ol

i i
so

la
te

s 
te

st
ed

 p
er

 c
ou

nt
ry

 th
at

 
w

er
e 

re
si

st
an

t t
o 

at
 le

as
t o

ne
 fl

uo
ro

qu
in

ol
on

e 
(c

ip
ro

flo
xa

ci
n,

 o
flo

xa
-

ci
n,

 le
vo

flo
xa

ci
n,

 m
ox

ifl
ox

ac
in

, n
or

flo
xa

ci
n)

%
C

D
D

EP
 R

es
is

ta
nc

e 
M

ap
 (2

02
0)

 [1
6]

W
H

O
 G

LA
SS

 R
ep

or
t E

ar
ly

 Im
pl

em
en

ta
tio

n 
(2

01
7–

20
18

) [
17

]

U
ns

af
el

y 
M

an
ag

ed
 S

an
ita

tio
n

Pr
op

or
tio

n 
of

 a
 c

ou
nt

ry
’s 

po
pu

la
tio

n 
us

in
g 

a 
sa

ni
ta

tio
n 

se
rv

ic
e 

th
at

 
do

es
 n

ot
 m

ee
t t

he
 c

rit
er

ia
 fo

r s
af

el
y 

m
an

ag
ed

 s
an

ita
tio

n,
 th

at
 is

 “u
se

 
of

 im
pr

ov
ed

 fa
ci

lit
ie

s 
th

at
 a

re
 n

ot
 s

ha
re

d 
w

ith
 o

th
er

 h
ou

se
ho

ld
s 

an
d 

w
he

re
 e

xc
re

ta
 a

re
 s

af
el

y 
di

sp
os

ed
 o

f i
n 

si
tu

 o
r t

ra
ns

po
rt

ed
 a

nd
 

tr
ea

te
d 

off
si

te
”

%
W

H
O

/U
N

IC
EF

 JM
P 

Re
po

rt
 o

n 
Pr

og
re

ss
 o

n 
D

rin
ki

ng
 W

at
er

, S
an

ita
tio

n 
an

d 
H

yg
ie

ne
 (2

01
7)

 [1
2]

U
ns

af
el

y 
M

an
ag

ed
 W

at
er

Pr
op

or
tio

n 
of

 a
 c

ou
nt

ry
’s 

po
pu

la
tio

n 
us

in
g 

a 
dr

in
ki

ng
 w

at
er

 s
er

vi
ce

 
th

at
 d

oe
s 

no
t m

ee
t t

he
 c

rit
er

ia
 fo

r s
af

el
y 

m
an

ag
ed

 d
rin

ki
ng

 w
at

er
, 

th
at

 is
 “d

rin
ki

ng
 w

at
er

 fr
om

 a
n 

im
pr

ov
ed

 w
at

er
 s

ou
rc

e 
th

at
 is

 lo
ca

te
d 

on
 p

re
m

is
es

, a
va

ila
bl

e 
w

he
n 

ne
ed

ed
 a

nd
 fr

ee
 fr

om
 fa

ec
al

 a
nd

 p
rio

r-
ity

 c
he

m
ic

al
 c

on
ta

m
in

at
io

n”

%
W

H
O

/U
N

IC
EF

 J
oi

nt
 M

on
ito

rin
g 

Pr
og

ra
m

 R
ep

or
t o

n 
Pr

og
re

ss
 o

n 
D

rin
k-

in
g 

W
at

er
, S

an
ita

tio
n 

an
d 

H
yg

ie
ne

 (2
01

7)
 [1

2]

H
um

an
 F

lu
or

oq
ui

no
lo

ne
 C

on
su

m
pt

io
n

D
efi

ne
d 

D
ai

ly
 D

os
es

 (D
D

D
) o

f fl
uo

ro
qu

in
ol

on
es

 (c
ip

ro
flo

xa
ci

n,
 

ofl
ox

ac
in

, l
ev

ofl
ox

ac
in

, m
ox

ifl
ox

ac
in

, n
or

flo
xa

ci
n)

 c
on

su
m

ed
 p

er
 

10
00

 p
op

ul
at

io
n 

pe
r y

ea
r

D
D

D
/1

00
0/

y
C

D
D

EP
 R

es
is

ta
nc

e 
M

ap
 (2

01
5)

