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Abstract
Several factors may explain why measles persisted in the European Union in 2017–2018. The study assessed mean measles
vaccination coverage and anti-measles herd immunity levels in the target measles vaccination population in countries of the
European Union during the 2015–2017 period. The study found that the measles vaccination coverage with two doses of vaccine
was < 95% in 28 (96.5%) countries, and that the prevalence of individuals with vaccine-induced measles protection in the target
vaccination population was lower than the herd immunity threshold of 94.4% in 22 (75.9%) countries during 2015–2017. The
study found a significant negative correlation between the incidence of measles in 2017–2018 in different countries of the
European Union and measles vaccination coverage with two doses of measles vaccine, prevalence of individuals with
vaccine-induced measles protection and herd immunity levels in the target measles vaccination population during 2015–2017.
Measles vaccination coverage and herd immunity levels did not improve from 2010–2015 to 2015–2017 in the European Union.
Low percentages of measles vaccination coveragewith two doses of vaccine and low herd immunity levels could explain measles
incidence in countries of the European Union in 2017–2018. New measles prevention strategies should be developed to increase
measles vaccination coverage and herd immunity levels in the European Union.
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Introduction

In 2015, the European Region of the World Health
Organization renewed their commitment to the elimination
of measles by the year 2020 [1]. The elimination of mea-
sles from Europe is feasible because humans are the only
reservoir for measles, effective vaccines are available,
highly sensitive and specific diagnostic tests are available,
and endemic measles transmission has been interrupted in
America [2, 3]. Nevertheless, measles cases and outbreaks
increased from 2015 to 2017–2018 [4–8]. In 2015, a total
of 4396 measles cases, 442 hospitalizations, and one death
due to measles were reported by countries of the European

Union to the WHO’s centralized information system for
infectious diseases (CISID) [4–7]. In 2017, 14,451 measles
cases, 7890 hospitalizations, and 32 deaths due to measles
were reported by countries of the European Union to the
CISID [4–7]. In 2018, 12,352 measles cases, 3017 hospi-
talizations, and 12 deaths due to measles were reported by
countries of the European Union to the CISID [4–6, 8]. In
2018, 28% of cases occurred among children under 5 years,
18% occurred among 6–14-year-old children, and 53% oc-
curred among individuals aged 15 or more years; and 79%
of cases were unvaccinated and 21% had received one or
more doses of measles vaccine [8]. The overall incidence
of measles was above the elimination target (one case per
million population) in 29 (97%) countries of the European
Union in 2018 [8].

The strategy plan proposed by the World Health
Organization to achieve measles elimination in Europe by
the year 2020 is based on four main measures [9]:

1. Achieve and maintain measles vaccination coverage with
two doses of MMR vaccines ≥ 95%
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2. Supplementary immunization activities to population
groups at risk for measles and to individuals susceptible
to measles

3. Intensive epidemiological surveillance
4. Rigorous outbreak control

Sustained high vaccination coverage with two doses of
vaccine is the key preventive measure to successfully elimi-
nating measles from Europe for two reasons. First, measles
vaccination programs have reduced morbidity and mortality
from measles in Europe. Second, measles vaccination pro-
grams have eliminated endemic measles from America and
several countries of Europe [2, 9, 10]. In the European
Union, children receive their initial measles vaccine when
they are 12–15 months old and the second dose when they
are 3–15 years old [11]. However, supplementary vaccination
activities to immunize susceptible individuals have not been
developed at either the national or regional level within the
European Union [12].

The World Health Organization (WHO) Regional Office
for Europe is aiming to achieve and maintain percentages of
measles vaccination coverage of at least 95% with both the
first and second doses of measles vaccine [3, 9]. The WHO
assumes that the recommended percentages of measles vacci-
nation coverage will generate and maintain the herd immunity
required to block measles transmission in the community [3,
9, 13]. The persistence of measles in the European Union
indicates therefore that measles vaccination coverage and herd
immunity levels are possibly insufficient to prevent measles
transmission [14].

A study carried out in 2016 found that two of the fac-
tors explaining persistence of measles in Europe in 2015
were the two-dose measles vaccination coverage < 95%
and the low prevalence of individuals with vaccine-
induce measles protection [15]. The objectives of this
study were:

1. To assess the vaccination coverage with one and two
doses of measles vaccine in the European Union from
1980 to 2017

2. To assess the mean vaccination coverage with one and
two doses of measles vaccine in countries of the
European Union during the 2015–2017 period

3. To assess the prevalence of individuals with anti-measles
vaccine-induced measles protection, and to assess the es-
tablishment of herd immunity in the target measles vacci-
nation population in countries of the European Union dur-
ing the 2015–2017 period

4. To determine the herd immunity gaps and the additional
measles vaccination coverage required to establish herd
immunity in countries without herd immunity

5. To assess the association between measles incidence in
2017–2018 and measles vaccination coverage and herd

immunity levels in countries of the European Union dur-
ing 2015–2017

6. To compare measles vaccination coverage and herd im-
munity levels the European Union during the 2010–2015
and 2015–2017 periods

