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Abstract

Background: Changes in the epidemiological characteristics of measles since 2007 appeared in the Jiangsu province.
Although the reported coverage with two doses of measles vaccine was greater than 95% in most regions of the province,
measles incidence remained high across the whole province. Cross-sectional serological surveys of measles antibodies in the
Jiangsu province of China were conducted from 2008 to 2010 to assess and track population immunity.

Methods: Measles-specific IgG levels were measured in serum samples using ELISA. GMTs and seroprevalence with 95% CIs
were calculated by region, gender, and age. ANOVA and x2 tests were used to test for statistically significant differences
between groups for GMT levels and seroprevalence, respectively.

Results: Seroprevalence showed a significantly increasing trend annually (CMH x2 = 40.32, p,0.0001). Although the
seroprevalence among children aged 2–15 years was consistently over 95%, vaccine-induced measles antibodies may wane
over time. Measles seropositivity in the Jiangsu province was 91.7% (95% CI: 90.1–93.2%) in 2010. Among adults aged 15 to
29-year-olds, the seropositivity rate was 88.4% (95% CI: 82.7–92.8%).

Conclusions: Vaccination strategies may need to be adjusted depending on the individual age and regions, particularly
individuals between the ages of 8 months-14 years old and 20–29 years old. Additional SIAs are likely required to eliminate
measles in China.
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Introduction

Measles is a highly contagious, vaccine-preventable disease. A

routine two-dose, single-antigen, live attenuated measles vaccine

has been available for children administered the first dose in 8–12

months and the second dose at 7 years old in the Jiangsu province

of China since 1978. In 1997, the age for the second dose was

lowered to 4 years of age [1]. The routine measles vaccination

schedule was changed in 2006 to administration of the measles

vaccine at 8 months of age followed by the measles, mumps, and

rubella (MMR) vaccine at 18–24 months of age. [2]. A Chinese

national plan for the elimination of measles was also approved in

2006 that was consistent with the World Health Organization

(WHO) initiative to eliminate measles in the Western Pacific

Region by the year 2012 [3]. This plan included (1) reaching at

least 95% immunity to measles in each cohort born after the

adoption of the elimination goal, (2) conducting targeted

supplementary immunization activities (SIAs), and (3) strengthen-

ing the routine surveillance system for measles. Serological

surveillance has been a core component of integrated measles

surveillance [4].

Since 2007, changes in the epidemiological characteristics of

measles appeared in the Jiangsu province, which may be

associated with the increasing size of the migrant population [5].

The highest incidence of measles occurred in children less than 5

years old, especially among children less than 8 months of age.

During the same time period, the incidence of measles among

adults also increased, with most cases occurring among individuals

20–30 years of age. Catch-up supplemental immunization

activities (SIAs) among children from 8 months to 15 years old

were conducted in 2009 to achieve high levels of population

immunity and rapidly interrupt the chain of measles virus

transmission in the province. Follow-up SIAs among children

from 8 months to 5 years of age were conducted in 2010.
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Measles seroprevalence surveys were conducted in the Jiangsu

province from 2008 to 2010 to track changes in population

immunity year by year and to identify the susceptible or high-risk

cohorts to help target immunization activities. In this study, we

report the results and interpretation of those surveys.

Materials and Methods

Serological survey
Population-based, cross-sectional surveys for IgG antibodies to

measles virus were conducted annually in the Jiangsu province

between 2008 and 2010. The 13 cities within the Jiangsu province

were stratified into 3 regions (south, center, and north) to account

for variations in geography and socioeconomic status. One city in

each region was sampled at random. Individuals within each

selected city were sampled to be proportionally representative by

age and gender.

A total of 10,902 serum samples from individuals 2 months to

74 years old were collected over the 3 study years. Sera were

stratified into 10 age groups in each region: #7 months, 8–12

months, 13–24 months, 25 months-4 years, 5–9 years, 10–14

years, 15–19 years, 20–29 years, 30–39 years, and $40 years old.