 [8
, 1

6]

To
ta

l H
um

an
 A

nt
ib

io
tic

 C
on

su
m

pt
io

n
D

D
D

 o
f a

ll 
an

tib
io

tic
s 

co
ns

um
ed

 p
er

 1
00

0 
po

pu
la

tio
n 

pe
r y

ea
r

D
D

D
/1

00
0/

y
C

D
D

EP
 R

es
is

ta
nc

e 
M

ap
 (2

01
5)

 [1
6]

A
ni

m
al

 A
nt

im
ic

ro
bi

al
 C

on
su

m
pt

io
n

To
ta

l a
nt

im
ic

ro
bi

al
 c

on
su

m
pt

io
n 

by
 a

ni
m

al
s 

pe
r y

ea
r i

n 
m

g 
pe

r 
po

pu
la

tio
n 

co
rr

ec
tio

n 
un

it 
(P

C
U

)
M

g/
PC

U
C

D
D

EP
 R

es
is

ta
nc

e 
M

ap
 (2

01
3)

 [1
6]

Po
pu

la
tio

n 
D

en
si

ty
Po

pu
la

tio
n 

pe
r s

qu
ar

e 
ki

lo
m

et
re

 o
f l

an
d 

ar
ea

Po
p/

km
2

W
or

ld
 B

an
k 

(2
01

9)
 [1

8]

G
ro

ss
 N

at
io

na
l I

nc
om

e
Th

e 
su

m
 o

f v
al

ue
 (i

n 
U

S 
do

lla
rs

) a
dd

ed
 b

y 
al

l r
es

id
en

t p
ro

du
ce

rs
 in

 
a 

co
un

tr
y 

pl
us

 a
ny

 p
ro

du
ct

 ta
xe

s 
no

t i
nc

lu
de

d 
in

 th
e 

va
lu

at
io

n 
of

 
ou

tp
ut

 p
lu

s 
ne

t r
ec

ei
pt

s 
of

 p
rim

ar
y 

in
co

m
e 

fro
m

 a
br

oa
d,

 d
iv

id
ed

 b
y 

th
e 

m
id

-y
ea

r p
op

ul
at

io
n

U
S 

do
lla

rs
W

or
ld

 B
an

k 
(2

01
9)

 [1
9]

Co
rr

up
tio

n 
Pe

rc
ep

tio
ns

 In
de

x
A

 ra
nk

in
g 

of
 c

ou
nt

rie
s, 

on
 a

 s
ca

le
 o

f 1
 to

 1
00

, b
as

ed
 o

n 
th

ei
r 

pe
rc

ei
ve

d 
le

ve
ls

 o
f c

or
ru

pt
io

n 
(m

is
us

e 
of

 p
ub

lic
 p

ow
er

 fo
r p

riv
at

e 
be

ne
fit

), 
as

 d
et

er
m

in
ed

 b
y 

ex
pe

rt
 a

ss
es

sm
en

ts
 a

nd
 o

pi
ni

on
 s

ur
ve

ys

N
A

Tr
an

sp
ar

en
cy

 In
te

rn
at

io
na

l (
20

19
) [

20
]

Ed
uc

at
io

n 
Le

ve
l

Th
e 

m
ea

n 
nu

m
be

r o
f c

om
pl

et
ed

 y
ea

rs
 o

f e
du

ca
tio

n
Ye

ar
s

O
ur

 W
or

ld
 in

 D
at

a 
– 

G
lo

ba
l E

du
ca

tio
n 

(2
01

7)
 [2

1]

H
ea

lth
ca

re
 A

cc
es

s 
an

d 
Q

ua
lit

y 
In

de
x

A
 s

co
re

 o
ut

 o
f a

 to
ta

l o
f 1

00
 b

as
ed

 o
n 

m
ea

su
rin

g 
m

or
ta

lit
y 

ra
te

s 
fro

m
 

di
se

as
es

 th
at

 s
ho

ul
d 

no
t b

e 
fa

ta
l i

n 
th

e 
pr

es
en

ce
 o

f e
ffe

ct
iv

e 
m

ed
ic

al
 

ca
re

N
A

O
ur

 W
or

ld
 in

 D
at

a 
-H

ea
lth

ca
re

 A
cc

es
s 

an
d 

Q
ua

lit
y 

(2
01

5)
 [2

2]