Material and methods

The mean percentages of vaccination coverage in the
European Union with one and two doses of measles vaccine
from 1980 to 2017 were calculated using the information from
the WHO-UNICEF global and regional immunization system
[16, 17]. The mean vaccination coverage with one and two
doses of measles vaccine during 2015–2017 in different coun-
tries of the European was calculated using the information of
the WHO-UNICEF global and regional immunization system
[16, 17]. In each country, the mean vaccination coverage with
the first dose (MCV1) and the mean vaccination coverage
with second dose (MCV2) of measles vaccine during 2015–
2017 were determined from the percentages of vaccination
coverage reported for 2015, 2016, and 2017. The mean vac-
cination coverage with two doses of measles vaccine during
the 2015–2017 period (V2) was determined from the mean
vaccination coverage with the first dose (MCV1) and second
dose (MCV2) of measles vaccine using the formula: V2 =
MCV1 × MCV2. The vaccination coverage with one dose
of measles vaccine (V1) was determined using the formula:
V1 = (MCV1 – V2) + (MCV2 – V2).

The establishment of herd immunity against measles in
different countries of the European Union in the 2015–2017
period was determined by assessing whether the prevalence of
individuals with vaccine-induced measles protection was
higher or lower than the critical prevalence of 94.4% associ-
ated with herd immunity for measles viruses with Ro equal to
18. Herd immunity is defined as the indirect protection of
susceptible individuals brought about by the presence of im-
mune individuals in the population. The generation of measles
epidemics depends on the average number of individuals di-
rectly infected (secondary cases) by one infectious case during
the entire infectious period, when the infectious agent has
entered a totally susceptible population [18, 19]. This number
is called the basic reproductive number Ro. The critical prev-
alence of protected individuals required to establish herd im-
munity against measles viruses (Ic), determined using the for-
mula Ic = [1 – (1/Ro)] [11], is equal to 94.4% for measles
viruses with Ro equal to 18. Anderson and May found values
of Ro ranging from 12 to 18 in the review carried out in 1991
[18], and a recent review of Ro values obtained in different
studies found values of Ro ranging from 6 to 27 in the pre-
vaccine era and ranging from 6.1 to 45.4 in European coun-
tries [20].
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The prevalence of vaccine-induced protected individuals in
the target measles vaccination population was determined in
each country using the formula: Iv = (V1 × E1) + (V2 × E2). In
this formula, V1 and V2 are the percentages of vaccination
coverage with one and two doses of measles vaccine, respec-
tively; and E1 and E2 are the effectiveness in preventing sec-
ondary measles cases with one and two doses of measles vac-
cine, respectively. Effectiveness of 92% and 95% for one and
two doses of measles vaccine, respectively, were assumed in
this study [21, 22].

Measles vaccination programs can reduce measles trans-
mission by means of generating a prevalence of vaccine-
induced protected individuals (Iv) and reducing the prevalence
of susceptible individuals, which results in an effective basic
reproductive number R that is lower than Ro depending on the
prevalence of vaccine-induced protected individuals: R = Ro

(1 − Iv). Measles vaccination programs can block measles
transmission when the prevalence of vaccine-induced
protected individuals (Iv) is higher than the critical prevalence
(Iv > Ic) [23]. In this study, herd immunity was considered
established in the target measles vaccination population in
countries of the European Union when the prevalence of
protected individuals in the target vaccination (Iv) was equal
to or higher than 94.5%.

Anti-measles herd immunity gaps (IG) were measured in
terms of the additional prevalence of protected individuals
required to establish herd immunity in countries without herd
immunity. The herd immunity gap was determined from the
difference between the prevalence of 94.5% necessary to es-
tablish herd immunity and the country-specific prevalence of
individuals with vaccine-inducedmeasles protection (Iv): IG =
94.5 – Iv. The additional measles vaccination coverage re-
quired to establish herd immunity (Va) was determined from
the herd immunity gap and measles vaccine effectiveness (E):
Va = IG/E. A 95% effectiveness was assumed for the additional
measles vaccine [21, 22].

The SPSS program (v. 18) was used to calculate the mea-
sles vaccination coverage with one and two doses of measles
vaccine, the prevalence of individuals with vaccine-induced
measles protection, and to assess the establishment of herd
immunity in different countries of the European Union during
the 2015–2017 period. The chi-square test was used to com-
pare percentages, considering a p < 0.05 as statistically
significant.

The chi-square test and the ratio of proportions (Epidat
program) were used to compare the measles vaccination cov-
erage and herd immunity levels in countries with and without
herd immunity during the 2015–2017 period. The chi-square
test and the ratio of proportions (Epidat program) were used to
compare measles vaccination coverage and herd immunity
levels in countries of the European Union during the 2015–
2017 and 2010–2015 periods. A p < 0.05 was considered sta-
tistically significant.