Approval for the study was obtained each year from the Medical

Ethics Committee of the Jiangsu Provincial Center for Disease

Control and Prevention. Written informed consent was signed by

individuals or by parents of children. Participants were asked to

anonymously fill out a questionnaire about personal information

such as sex, age or date of birth, vaccination status, and date of

sampling.

Laboratory assay
Serum samples were stored at 270uC before being tested.

Serological tests were performed at the measles laboratory of the

Department of Expanded Program on Immunization, Jiangsu

Provincial Center for Disease Control and Prevention. This

laboratory meets the accreditation criteria for WHO National

Measles Laboratories.

Commercial ELISA kits (SERION ELISA classic anti-measles

virus IgG, InstitutVirion\Serion GmbH) were used to detect and

quantify human IgG antibodies against measles virus in sera. The

control and standard sera were ready-to-use without further

dilution. For each test run, control and standard sera were

included independent of the number of microtiter test strips used,

and the standard sera were set up in duplicate. In addition, in-

house control samples were included with every assay run. To

maintain high quality control, we took strict precautions to avoid

non-specific binding throughout the process: avoiding contamina-

tion and severe hemolysis during sera collection and separation;

prohibited repeated freezing-thawing of serum; leaving the reagent

at room temperature for 20 minutes before the start of the test

procedure; using aseptic techniques when removing aliquots from

reagent tubes; and adequate washing and avoiding foaming.

ELISA results were expressed quantitatively as optical density

(OD) measured at 405 nm. Antibody activities (titers, IU/ml) were

calculated using software from SERION, and antibody and titers

were categorized as negative, equivocal, or positive using fixed cut-

off values that were in agreement with international standards

[6,7]. Greater than 0.20 IU/ml was considered positive, less than

0.20 IU/ml was considered negative, and samples with titers

between 0.15 IU/ml and 0.20 IU/ml were retested prior to

categorization as positive or negative.

Statistical analysis
Data from the questionnaires were double entered into Epidata

software with suitable edit checks and validations. The geometric

means titers (GMTs) and seroprevalence of antibodies were

calculated with their 95% confidence intervals (95% CIs),

stratifying values by region, gender, and age grouping.

Analysis of variance (ANOVA) was used for comparisons of

GMTs with a p-value of 0.05 set as the significance threshold. The

Student-Newman-Keuls q test (SNK-q test) was used for multiple

comparisons. Differences among seroprevalence by region, sex,

and age in each year were assessed by Pearson’s x2 test with a

significance level of 0.05. A Cochran-Mantel-Haenszel x2 test

(CMH x2) was used to analyze the trend in seroprevalence

between years. R 2.10.0 statistical software was used for analyses

[8].

Results

The GMT of measles antibodies in 2009 was 1.52 IU/ml,

which is significantly higher when compared to 2008 (0.80 IU/ml,

p,0.05) but not significantly different when compared to 2010

(1.25 IU/ml, p.0.05). The GMT of measles antibodies in 2010

was significantly higher when compared to 2008 (p,0.05, Table 1).

Seroprevalence in the entire province showed a significantly

increasing trend by year (CMH x2 = 40.32, p,0.0001). While the

prevalence of measles antibodies in 2008 (88.7%) was lower than

in the later 2 years, there was no statistically significant difference

in the prevalence of measles antibodies between 2009 and 2010

(93.6% vs. 91.7%, p.0.05, Table 2).

GMT and prevalence of measles antibodies in different
regions in 2008–2010

As shown in Tables 1 and 2, the lowest GMT of measles

antibodies was observed in the central region in 2008–2009, while

the lowest GMT in 2010 was seen in the north region. In 2008, the

prevalence of measles antibodies in the north and central region

were relatively lower when compared to the south region. The

lowest seroprevalence occurred in the central region in 2009. In

2010, the seroprevalences of all of 3 regions were approximately

90%, with no significant differences.