Av
er

ag
e 

A
nn

ua
l T

em
pe

ra
tu

re
 (d

eg
re

es
 C

el
si

us
)

A
ve

ra
ge

 n
at

io
na

l t
em

pe
ra

tu
re

 in
 d

eg
re

es
 C

el
si

us
°C

Le
ba

ne
se

 E
co

no
m

y 
Fo

ru
m

 (2
01

5)
 [2

3]

Li
ve

st
oc

k 
Pr

od
uc

tio
n 

In
de

x
In

de
x 

of
 p

ro
du

ct
io

n 
of

 m
ea

t a
nd

 m
ilk

 fr
om

 a
ll 

so
ur

ce
s, 

da
iry

 p
ro

d-
uc

ts
 s

uc
h 

as
 c

he
es

e,
 a

nd
 e

gg
s, 

ho
ne

y,
 ra

w
 s

ilk
, w

oo
l a

nd
 h

id
es

 a
nd

 
sk

in
s 

re
la

tiv
e 

to
 th

e 
ba

se
 p

er
io

d 
20

04
–2

00
6

N
A

W
or

ld
 B

an
k 

(2
01

6)
 [2

4]

Cr
op

 P
ro

du
ct

io
n 

In
de

x
In

de
x 

of
 a

gr
ic

ul
tu

ra
l p

ro
du

ct
io

n 
fo

r e
ac

h 
ye

ar
 re

la
tiv

e 
to

 th
e 

ba
se

 
pe

rio
d 

20
04

–2
00

6
N

A
W

or
ld

 B
an

k 
(2

01
6)

 [2
5]

A
qu

ac
ul

tu
re

 P
ro

du
ct

io
n

Q
ua

nt
ity

 o
f c

ul
tiv

at
ed

 fi
sh

 a
nd

 c
ru

st
ac

ea
ns

 ta
ke

n 
fro

m
 m

ar
in

e 
an

d 
in

la
nd

 w
at

er
s 

an
d 

se
a 

ta
nk

s 
in

 m
et

ric
 to

ns
M

et
ric

 T
on

s
W

or
ld

 B
an

k 
(2

01
6)

 [2
6]



Page 5 of 12Booth and Wester ﻿BMC Public Health          (2022) 22:354 	

Fig. 1  Proportion of QREC (%)among blood culture isolates of E. coli, by country and income level. Data on QREC (%) among blood culture E. coli 
were extracted from the Center for Disease Dynamics, Economics and Policy (CDDEP) Resistance map, for which sources were the World Health 
Organization’s Global Antimicrobial Surveillance System (GLASS), regional databases such as European Antimicrobial Resistance Surveillance 
Network (EARS-net), Central Asian and Eastern European Surveillance of Antimicrobial Resistance Network (CAESAR), and country-based or single 
institution-based systems. For most countries, the year of data production was 2016 or 2017, however some were produced in 2015 (New Zealand, 
Mexico, Zimbabwe, Kenya), 2014 (Canada, Chile, Ecuador, Kosovo), 2013 (Venezuela), and 2009 (Sri Lanka)
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positively correlated with an increased level of blood 
culture QREC (%) at p < 0·05, namely, unsafely man-
aged sanitation, unsafely managed water, human fluo-
roquinolone consumption, average annual temperature, 
livestock production index (quantity of production of 
meat and milk relative to base period 2004–2006) and 
crop production index (quantity of agricultural produc-
tion relative to base period 2004–2006). An increase in 
GNI per capita, corruption perceptions index (a higher 
score in the index is indicative of lower corruption lev-
els), education level and healthcare access and quality 
were negatively correlated with the level of blood cul-
ture QREC (%).

For the univariate linear regression models includ-
ing only high-income countries human fluoroquinolone 
consumption, animal antimicrobial consumption, pop-
ulation density, and average annual temperature were 
positively associated with an increase in blood culture 
QREC (%) at p < 0·05. GNI per capita, corruption per-
ception index, education level, healthcare access and 
quality were negatively associated with an increase in 
blood culture QREC (%) at p < 0·05.