The study assessed the association between the mean
incidence of measles in countries of the European Union
in 2017–2018 and the following percentages of measles
vaccination coverage and herd immunity levels during
2015–2017:

1. Measles vaccination coverage with two doses of measles
vaccine

2. Measles vaccination coverage with one dose of measles
vaccine

3. Measles vaccination coverage with the first dose of mea-
sles vaccine

4. Measles vaccination coverage with the second dose of
measles vaccine

5. Prevalence of individuals with vaccine-induced measles
protection

6. Herd immunity gap

The mean incidence of measles in 2017–2018 was de-
termined in different countries of the European from the
incidence of measles in 2017 and 2018 reported by the
European Center for Disease Control (ECDC) [7, 8]. The
Pearson’s correlation coefficient (SPSS program) was
used to assess the association between the mean incidence
of measles in 2017–2018 and the following variables:
two-dose measles vaccination coverage; one-dose measles
vaccination coverage; measles vaccination coverage with
the first dose of vaccine; measles vaccination coverage
with the second dose of vaccine; prevalence of individuals
with vaccine-induced measles protection; and herd immu-
nity gap. A p < 0.05 was considered statistically
significant.

The t test (SPSS program) was used to compare the mean
measles incidence in 2017–2018 in the following groups:
countries with and without two-dose measles vaccination cov-
erage ≥ 95%; countries with and without first-dose measles
vaccination coverage ≥ 95%; countries with and without
second-dose measles vaccination coverage ≥ 95%; and coun-
tries with and without herd immunity. A p < 0.05 was consid-
ered statistically significant.

A sensitivity analysis of the results obtained in the
study was developed by determining the establishment
of herd immunity for values of Ro ranging from 6 to 45,
and values of measles vaccination effectiveness lower and
higher than those assumed in the study (95% for two
doses and 92% for one dose of measles vaccine). The
range of Ro values considered in the sensitivity analysis
was obtained in a systematic review from the studies car-
ried out in the WHO European region [20]. The values for
measles vaccination effectiveness with one and two doses
of measles vaccine considered in the sensitivity analysis
were 2.5% higher, 2.5% lower, and 5% lower than the
reference effectiveness (95% and 92%).

Eur J Clin Microbiol Infect Dis (2019) 38:1719–1729 1721



Results

In the European Union, the mean vaccination coverage for the
first dose of measles vaccine increased from 69.9% in 1980 to
93.9–94.7% during 2006–2017; and the mean vaccination
coverage for the second dose of measles vaccine increased
from 85.9% in 2000 to 89–90% during 2005–2017 (Fig. 1).
The mean vaccination coverage with two doses of measles
vaccine increased from 77.7% in 2000 to 84.4–86.3% during
2006–2017, but it was < 90% from 2000 to 2017 (Fig. 1).

All countries of the European Union reported percentages
of vaccination coverage for the first dose ofmeasles vaccine in
2015, 2016, and 2017, and 27 countries reported percentages
of vaccination coverage for the second dose of measles vac-
cine in 2015, 2016, and 2017. One country (Finland) reported
the vaccination coverage for the second dose of measles vac-
cine in 2016 and 2017, and the herd immunity assessment was
carried out for this country using the mean vaccination cover-
age with the second dose in 2016–2017. One country (Ireland)
was excluded from the analysis because it did not report the
vaccination coverage for the second dose of measles vaccine
during 2015–2017 to the WHO-UNICEF global and regional
immunization system.

Table 1 presents the mean vaccination coverage with one
and two doses of measles vaccine, the mean vaccination cov-
erage with the first and second dose of the measles vaccine,
and the prevalence of individuals with vaccine-induced mea-
sles protection in the target vaccination population in coun-
tries of the European Union during 2015–2017. The study
found that the measles vaccination coverage with two doses
of vaccine was < 95% in 28 countries (96.5%), and the prev-
alence of vaccine-induced protected individuals in the target
vaccination population was lower than the herd immunity

threshold of 94.4% in 22 countries (75.9%) during 2015–
2017. The vaccination coverage with the first dose of measles
vaccine was < 95% in 16 countries (79.3%), and the vaccina-
tion coverage with the second dose of measles vaccine was <
95% in 28 countries (96.5%).

Herd immunity was considered established in only 7 coun-
tries (24.1%) of the European Union. Herd immunity was
established in the target measles vaccination population in 1
country (14.3%) with two-dose vaccination coverage ≥ 95%
and 6 countries (85.7%) with two-dose vaccination coverage
< 95% and 7–10% one-dose measles vaccination coverage.
The herd immunity gap in terms of additional measles immu-
nity required to establish herd immunity ranged from 0.1% in
Luxemburg and Poland to 3.5% in Romania (Table 1). The
additional vaccination coverage required to establish herd im-
munity, calculated assuming 95% effectiveness, ranged from
0.1% in Luxemburg and Poland to 3.7% in Romania.

The percentage of countries with two-dose measles vacci-
nation coverage > 90% and first-dose measles vaccination
coverage ≥ 95% was significantly higher in countries with
herd immunity than in countries without herd immunity
(Table 2). The percentage of countries with two-dose measles
vaccination coverage ≥ 95% and second-dose measles vacci-
nation coverage ≥ 95% was significantly higher in countries
with herd immunity than in countries without herd immunity,
but differences were not statistically significant.