The GMTs of all 3 regions showed an increasing trend year by

year. Similarly, the seroprevalence of measles antibodies in the

north and south regions also showed an increasing trend by year.

In contrast, there was no significant increase in seroprevalence in

the central region from 2008 to 2010.

GMT and prevalence of measles antibodies in different
age groups in 2008–2010

The GMTs from sera from children less than 7 months of age

were below 0.13 IU/ml in each surveyed year. After the first dose

of measles-containing vaccine was administered at 8 months of

age, the GMT increased to 1.00 IU/ml; the highest GMT

appeared among children from 13 months-4 years old. Most of

these children received two doses of measles-containing vaccines.

Subsequently, the GMT declined to 1–1.5 IU/ml and was similar

in the next age group.

Age-specific seroprevalence showed a trend similar to the GMT

in each year: less than 36.7% of children aged #7 months were

seropositive. Seroprevalence increased to more than 70.5% in

children 8–12 months old, and increased further to more than

95% in the 13 months to 4 years old age group. Seroprevalence

remained relatively stable through 15 years of age. Seropositivity

declined to 88.4% in the age group from 15 to 29 years old, but in

Surveys of Measles Antibodies
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adults aged 30 years and older, seropositivity increase to more

than 95% and remained high.

Although there were no statistically significant changes in

seroprevalence from 2008 to 2010 in any age group older than 8

Table 1. GMT of measles antibodies by region, sex, and age groups in the Jiangsu province, 2008–2010(IU/ml).

Characteristics 2008 2009 2010

NO. GM 95%CI NO. GMT 95%CI NO. GMT 95%CI

Region North 1162 0.73 (0.67,0.79) 1851 1.90a (1.79,2.02) 444 0.97b,c (0.87,1.08)

Central 1332 0.64 (0.60,0.69) 1224 1.07a (0.98,1.17) 407 1.25b,c (1.11,1.42)

South 2116 0.96 (0.90,1.01) 1934 1.52a (1.44,1.60) 432 1.61c (1.39,1.87)

Sex Male 2259 0.75 (0.71,0.80) 2687 1.50a (1.42,1.58) 674 1.23c (1.11,1.36)

Female 2351 0.84 (0.80,0.89) 2322 1.54a (1.46,1.62) 609 1.28c (1.14,1.43)

Age #7months 367 0.06 (0.05,0.07) 314 0.09a (0.06,0.17) 44 0.13 (0.07,0.26)

8 m–12 m 183 0.40 (0.30,0.54) 431 0.95a (0.80,1.14) 99 1.00c (0.69,1.44)

13 m–24 m 216 1.71 (1.48,1.97) 424 2.54a (2.25,2.86) 101 3.00c (2.36,3.80)

25 m–4 y 491 1.86 (1.73,2.01) 905 2.81a (2.63,3.01) 166 2.32 (1.93,2.79)

5 y–9 y 712 1.16 (1.09,1.24) 1011 1.74a (1.64,1.84) 295 1.37c (1.22,1.53)

10 y–14 y 376 0.91 (0.82,0.99) 351 1.77a (1.61,1.95) 171 1.08c (0.94,1.23)

15 y–19 y 440 0.73 (0.66,0.81) 642 1.27a (1.17,1.38) 164 0.83 (0.71,0.97)

20 y–29 y 565 0.78 (0.71,0.86) 398 1.21a (1.07,1.35) 173 1.16c (0.92,1.46)

30 y–39 y 592 0.92 (0.84,1.00) 204 1.23a (1.06,1.42) 32 1.28 (0.95,1.73)

$40years 668 0.99 (0.92,1.06) 329 1.51a (1.37,1.67) 38 1.61c (1.19,2.18)

$13months 4060 1.04 (1.01,1.07) 4264 1.79 a (1.74,1.85) 1140 1.39c (1.30,1.49)