For the univariate linear regression models includ-
ing only middle-income countries and one low-income 
country, an increase in unsafely managed sanitation was 
significantly associated with an increase in blood culture 
QREC (%), while an increase in corruption perception 
index and healthcare access and quality were significantly 
associated with a decrease in blood culture QREC (%).

In the multivariable linear regression model with all 
countries that had complete data (n = 53, Table  3, All 
Countries column), the model explained 73% of the total 
variation in blood culture QREC (%). Human fluroqui-
nolone consumption and corruption perception index 
remained significant at p < 0·01. A one-unit improve-
ment in the corruption perception index score resulted 
in a decrease of blood culture QREC (%) isolates by 
0·45% if all other variables remain unchanged, while a 
one-unit increase in human fluroquinolone consump-
tion resulted in a 0·01% increase in blood culture QREC 
(%) isolates. Livestock production index and crop pro-
duction index also remained significant in this model 
with an increase in production relative to the baseline 
period being positively associated with blood culture 
QREC (%).

In the multivariable linear regression model with only 
high-income countries (n = 33; Table  3, High-Income 
Countries column), corruption perception index and 
healthcare access and quality remained negatively and 
positively associated with blood culture QREC (%) at 
p < 0·05 respectively, with this model also explaining 
73% of the total variation in blood culture QREC (%). In 
the model with only middle-income countries Table  3, 
Middle-Income Countries column), there were only 26 
observations and no variables remained significantly 
associated with blood culture QREC (%).

As shown in Table 4, animal antimicrobial consump-
tion had the most missing data (17 missing values). 

Table 2  Descriptive statistics

Number of countries with 
data on potential explanatory 
variables

Median level (IQR)

Dependent Variable Blood culture QREC (%) 71 34 (25–49)

Water and Sanitation Unsafely Managed Sanitation (%) 67 2 (0–9)

Unsafely Managed Water (%) 66 0 (0–5·3)

Antibiotic Consumption Human Fluoroquinolone Consumption (DDD/ 1000 popu-
lation/ year)

57 722 (426–1129·5)

Total Human Antimicrobial Consumption (DDD/ 1000 
population/ year)

57 7760 (5868–11,030·5)

Animal Antimicrobial Consumption (mg/PCU) 54 60 (38–77)

Socioeconomic Indexes Population Density (population per square kilometre) 69 93 (34–198·5)

Gross National Income (US dollars) 70 16,935 (6248–42,467·5)

Corruption Perceptions Index (score 1–100, higher score 
indicative of lower corruption levels)

70 53 (39–73·2)

Education Level (years) 68 11 (9–12)

Healthcare Access and Quality (score 1–100) 70 79 (71–87)

Agricultural Indexes Average Annual Temperature (degrees Celsius) 67 11 (8–22)

Livestock Production Index 69 109 (97–129·5)

Crop Production Index 69 110 (95–128·5)

Aquaculture Production Index 68 30,630 (6687–216,186·5)
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When using Little’s MCAR (Missing Completely at 
Random) Test, only human fluoroquinolone consump-
tion, total human antimicrobial consumption and ani-
mal antimicrobial consumption had p values < 0·05 
indicating that the values of these variables are not 
missing at random. The remainder of the variables were 
missing completely at random.

The p value of the Shapiro-Wilk test for normality of 
data for our dependent variable (HO = blood culture 
QREC % is normally distributed) was p = 0.10 indicat-
ing that we cannot reject that the data was normally 
distributed. The mean Variance Inflation Factor was 
4·10 which is less than 6·00, the indicator for multicol-
linearity. Finally, the p value of the Breusch-Pagan Test 
for heteroscedasticity for all the models was p < 0·01 
(HO = error variances are all equal) indicating that we 
can reject the hypothesis that the data is homoscedas-
tic and assume that the variability of the variables is 
unequal. Heteroscedasticity was adjusted for by using 
robust standard errors.