Measles vaccination coverage indicators and herd immuni-
ty levels were higher during 2015–2017 than during 2010–
2015. The percentage of countries with two-dose measles vac-
cination coverage ≥ 95%, two-dose measles vaccination cov-
erage > 90%, first-dose measles vaccination coverage ≥ 95%,
and second-dose measles vaccination coverage ≥ 95% were
higher during 2015–2017 than during 2010–2015 (Table 3).
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European Union, 1980–2017.
Source: WHO. Global and
regional immunization profile.
European Region 1980–2017

1722 Eur J Clin Microbiol Infect Dis (2019) 38:1719–1729



Ta
bl
e
1

M
ea
sl
es

ca
se
s
pe
r
m
ill
io
n
po
pu
la
tio

n
in
20
17
,2
01
8,
an
d
20
17
–1
8,
m
ea
n
va
cc
in
at
io
n
co
ve
ra
ge

w
ith

on
e
(M

1)
an
d
tw
o
(M

2)
do
se
s
of

m
ea
sl
es

va
cc
in
e,
pr
ev
al
en
ce

of
va
cc
in
e-
in
du
ce
d
pr
ot
ec
te
d

in
di
vi
du
al
s
(I
v
)
in

th
e
ta
rg
et
m
ea
sl
es

va
cc
in
at
io
n
po
pu
la
tio

n,
an
d
es
ta
bl
is
hm

en
to

f
he
rd

im
m
un
ity

du
ri
ng

20
15
–2
01
7
in

co
un
tr
ie
s
of

th
e
E
ur
op
ea
n
U
ni
on

C
ou
nt
ry

M
ea
sl
es

ca
se
s
pe
r
m
ill
io
n8

,2
4

M
ea
n
m
ea
sl
es

va
cc
in
at
io
n
co
ve
ra
ge

du
ri
ng

20
15
–1
7

P
re
va
le
nc
e
of

va
cc
in
e-
in
du
ce
d

pr
ot
ec
te
d

in
di
vi
du
al
s

(I
v
)a

%

H
er
d
im

m
un
ity

(H
I)

as
se
ss
m
en
ti
n
th
e

ta
rg
et
va
cc
in
at
io
n

po
pu
la
tio

n:
b

+
H
I
e
st
a
b
li
sh

e
d
:

I v
≥
94
.5
%

−
H
I
no

t
es
ta
bl
is
he
d:

I v
<
94
.5
%
.

N
eg
at
iv
e
va
lu
e
=
he
rd

im
m
un
ity

ga
pc

20
17

20
18

M
ea
n
of

20
17
–2
01
8

Fi
rs
td

os
e
of

m
ea
sl
es

va
cc
in
e
%

Se
co
nd

do
se

of
m
ea
sl
es

va
cc
in
e
%

Tw
o
do
se
s
of

m
ea
sl
es

va
cc
in
e

(M
2)

%

O
ne

do
se

of
m
ea
sl
es

va
cc
in
e

(M
1)