Total 4610 0.80 (0.76,0.83) 5009 1.52a (1.46,1.57) 1283 1.25c (1.16,1.35)

Abbreviations: CI, confidence interval; GMT, geometric mean titer; a p,0.05 2009 vs. 2008, b p,0.05 2010 vs. 2009, c p,0.05 2010 vs. 2008 using ANOVA test, The
Student-Newman-Keulsq test was applied for multiple comparison.
doi:10.1371/journal.pone.0066771.t001

Table 2. Seroprevalence of measles antibodies by region, sex, and age group in the Jiangsu province, 2008–2010 (%).

Characteristics 2008a 2009 2010

NO. Seroprevalenceb 95% CI NO. Seroprevalence 95% CI NO. Seroprevalence 95% CI

Area North 1162 86.8 (84.8,88.7) 1851 95.2 (94.1,96.1) 444 91.7 (88.7,94.1)

Central 1332 87.5 (85.6,89.2) 1224 87.9 (85.9,89.7) 407 90.7 (87.4,93.3)

South 2116 90.5 (89.2,91.7) 1934 95.6 (94.5,96.4) 432 92.8 (89.9,95.1)

Sex Male 2259 87.4 (86.0,88.8) 2687 93.2 (92.2,94.1) 674 92.1 (89.8,94.1)

Female 2351 89.9 (88.6,91.1) 2322 93.9 (92.9,94.9) 609 91.3 (88.8,93.4)

Age #7months 367 20.4 (16.4,24.9) 314 36.7 (31.0,42.2) 44 31.8 (18.6,47.6)

8 m–12 m 183 70.5 (63.3,76.9) 431 82.8 (78.9,86.3) 99 77.8 (68.3,85.5)

13 m–24 m 216 96.8 (93.4,98.7) 424 96.5 (94.2,98.0) 101 97.0 (91.6,99.4)

25 m–4 y 491 99.6 (98.5,99.9) 905 98.6 (97.6,99.2) 166 97.6 (93.9,99.3)

5 y–9 y 712 97.9 (96.6,98.8) 1011 98.6 (97.7,99.2) 295 97.9 (95.6,99.3)

10 y–14 y 376 95.7 (93.2,97.6) 351 98.1 (95.9,99.2) 171 96.5 (92.5,98.7)

15 y–19 y 440 92.1 (89.1,94.4) 642 95.9 (94.1,97.3) 164 91.5 (86.1,95.5)

20 y–29 y 565 92.7 (90.3,94.7) 398 94.2 (91.5,96.3) 173 88.4 (82.7,92.8)

30 y–39 y 592 93.8 (91.5,95.6) 204 96.6 (93.6,98.6) 32 100.0 -

$40years 668 96.7 (95.1,97.9) 329 97.6 (95.3,98.9) 38 97.4 (86.2,99.9)

$13months 4060 95.7 (95.0,96.3) 4264 97.4 (96.8,97.8) 1140 95.3 (93.9,96.4)

Total 4610 88.7 (87.8–89.6) 5009 93.6 (92.8–94.2) 1283 91.7 (90.1–93.2)

Abbreviations: CI, confidence interval. a CMH x2 test was used to test the trend in seroprevalence over years. The seroprevalence of the following stratifications showed
a significantly increasing trend over years: north region, south region, male, female, #7 months old, and 8–12 months old. b Pearson’s x2 test was used to detect
differences between seroprevalence by region, sex, and age group in each year.
doi:10.1371/journal.pone.0066771.t002
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months, the GMT had an increasing trend in the following age

groups: 8–12 months, 13–24 months, 5–9 years, 10–14 years, 20–

29 years, and $40 years old.

GMT and prevalence of measles antibodies between
sexes from 2008–2010

No significant difference was observed between males and

females in either the GMT or the prevalence of protective measles

antibodies in the provincial sample each year.