Discussion
The potential health impact from AMR has prompted 
researchers to determine the main drivers for the devel-
opment and spread of AMR. Several studies have 
assessed the effect of socioeconomic factors, including 
income level, corruption and infrastructure, on promot-
ing AMR [8–10]. Our study adds to this body of research, 
while also drawing on water and sanitation quality data 
from the WHO/UNICEF JMP to investigate how these 
factors contribute to AMR, both irrespective of country 
income as well as after stratification according to income 
level. Our study also supports the links between AMR 
and water and sanitation issues, as underlined in the 
recent WHO/FAO/OIE technical brief on water, sanita-
tion, hygiene and waste management to prevent infec-
tions and reduce the spread of AMR [28].

An increase in unsafely managed drinking water was 
significantly associated with an increase in blood cul-
ture QREC (%) when analysed with univariate regres-
sion in the combined model and the middle-income 

Fig. 2  Scatterplot graphs of the linear regression analysis for all variables in all countries. Strengths of the associations are given in R-squared values
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model, although it lost its significance in the multivari-
able models. We suggest that there was too little vari-
ance in the data to draw the conclusion that unsafely 
managed drinking water contributed independently to 
blood culture QREC (%) levels.

In the univariate analysis, we found that as the propor-
tion of unsafely managed sanitation increased, so too 
did the levels of blood culture QREC (%). Poorer quality 
sanitation results in an environmental breeding ground 
for antibiotic resistance and thus explains the positive 

Table 3  Multivariable linear regression model results for independent risk factors for blood culture QREC (%) isolates tested

DDD Defined Daily Doses

§Malawi included

*** p < 0.01, ** p < 0.05, * p < 0.1

Blood Culture QREC (%)
Regression Coefficient (Robust Standard Error)

All Countries High-Income Countries Middle-
Income 
Countries §

Unsafely Managed Sanitation (%) 0.09 (0.39) – 0.13 (0.16)

Unsafely Managed Water (%) 0.39 (0.44) – –

Human Fluoroquinolone Consumption (DDD/ 1000 popula-
tion/ year)

0.01 (0.00) *** 0.01 (0.01) –

Gross National Income (US dollars) 0.00 (0.00) 0.00 (0.00) –

Corruption Perceptions Index (score 1–100) −0.45 ((0.16) *** −0.29 (0.14) ** − 0.58 (0.38)

Education Level (years) −0.22 (1.45) − 0.61 (1.09) –

Healthcare Access and Quality (score 1–100) − 0.03 (0.31) − 0.64 (0.29) ** − 0.23 (0.41)

Average Annual Temperature (degrees Celsius) 0.29 (0.26) 0.242 (0.27) –

Livestock Production Index 0.17 (0.08) ** – –

Crop Production Index 0.16 (0.07) ** – –

Animal Antimicrobial Consumption (mg/PCU) – 0.02 (0.04) –

Population Density (population per square kilometre) – 0.01 (0.01) –

Constant 10.90 (38.44) 93.96 (33.98) ** 83.63 (26.69) ***

Observations 53 33 26

R-squared 0.73 0.73 0.29

Table 4  Tests for bias: Number of missing observations; Little’s MCAR Test; Chi-square Test

Number of missing observations MCAR’s Test: 
Prob > chi-
square

Unsafely Managed Sanitation (%) 4 0·90

Unsafely Managed Water (%) 5 0·85

Human Fluoroquinolone Consumption (DDD/ 1000 population/ year) 14 0·01

Total Human Antimicrobial Consumption (DDD/ 1000 population/ year) 14 0·01

Animal Antimicrobial Consumption (mg/PCU) 17 0·03

Population Density (population per square kilometre) 2 0·41

Gross National Income (US dollars) 1 0·39

Corruption Perceptions Index (score 1–100) 1 0·14

Education Level (years) 3 0·36

Healthcare Access and Quality (score 1–100) 1 0·06

Average Annual Temperature (degrees Celsius) 4 0·83

Livestock Production Index 2 0·47

Crop Production Index 2 0·47

Aquaculture Production Index (metric tons) 3 0·31
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relationship with blood culture QREC (%) [29]. Increased 
unsafely managed sanitation was significantly associated 
with an increase in blood culture QREC (%) in the uni-
variate model including only middle-income countries, 
but not the model including only high-income countries. 
One can infer that there is a fairly similar and high level 
of sanitation quality in high-income countries, whereas 
in middle-income countries the variance is greater, 
and it shows its significance. This finding agrees with 
the recently published study by Collignon et. al. which 
found a positive correlation between infrastructure (i.e. 
access to sanitation), and AMR levels [10]. In the mul-
tivariable models, unsafely managed sanitation loses its 
significant association with blood culture QREC (%), pos-
sibly because there are too few data points among lower-
income countries where one expects that sanitation may 
play a larger role in AMR.