%

A
us
tr
ia

10
.9

8.
8

9.
9

95
.7

87
.0

83
.2

16
.2

94
.0

−
0.
5

B
el
gi
um

32
.5

10
.6

21
.6

96
.0

85
.0

81
.6

17
.8

93
.9

−
0.
6

B
ul
ga
ri
a

23
.2

1.
8

12
.5

92
.7

89
.0

82
.5

16
.7

93
.7

−
0.
8

C
ro
at
ia

1.
7

5.
5

3.
6

90
.7

95
.7

86
.7

12
.9

94
.2

−
0.
3

C
yp
ru
s

3.
5

17
.6

10
.6

90
.0

88
.0

79
.2

19
.6

93
.3

−
1.
2

C
ze
ch

R
ep
ub
lic

13
.8

19
.1

16
.5

97
.5

94
.0

91
.6

8.
2

94
.6

+
D
en
m
ar
k

0.
7

1.
4

1.
0

94
.0

84
.3

79
.3

19
.8

93
.5

−
1.
0

E
st
on
ia

0.
8

7.
6

4.
2

93
.0

91
.7

85
.3

14
.2

94
.0

−
0.
5

Fi
nl
an
d

1.
8

2.
7

2.
3

94
.7

88
.5

83
.8

15
.6

93
.9

−
0.
6

Fr
an
ce

7.
8

43
.5

25
.6

90
.3

79
.7

72
.0

26
.1

92
.4

−
2.
1

G
er
m
an
y

11
.3

6.
6

9.
0

97
.0

93
.0

90
.2

9.
6

94
.5

+
G
re
ec
e

89
.7

21
2.
9

15
1.
3

97
.0

83
.0

80
.5

19
.0

93
.9

−
0.
6

H
un
ga
ry

3.
7

1.
4

2.
5

99
.0

99
.0

98
.0

2.
0

94
.9

+
Ic
el
an
d

9.
0

0
4.
5

92
.0

94
.7

87
.1

12
.5

94
.2

−
0.
3

It
al
y

84
.0

41
.5

62
.8

88
.7

84
.7

75
.1

23
.2

92
.7

−
1.
8

L
at
vi
a

0
12
.8

6.
4

95
.0

90
.0

85
.5

14
.0

94
.1

−
0.
4

L
ith
ua
ni
a

0.
7

10
.5

5.
6

94
.0

92
.0

86
.5

13
.0

94
.2

−
0.
3

L
ux
em

bo
ur
g

6.
9

6.
8

6.
9

99
.0

86
.0

85
.1

14
.7

94
.4

−
0.
1

M
al
ta

0
10
.9

5.
5

91
.0

86
.7

78
.9

19
.9

93
.3

−
1.
2

N
et
he
rl
an
ds

0.
9

1.
4

1.
2

94
.0

91
.0

85
.5

13
.9

94
.1

−
0.
4

N
or
w
ay

0.
2

2.
3

1.
2

95
.7

91
.0

87
.1

12
.6

94
.3

−
0.
2

Po
la
nd

1.
6

8.
9

5.
3

95
.3

93
.3

89
.0

10
.7

94
.4

−
0.
1

Po
rt
ug
al

3.
3

16
.6

9.
9

98
.0

95
.0

93
.1

6.
8

94
.7

+
R
om

an
ia

28
3.
8

55
.3

16
9.
6

86
.0

77
.0

66
.2

30
.6

91
.0

−
3.
5

Sl
ov
ak
ia

1.
1

10
5.
2

53
.2

95
.3

97
.3

92
.8

7.
1

94
.7

+
Sl
ov
en
ia

3.
4

4.
4

3.
9

93
.0

94
.3

87
.7

11
.9

94
.3

−
0.
2

Sp
ai
n

3.
5

4.
8

4.
2

96
.3

94
.0

90
.6

9.
2

94
.5

+
Sw

ed
en

4.
2

4.
3

4.
2

97
.3

95
.0

92
.5

7.
4

94
.7

+
U
ni
te
d
K
in
gd
om

4.
3

14
.5

9.
4

92
.3

88
.7

81
.9

17
.3

93
.7

−
0.
8

E
ur
op
ea
n
U
ni
on

d
20
.8

22
.1

21
.4

94
.2

89
.9

84
.8

14
.6

93
.9

−
0.
6

a
Pr
ev
al
en
ce

of
va
cc
in
e-
in
du
ce
d
pr
ot
ec
te
d
in
di
vi
du
al
s:
I v
=
(M

2
×
0.
95
)+

(M
1
×
0.
92
)

b
H
er
d
im

m
un
ity

as
se
ss
m
en
t:
H
er
d
im

m
un
ity

w
as

co
ns
id
er
ed

es
ta
bl
is
he
d
in

th
e
ta
rg
et
m
ea
sl
es

va
cc
in
at
io
n
po
pu
la
tio

n
w
he
n
th
e
pr
ev
al
en
ce

va
cc
in
e-
in
du
ce
d
of

pr
ot
ec
te
d
in
di
vi
du
al
s
(I
v
)
w
as

eq
ua
l
to

or
hi
gh
er

th
an

94
.5
%

be
ca
us
e
th
e
cr
iti
ca
lp

re
va
le
nc
e
as
so
ci
at
ed

w
ith

he
rd

im
m
un
ity

(I
c)
is
94
.4
%

fo
r
m
ea
sl
es

vi
ru
se
s
w
ith

R
o
=
18

c
H
er
d
im

m
un
ity

ga
p
ca
lc
ul
at
ed

fr
om

th
e
cr
iti
ca
lp

re
va
le
nc
e
as
so
ci
at
ed

w
ith

he
rd

im
m
un
ity

(9
4.
5%

)
le
ss

th
e
pr
ev
al
en
ce

of
va
cc
in
e-
in
du
ce
d
pr
ot
ec
te
d
in
di
vi
du
al
s
(I
v
):
94
.5
−
I v

d
M
ea
n
va
lu
es

fo
r
th
e
29

co
un
tr
ie
s
of

th
e
E
ur
op
ea
n
U
ni
on

th
at
re
po
rt
ed

pe
rc
en
ta
ge
s
of

m
ea
sl
es

va
cc
in
at
io
n
co
ve
ra
ge

fo
r
th
e
fi
rs
ta
nd

se
co
nd

do
se

of
m
ea
sl
es

va
cc
in
e
du
ri
ng

20
15
–2
01
7

Eur J Clin Microbiol Infect Dis (2019) 38:1719–1729 1723



The percentage of countries with two-dose measles vaccina-
tion coverage < 95% was 7.6% higher (96.5% vs. 89.3%)
during 2015–2017 than during 2010–2015, and the percent-
age of countries without herd immunity was 1.2% higher
(75.9% vs. 75%) during 2015–2017 than during 2010–2015.
However, the differences observed between 2015–2017 and
2010–2015 were not statistically significant.

The mean incidence of measles in the European Union
during 2017–2018 was 21.82 per million inhabitants, and
measles incidence ranged from 0 per million in Malta to 902
per million in Iceland (Table 1). The study found a significant
negative correlation between the mean incidence of measles in
2017–2018 and the prevalence of individuals with vaccine-
induced measles protection, the two-dose measles vaccination
coverage, the second-dose vaccination coverage, and the herd
immunity gap in the target measles vaccination population
during 2015–2017 (Table 4). By contrast, the correlation
was positive with the one-dose measles vaccination coverage.