Region-specific GMT and prevalence of measles
antibodies in different age groups in 2008–2010

As Figure 1 shows, although the seroprevalence in each region

showed an upward trend with age, GMT peaked between 13

months and 4 years followed by a downward trend (Figure 1A, B,

and C), which was similar to that seen in the whole province

(Figure 1D). It should be noted that the seroprevalence in central

region declined dramatically in individuals aged the 20–29 years in

2010 (Figure 1B).

Discussion

According to the Western Pacific Regional Plan of Action for

Measles Elimination (WHO, January 2003), the elimination of

measles can only be achieved if population susceptibility is below

the level that can sustain transmission of measles. Thus, 95%

population immunity is necessary to interrupt transmission and

eliminate measles [3]. Our 3 years of successive cross-sectional

surveys revealed that the overall measles seroprevalence was

91.7% in 2010 in the Jiangsu province; this needs to be further

increased to achieve the elimination goal. When considering the

immunity of the population older than 12 months in age, the

seropositive rates for the 3 surveyed years were all over 95%, but

there were still wild measles viruses circulating among individuals

of these ages. These data suggest that an overall seropositive rate

in the province higher than 95% may be insufficient for

elimination of measles. For example, the seropositive rate of those

older than 12 months was 95.3% in 2010; however, the rate was

88.4% in adults aged 20–29 years old, which may be represen-

tative of an epidemic and outbreak of measles due to the frequent

migration of adults. Therefore, one of the operational indicators

for measles elimination is to maintain 95% immunity to measles in

each cohort in every district [3]. Strategies may vary according to

population immunity in each age group in each city or county.

The Pan American Health Organization has interrupted

indigenous measles transmission since November 2002. One of

the primary strategies used to eliminate measles was the

strengthening of routine vaccination [9–11]. In contrast, the

experiences of some European countries showed that SIAs were

essential to measles elimination [12]. Our survey supports SIA-

based strategy. For instance, although the reported coverage with

routine two-dose measles vaccine was over 95% in most regions of

the province in 2008, the seroprevalence in several age groups

from our survey was lower than 95%, indicating a high risk of

measles epidemics to the general population in the province [5].

Further evidence supporting this hypothesis was the significantly

higher incidence of measles in the last 2 months of 2008 when

compared to 2007.

In February 2009, catch-up SIAs were performed across the

whole province among children between 8 months to 15 years old.

A total of 9,679,489 children were vaccinated within 2 months,

and vaccination coverage of 97.2% was achieved. To accelerate

measles elimination and based on the risk assessment of measles

epidemics and immunity in the general population, follow-up SIAs

in children aged 8 months - 4 years were conducted in October

2010. In that SIA, 4,254,194 children were vaccinated with 95.3%

coverage. The most important impacts of SIAs were the upward

trend in the immunity of the general population shown in this

study, where the measles incidence was observed to dramatically

decline from 73.7 per million in 2008 to 9.5 per million in 2010

following the SIA. Several studies also indicated that the estimated

reduction in the population susceptible to measles was more than

75% after SIAs [13–16].

The purpose of a follow-up campaign is to reduce any

accumulation of susceptible individuals born since the previous

SIA. These are conducted every 2 - 4 years following catch-up

SIAs [17]. The interval between campaigns was only 20 months in

Jiangsu province because (1) both rapid, convenient monitoring

and coverage surveys after the campaign indicated that the

coverage rates in 3 of 13 cities were still lower than 95% in the

catch-up SIAs, and (2) the seroprevalence of children from 8

months -15 years old in the central region was lower in 2009 when

compared to 2008. The results of the serological survey after the

2010 follow-up campaign revealed that the seroprevalence of 8

month - 4 year olds was significantly higher when compared to

2009 in the central region. In contrast, a small rise in GMT and

relatively stable seroprevalence were seen after a follow-up

campaign in the other regions.