Human fluoroquinolone consumption had a positive 
association with blood culture QREC (%) level in the 
multivariable model including all countries, and when 
analysed in high-income countries only, but not for 
middle-income countries. A vast body of research shows 
that high consumption of antimicrobials is a main driver 
of AMR. Most of these studies, however, are performed 
in high-income settings, and have not included possible 
socioeconomic and environmental factors. Collignon et. 
al. on the other hand did include these additional factors 
and found that antibiotic use was not significant in any 
of the multivariable models [10]. Their findings, and ours, 
suggest that, especially in middle-income countries, and 
possibly also in low-income countries, other variables are 
also at play.

An increase in GNI per capita was significantly associ-
ated with an increase in blood culture QREC (%) in the 
univariate analyses in both the combined and high-income 
countries only analyses, however, it lost its significance in 
the multivariable models. This positive association is con-
sistent with the findings of Collignon et. al. who explained 
it by the fact that wealthier countries use more antibiotics 
[10]. The result differs, however, from the study performed 
by Alvarez-Uria et. al. where they found that income was 
inversely related to AMR, although no other variables were 
considered in this study [8].

The corruption perceptions index (the higher the score 
in the index, the lower the corruption) remained strongly 
negatively associated with blood culture QREC (%) across 
all models, being the only significant variable (p value 
< 0·05) in all three univariate analyses. It also remained 
significant in the multivariable models that analysed 
all countries and in the high-income countries only, 
although it lost its significance in the middle-income 
multivariable model, likely due to too few observations. It 
is probable that countries with more corruption will have 

fewer antibiotic stewardship programmes and less strin-
gent policies on the disposal of pharmaceuticals, as well 
as worse infrastructure and water and sanitation services.

Previous research indicates that the transfer of resistant 
genes occurs at an optimum temperature of 30 °C mean-
ing that countries with higher average temperatures are 
more likely to produce optimal conditions for bacterial 
transfer [7]. In our study, this was true in the univariate 
analyses, as the annual average temperature of a country 
increased, so too did the level of blood culture QREC (%). 
However, it lost its significance in the multivariable mod-
els. It is also possible that average temperature is a proxy 
for other socioeconomic factors. Although not the direct 
causal mechanism, higher temperatures have previously 
been associated with lower levels of income and reduced 
quality of water and sanitation [30, 31]. One of the ongo-
ing concerns of climate change is the risk that increased 
temperatures will have on vector-borne diseases. As tem-
peratures rise, so too will the incidence of vector-borne 
diseases, thus resulting in increased use of antibiotics, 
and thus, potentially, an increase in AMR [32].

Unlike other studies, we included livestock and crop 
production index, which reflect the growth in agricul-
tural production relative to a baseline period. We found 
them to be positively associated with blood culture 
QREC (%) in univariate and multivariable analyses of all 
countries combined but showed no significance when 
analysed in the high and middle-income models only. 
Often policy makers focus only on the misuse of antimi-
crobials amongst the human population, but antimicro-
bials are also used extensively in the agricultural, farming 
and aquaculture industry. As demonstrated above, as 
the quantity of livestock and agricultural production 
increases in a country, there is an associated increase 
in blood culture QREC (%). This could be as a result of 
increased use of antimicrobials in these industries and 
subsequent run-off into the environment.