The two-dose measles vaccination coverage correlated
with the one-dose measles vaccination coverage (r = − 0.99,
p < 0.001), first-dose measles vaccination coverage (r = 0.77,
p < 0.001), second-dose measles vaccination coverage (r =
0.93, p < 0.001), prevalence of individuals with vaccine-
induced measles protection (r = 0.95, p < 0.001), and herd im-
munity gap (r = 0.95, p < 0.001). The one-dose measles vac-
cination coverage correlated with the first-dose coverage (r =
− 0.76, p < 0.001), second-dose measles vaccination coverage
(r = − 0.94, p < 0.001), prevalence of individuals with
vaccine-induced measles protection (r = − 0.94, p < 0.001),
and herd immunity gap (r = − 0.94, p < 0.001). The first-
dose measles vaccination coverage correlated with the
second-dose measles vaccination coverage (r = 0.50,
p < 0.001), prevalence of individuals with vaccine-induced
measles protection (r = 0.83, p < 0.001), and herd immunity
gap (r = 0.83, p < 0.001). The second-dose measles vaccina-
tion coverage correlated with the prevalence of individuals

Table 3 Percentage of countries
with different vaccination
coverage indicators and herd
immunity in the European Union
during 2010–2015 and 2015–
2017

2010–2015 period
(n = 28)a

2015–2017 period
(n = 29)b

Coverage ratio
(95% CI)

% (95% CI) % (95% CI)

Coverage with two doses of measles
vaccine ≥ 95%

10.7 (2.3–28.2) 3.4 (0.1–17.8) 3.11 (0.34–28.1)

Coverage with two doses of measles
vaccine < 95%

89.3 (71.8–97.7) 96.6 (82.2–99.9) 0.92 (0.80–1.07)

Coverage with two doses of measles
vaccine > 90%

32.1 (13.1–51.2) 24.1 (6.8–41.4) 1.20 (0.52–2.79)

Coverage with the first dose of measles
vaccine ≥ 95%

46.4 (26.2–66.7) 24.1 (6.8–41.4) 1.86 (0.87–3.95)

Coverage with the second dose of measles
vaccine ≥ 95%

21.4 (8.3–40.9) 13.8 (3.9–31.7) 1.55 (0.49–4.92)

Herd immunity established (Iv ≥ 94.5%)c 25.0 (7.2–42,8) 21.4 (6.8–41.4) 1.03 (0.42–2.57)

a The number of countries was 28 because Finland and Ireland did not report second-dose measles vaccination
coverage during the 2010–2015 period
b The number of countries was 29 because Ireland did not report second-dose measles vaccination coverage
during the 2015–2017 period
c Herd immunity was considered established when the prevalence of individuals with vaccine-induced protection
in the target vaccination population was ≥ 94.5%

Table 2 Percentage of countries
with different vaccination
coverage indicators in countries
of the European Union with and
without herd immunity in then
target measles vaccination
population during 2015–2017

Countries with herd
immunitya (n = 7)

Countries without herd
immunitya (n = 22)

Coverage ratio (95%
CI)

% (95% CI) % (95% CI)

Coverage with two doses of
measles vaccine ≥ 95%

14.3 (0.4–57.9) 0.0 (0–15.4)

Coverage with two doses of
measles vaccine > 90%

100 (59.0–100) 0.0 (0–15.4) *

Coverage with first dose of
measles vaccine ≥ 95%

100 (59.0–100) 31.8 (13.9–54.9) 3.14 (1.70–5.79)**

Coverage with second dose of
measles vaccine ≥95%

57.1 (18.4–90.1) 4.5 (0.1–22.8) 12.6 (1.67–94.7)**

*p < 0.001; **p < 0.01
aHerd immunity was considered established the prevalence of individuals with vaccine-induced protection in the
target vaccination population was ≥ 94.5%
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with vaccine-induced measles protection (r = 0.84, p < 0.001),
and herd immunity gap (r = 0.84, p < 0.001).

The incidence of measles per million population in 2017–
2018 was lower in countries with herd immunity than in coun-
tries without herd immunity (14.20 vs. 23.84); in countries
with two-dose measles vaccination coverage ≥ 95% than in
countries with vaccination coverage < 95% (2.53 vs. 22.2);
and in countries with second-dose coverage ≥ 95% than in
countries with vaccination coverage < 95% (14.7 vs. 22.9).
The differences were however not statistically significant.

The sensitivity analysis showed that the percentage of
countries with herd immunity obtained in the study (24.1%)
increased when the Ro of measles viruses were lower than 18
and when measles vaccination effectiveness increased
(Table 5). By contrast, the percentage decreased whenmeasles
vaccination effectiveness decreased. The sensitivity analysis
showed that the herd immunity assessment based on Ro = 18,
95% effectiveness for two doses of measles vaccine and 92%
effectiveness for one dose of vaccine was very consistent be-
cause the mean incidence of measles was lower in countries
with herd immunity than in those without herd immunity for
values of Ro from 12 to 19. Lower values of measles vaccina-
tion effectiveness were associated with very low percentages
of countries with herd immunity, while higher values of effec-
tiveness were associated with very high percentages of coun-
tries with herd immunity.