When the results of these surveys were interpreted longitudi-

nally, seroprevalence and GMTs in children aged 8–12 months

(when the first vaccination was offered) was lower than 83% and

1.00 IU/ml, respectively. In children 25 months - 4 years old

(when the second vaccination was offered), a significant rise in the

prevalence of protective levels of measles antibodies and GMT was

observed. These data demonstrated that a two-dose schedule can

provide a second chance at immunization for primary vaccine

failures and for persons who missed the first dose. The results from

other studies showed that short-lived antibodies titers increased

after booster immunization with live attenuated vaccine [18,19],

which may represent the immune response when individuals with

pre-existing immunity are vaccinated.

Another challenge to the elimination of measles is that, despite

the very high seroprevalence among children aged 24 months to

14 years old, the GMTs showed a downward trend with age

(Figure 1A, B, C, and D). This could imply that vaccine-induced

measles antibodies wane in time, as indicated by previous studies

[20–23]. Both GMTs and seroprevalence declined in adults from

15–29-year-olds who were born in the post-vaccine era. Gaston

De Serres and others recently found indications that there may be

a higher risk of measles among high school students when the first

dose of measles vaccine is given before 15 months of age [24].

Our study suggests that administering the first dose of measles

vaccine at 8 months of age may not be the optimal age at this stage

in the elimination of measles. China provides the first dose of

measles vaccine at the young age of 8 months. In 2009, the WHO

recommended that countries nearing the elimination of measles

consider administering the first dose of measles vaccine at 12

months of age. However, prior to changing the age of the first dose

of measles vaccine, the WHO recommends that 4 pieces of

evidence be considered: (1) the seroconversion rate by age of

vaccination, (2) the actual ages of administration for the first dose,

(3) projected differences between vaccination rates at 8 and 12

months of age, and (4) the age-specific incidence of measles [25].

Considering all 4 lines of evidence is essential to making an

informed policy decision. For example, with more mothers having

vaccine-induced antibody levels, the proportions of their children

who derive maternally protective levels of antibodies may be lower

in the future [26]. Infants will be at a higher risk of being infected

Surveys of Measles Antibodies
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before vaccination if measles circulates. In line with our studies,

surveillance over the whole province found increasing proportions

of infants younger than 8 months old who were infected with

measles in recent years.

The incidence of measles in adults aged 20–29 years was also

high, at approximately 70–100 per million from 2005–2010 [27].

Some studies have revealed that conducting a revaccination

program in secondary school may be a way to improve immunity

for adolescents, which may improve the interruption of measles

virus circulation in young adults [28,29]. Most adults aged 30

years and older were born in the pre-vaccine era and thus infected

measles. Persistence of protective measles antibodies after natural

infection seems to be for life [30].

Conclusions

Successive serosurveys measured the age-specific immunity

profiles of the general population in each region of the Jiangsu

province from 2008–2010. These studies revealed that there are

some new challenges facing measles elimination. Further actions to

increase vaccination coverage in the general population should be

implemented to eliminate measles. Routine vaccination of children

should also be strengthened, especially in children 8 months -15

Figure 1. Region-specific geometric mean titers (GMTs) and prevalence of measles antibodies in different age groups from 2008–
2010. The seroprevalence in each region showed an upward trend with age: the GMT climbed to a peak between 13 months - 4 years of age
followed by a downward trend in subsequent ages (A, B, and C), similar to what was seen throughout the whole province (D). The seroprevalence in
the central region declined dramatically in individuals 15–29 years old in 2010 (B).
doi:10.1371/journal.pone.0066771.g001
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years old. Vaccination strategies may be adjusted depending on

the ages and regions [26,31]. It is urgent to explore new, feasible

vaccination strategies for adults 20–29 years old, especially in the

central region. Targeted SIAs may be essential to close the age-

specific immunity gaps. Finally, gathering evidence to support

policy decisions on the timing of the first dose should be a priority

for China because the country is nearing the elimination of

measles.
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