Strengths and limitations
The major downfall of our study was the quantity of data 
available and the non-randomness of some of the miss-
ing data. The data we used was also cross-sectional which 
prevented us from capturing relationships which take 
place with a time lag. Data collection is a costly process 
and one that requires a stable economy and political 
state. Consequently, developed countries are over-rep-
resented, and indeed, there was only one low-income 
country with data on blood culture QREC (%). While we 
can draw relatively certain conclusions on high-income 
countries, it is possible that there are different drivers in 
low-income countries for which we have little data, and 
even within the middle-income group for which we prob-
ably had insufficient data. The collection of national data 
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on AMR via the WHO GLASS project is a relatively new 
endeavour and one that requires large input from govern-
ments and health departments. Several countries have 
enrolled in GLASS, but it will take many years before it 
becomes routine data collection internationally.

Our study only looked at blood culture QREC (%) as a 
marker of AMR. It has been shown that pathogens have 
different responses to antimicrobial use and it is possi-
ble that by focusing on a single drug-pathogen combi-
nation that the results may have limited generalisability 
[33]. It has also been demonstrated that intense and 
repeated use of antibiotics has a stronger association 
with AMR that extensive low-intensity use [34]. It was 
out of the scope of this study to include the distribution 
and intensity of antimicrobial use, but we are aware that 
this may be another potential source of bias. Bacteria 
also display either disjoint or concurrent resistance and 
if we had looked at other drug-pathogen combinations, 
we may have found that the effect of a variable on one 
drug-pathogen combination might have differed to the 
effect on another combination and, indeed, the overall 
levels of AMR.

In addition, while we included diverse variables, it 
is possible that some statistical errors of endogene-
ity exist. There is potential for reverse causality where 
factors associated with AMR also influence prescrib-
ing practices or where the level of AMR influences the 
independent variables. It is also possible that some fac-
tors that are drivers for AMR were omitted or unob-
served or that some of the included variables exhibit 
simultaneity. For example, it is possible that countries 
with higher income have both less corruption, greater 
access to antimicrobials and improved sanitation and 
water infrastructure. Indeed, it is unlikely that corrup-
tion itself causes higher levels of AMR, this association 
likely reflects a range of socioeconomic factors which 
are correlated with perceived corruption. We tried to 
account for potential multi-collinearity by calculating 
the Variance Inflation Factor (< 6) which demonstrated 
the likelihood of the analysed variables being correlated 
with each other. When performing multivariate analy-
sis, there is always a balance between potentially omit-
ting relevant drivers or including too many, resulting in 
simultaneity or reversed causality, and we acknowledge 
this as a limitation.

This aside, our study analysed a large number of soci-
oeconomic and environmental factors associated with 
AMR. Our study is the first we know to perform multi-
variable analyses where we stratified drivers of AMR by 
different levels of income. Although there is uncertainty 
about details in our results, they did indicate there might 
be different main drivers of AMR in different economic 

settings, pointing to the need for differentiated policies 
to fight AMR. There has been a call for environmental 
regulation and monitoring to be included in AMR action 
plans, although a lack of understanding of the drivers 
and pathways of AMR and the differences between these 
drivers in different settings has resulted in an inability to 
include many of them in policy until now [35]. As other 
research has demonstrated, AMR action plans also need 
to bridge the worlds of antibiotic use in health care, agri-
culture and aquaculture [36]. Our research emphasises 
that there cannot be a single action plan that meets the 
needs of all countries globally and that AMR action plans 
need to take into account different socioeconomic, geo-
spatial and environmental factors while acknowledg-
ing gaps in the surveillance capacity of lower economic 
settings.

Future research
We have identified gaps in the research, namely, in the 
amount of data available on AMR in low-income coun-
tries. We recommend steps to improve AMR surveillance 
in low-income countries. If such data becomes available, 
we suggest running further multivariable analyses of 
AMR drivers in low-income countries in order to guide 
political prioritization of action against AMR.

Conclusion
AMR is a global health concern. Using blood culture 
QREC (%) as a marker of AMR in a country, we found 
that corruption and antibiotic use were strong predic-
tive factors for both high- and middle-income coun-
tries, with sanitation services also playing a role in 
middle-income countries. The association between 
corruption and AMR likely reflects a range of socioec-
onomic factors which are correlated with the variables 
and the mechanism behind these associations needs to 
be explored in more detail. Especially for low-income 
countries, it is imperative to improve AMR surveil-
lance, in order to guide political prioritization of action 
against AMR.
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