Discussion

The study found that the persistence of measles in the
European Union in 2017–2018 could be explained by the
low percentages of vaccination coverage with two doses of
measles vaccine and the low herd immunity levels in the target
measles vaccination population in most countries of the
European Union during the 2015–2018 period. First, measles
incidence in 2017–2018 had a significant negative correlation
with the percentage of vaccination coverage with two doses of
measles vaccine, the prevalence of individuals with vaccine-

induced measles protection, the percentage of vaccination
coverage with the second dose of measles vaccine, and herd
immunity levels in countries of the European Union during
2015–2017. Second, the vaccination coverage with two doses
of measles vaccine was < 95% in 96.5% of the countries dur-
ing 2015–2017. Third, herd immunity was established in only
24.1% of the countries during 2015–2017. Fourth, the per-
centage of countries with two-dose measles vaccination cov-
erage < 95% increased by 7.6% and the percentage of coun-
tries without herd immunity increased by 1.2% from the
2010–2015 period to the 2015–2017 period.

The high percentage of countries (96.6%) with measles
vaccination coverage with two doses of vaccine < 95% during
2015–2017 could be explained by the following factors: in-
sufficient resources for vaccination programs; lack of ade-
quate immunization information systems, and anti-
vaccination activities. Anti-vaccination activities have re-
duced measles vaccination coverage in countries, areas, and
communities by questioning the effectiveness, safety, and ne-
cessity for measles vaccinations [24]. The spectrum of anti-
vaccinationists ranges from people who are ignorant of the
effectiveness and safety of recommended vaccines to radical
individuals and groups who use deliberate mistruths and fal-
sified data in efforts to prevent the use of vaccines [25].
Nevertheless, many studies have demonstrated that measles
is an effective, safe, and cost-effective preventive intervention
[26]. In addition, high percentages of measles vaccination
coverage are necessary to generate sufficient herd immunity
to block measles transmission and protect susceptible individ-
uals in the community [12, 13, 18].

The study found a negative correlation between the inci-
dence of measles in 2017–2018 and two-dose measles vacci-
nation and herd immunity levels in the target measles vacci-
nation population during 2015–2017. These correlations indi-
cate that vaccination of children aged 1–15 years old with two
doses of measles vaccine could reduce the incidence of mea-
sles in children as well as in other population groups. Measles
vaccination with the two-dose measles vaccine could reduce
measles by direct and indirect protection in the target

Table 4 Linear bivariate
correlation between the mean
incidence of measles in 2017–
2018 and measles vaccination
coverage and herd immunity
levels during 2015–2017 in
countries of the European Union

Linear correlation
coefficient

p

Coverage with two doses of measles vaccine − 0.533 0.003

Coverage with one dose of measles vaccine 0.523 0.004

Coverage with first dose of measles vaccine − 0.332 0.079

Coverage with second dose of measles vaccine − 0.559 0.002

Prevalence of individuals with vaccine-induced measles protection (Iv) − 0.580 0.001

Herd immunity gap (94.5 − Iv)a − 0.580 0.001

a The herd immunity gap indicates the additional prevalence of individuals with measles immunity requited to
established herd immunity. It is calculated from 94.5 less the immunity gap because herd immunity can be
considered established with the prevalence of individuals with measles protection is > 94.4%
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vaccination population and by indirect herd immunity protec-
tion in other population groups. In fact, 45% and 53% of cases
occurred among individuals aged 15 or more years in 2017
and 2018 [7, 8]. Indirect herd immunity effects have been
assessed using modelling studies where dynamics of measles
is modelled under varying vaccination strategies [27]. A ran-
domized controlled trial of Hutterite colonies carried out in
Canada assessing the indirect protective effectiveness of vac-
cinating more than 80% of children and adolescents with in-
fluenza vaccine obtained a 60% indirect effectiveness in terms
of reduction of laboratory-confirmed influenza among unvac-
cinated community members [28]. Similar studies could be
developed to assess the indirect measles protection of the pop-
ulation achieved with measles vaccination during childhood.

This study has several limitations. First, herd immunity
was assessed by comparing the prevalence of individuals with
vaccine-inducedmeasles protection and the critical prevalence
associated with herd immunity. This method is based on the
following assumptions: (1) homogeneous mixing of individ-
uals within the population, and (2) homogeneous distribution
of protected individuals within the population [18, 19].
Nevertheless, it is possible to assume a homogeneous mixing
of persons and homogeneous distribution of protected individ-
uals within the measles target population [12, 13]. Second,
herd was assessed immunity in different countries of the
European Union using the critical prevalence of protected
individuals of 94.4% for measles viruses with a Ro equal to
18. Lower Ro values would increase the percentage of coun-
tries with herd immunity and higher Ro values would decrease
the percentage of countries with herd immunity. Nevertheless,
it was necessary to assume a Ro of 18 for assessing the estab-
lishment of herd immunity against most measles viruses; and
the sensitivity analysis showed that the Ro value, which was
assumed in the study, was optimal. Third, the prevalence of
individuals in different countries with vaccine-induced mea-
sles protection was calculated by assuming a measles vacci-
nation effectiveness of 95% in preventing secondary cases of
measles when two doses of vaccine were administered and
92% effectiveness when one dose of vaccine was adminis-
tered. Higher and lower values of effectiveness would increase
and decrease the percentage of countries with herd immunity,
respectively. Nevertheless, these values of effectiveness were
obtained from the Cochrane Collaboration review [21]; and
the sensitivity analysis showed that the values of effectiveness
assumed in the study were optimal for determining herd im-
munity levels in the European Union. Fourth, the analysis
carried out in this study used the information on measles in-
cidence and measles vaccination coverage reported by coun-
tries of the European Union to the ECDC information system
and the WHO-UNICEF global and regional immunization
systems, respectively. This information was validated by the
ECDC and the World Health Organization, although it is sub-
ject to potential bias due to underreporting of measles casesT
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and to misreporting of measles vaccination coverage. The an-
nual percentages of measles vaccination coverage reported by
different countries of the European Union to the WHO-
UNICEF global and regional immunization system is obtain-
ed using two basic methods: administrative data and survey
data [29]. The annual vaccination coverage determined using
administrative data is obtained from the number of vaccines
administered in different vaccination centers (numerator) and
the target population (denominator). The main advantage of
this information system is that it is possible to collect and
review the number of vaccines administered per month in
different vaccination centers and obtain the aggregated nation-
al vaccination coverage per year. The main disadvantage is
that it is subject to numerator and denominator bias. The vac-
cination coverage obtained from national representative sur-
veys is subject to less potential bias than the administrative
method. Themain disadvantages of the surveymethod are that
it is necessary to obtain a representative sample of the popu-
lation (numerator and denominator) and it is subject to poten-
tial respondent recall bias.

Great elimination efforts have been made in Europe in the
last 20 years, but measles cases and outbreaks are still occur-
ring in countries of the European Union [8]. The results ob-
tained in this study indicates that it is necessary to increase
two-dose measles vaccination coverage in children and to
conduct supplementary vaccination programs to increase
measles immunity in population groups with low measles im-
munity levels. Advanced immunization information systems
could be developed for detecting unvaccinated individuals
and areas and population groups with lowmeasles vaccination
rates, but they can not be used to detect areas and population
groups with low anti-measles immunity levels due to primary
vaccination failures and waning vaccine-induced immunity
[30]. The difficulties for increasing the two-dose measles vac-
cination coverage and for detecting population pockets with
low measles immunity levels supports the development of the
following measles prevention strategies: (1) supplementary
measles vaccination activities based on mass Bcatch-up^ vac-
cination campaign in low coverage/low immunity population
groups and periodic Bfollow up^ vaccination campaigns, (2)
screening for measles antibody levels and vaccination of sus-
ceptible individuals, and (3) vaccination of adults.
Supplementary catch-up vaccinations are recommended for
children, adolescents, and adults who have not received the
first or second dose of measles vaccine or have lost their
vaccination records [3]. The catch-up and follow-up measles
vaccination strategywas used byAmerican countries in 1980–
1990 and has succeeded in interrupting the transmission of
measles [31]. During the campaign, all children aged 1–
14 years were offered vaccination, regardless of previous vac-
cination status [31]. Romania conducted a nationwide measles
vaccination campaign in response to an outbreak of more than
30,000 measles cases in 1996–1998 [32]. In this campaign,

2.1 million children aged 7–18 years were vaccinated against
measles from October 1998 through January 1999, and mea-
sles susceptibility was reduced from 10 to 4% among children
aged 7–14 years, and from 15 to 5% among children aged 15–
18 years [32]. Romania serves as model for countries with
similar infrastructure in that it demonstrates the feasibility of
conducting a safe and successful nationwide measles immu-
nization campaign.

The strategy of measles prevention based on screening and
vaccination of susceptible individuals could increase measles
vaccination coverage and establish herd immunity in areas
and population groups with low levels of measles immunity,
but this strategy has not been developed in the European
Union. Measles prevention programs based on screening and
vaccination of susceptible individuals should be developed
with the following objectives: (1) to detect and immunize
susceptible individuals in areas and population groups without
herd immunity; (2) to detect and immunize susceptible indi-
viduals with a high-risk for measles infections; (3) to detect
and immunize health professionals and adults who work in
healthcare centers; (4) to detect and immunize susceptible
close-contacts of high-risk individuals; and (5) to detect and
immunize susceptible individuals of the target measles vacci-
nation population.

In conclusion, the study determined that the incidence
of measles in the European Union in 2017–2018 was as-
sociated with the low vaccination coverage with two
doses of measles vaccine, the low prevalence of individ-
uals with vaccine-induced measles protection, and the low
herd immunity level in the target measles vaccination
population during 2015–2017. To meet the goal of mea-
sles elimination in the European Union, it is necessary to
improve routine measles immunization coverage, and to
conduct supplementary measles vaccination campaigns
among population groups with low measles immunity
levels.
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