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Background. The majority of infants will not be protected by maternal antibodies until their first measles vaccination, between 
12 and 15 months of age. This provides incentive to reduce the age at measles vaccination, but immunological consequences are in-
sufficiently understood, and long-term effects are largely unknown.

Methods. A total of 79 infants who received early measles vaccination between 6 and 12  months age and a second dose at 
14 months of age were compared to 44 children in a control group who received 1 dose at 14 months of age. Measles virus–specific 
neutralizing antibody concentrations and avidity were determined up to 4 years of age.

Results. Infants who first received measles vaccination before 12 months of age had a long-term decrease in the concentration 
and avidity of measles virus–specific neutralizing antibodies, compared with infants in the control group. For 11.1% of children with 
a first dose before 9 months of age, antibody levels at 4 years of age had dropped below the cutoff for clinical protection.

Conclusions. Early measles vaccination provides immediate protection in the majority of infants but yields a long-term decrease 
in neutralizing antibody responses, compared to vaccination at a later age. Additional vaccination at 14 months of age does not im-
prove this. Over the long term, this may result in an increasing number of children susceptible to measles.
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Since the introduction of measles vaccination, the annual number 
of measles cases worldwide has notably dropped, with <10 mil-
lion cases in 2016 [1]. Still, the number of annual measles deaths 
was estimated to be 109 638 in 2017 [2]. Recent reports show an 
increase in the number of measles cases in several regions, with a 
record amount of cases in Europe in 2018 [1, 3–5]. Here, a large 
proportion of measles cases (range, 15.9%–32.0%) was reported 
in infants <1 year of age [6–8], a group at high risk for the devel-
opment of measles-related complications and mortality [9, 10].

At birth, infants are protected from measles by neutralizing 
maternal antibodies, the levels of which decline over time [11–
14]. These antibodies interfere with vaccine responses, which is 
a major reason to postpone vaccination until after the first year 
of life [15, 16]. Importantly, recent studies showed that measles 

virus–specific maternal antibodies from vaccinated mothers 
only protect infants until 3–4 months of age and are no longer 
detectable in the majority of infants at 6 months of age [12, 14]. 
Despite this, vaccination at 6 months of age as compared to 12 
or 15 months of age results in lower seroconversion rates and 
lower levels of neutralizing antibodies shortly after vaccina-
tion [16, 17]. Although the early loss of maternal antibodies is 
a major incentive to reduce the age at first measles vaccination, 
especially in outbreak settings, long-term effects on measles 
virus–specific immunity and protection are largely unknown.

During the latest measles epidemic in the Netherlands, 
infants between 6 and 12 months of age living in areas with a 
vaccination coverage <90% were offered an additional measles 
vaccination prior to regular vaccination at 14 months [18]. This 
provided the opportunity to perform a clinical study to inves-
tigate the humoral immune response over the short and long 
term in relation to the timing of the first measles vaccination.

METHODS

Study Population

During a measles epidemic in the Netherlands from May 2013 
until March 2014, parents were invited to enroll their infants 
in a prospective observational cohort study from week 35 of 
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2013 up to week 8 of 2014 [19]. In the online baseline question-
naire of this study, parents could indicate whether they could be 
approached for future research. Parents who agreed to this re-
ceived an invitation to join this controlled, open-label, parallel-
group trial. A total of 79 healthy infants at the time of inclusion 
who received a first dose of measles, mumps, and rubella vac-
cine (MMR) between 6 and 12  months of age and a second 
dose at 14 months of age (hereafter, “MMR-1” denotes MMR 
received at age 14 months) were included. A control group of 
44 infants who received only MMR-1 was selected from the 
Dutch community-based administration. Informed consent 
was obtained from parents. Blood specimens were collected 
through heel/finger prick or venipuncture during home visits 
at 14 months of age, before MMR-1 receipt, and then 6 weeks, 
1 year, and 3 years later (Figure 1). Parents filled out a question-
naire. Exclusion criteria were receipt of immunosuppressive 
medication, presence of a known or suspected immunological 
or bleeding disorder, and assumed previous measles virus infec-
tion (based on positive results of serologic testing), which is why 
2 children were excluded from the control group. The study was 
approved by the Medical Research Ethics Committees United 
(METC Noord-Holland, Alkmaar, the Netherlands; clinical 
trials registration NL45616.094.13).

Measles Vaccination

Before enrollment, infants had already received MMR-VaxPro vac-
cine (RVG 17672; Sanofi Pasteur-MSD), containing live attenuated 
measles virus (Enders’ Edmonston strain), mumps virus (Jeryl 
Lynn [level B] strain), and rubella virus (Wistar RA 27/3 strain), be-
tween 6 and 12 months of age. The same vaccine was administered 
to all children at 14 months of age during a home visit.

Laboratory Analysis

Serum samples were obtained from whole-blood specimens and 
stored at −20°C until use. Measles virus–specific neutralizing 

antibodies were measured in a modified plaque reduction neu-
tralization test endorsed by the World Health Organization 
(WHO) [20]. Two-step serum dilution series were made in 
triplicate in 96-well culture plates. The WHO 3rd International 
Standard for measles virus antibody (3 IU/mL; NIBSC code 
97/648) was included. Incubation with laboratory-adapted 
Edmonston virus and Vero cells was performed according 
to a previously established protocol [21, 22]. Measles virus–
infected foci were stained after 48 hours with anti-measles 
virus nucleoprotein antibody (clone 83KKII; Merck Millipore). 
Measles virus–specific neutralizing antibody concentrations are 
expressed as IU/milliliter, based on the 50% plaque reduction 
dilution of the serum and standard. A concentration of ≥0.12 
IU/mL was considered to be protective [21, 23].

Measles virus–specific immunoglobulin G (IgG) avidity was 
determined by modifying an established bead-based multiplex 
immunoassay for measles virus serum IgG [24]. Briefly, after 
incubation of measles virus–conjugated fluorescent beads with 
serum and before staining, beads were washed with phosphate-
buffered saline and subsequently left untreated or treated for 
10 minutes with 1.5 M ammonium thiocyanate (NH4SCN; 
Merck Millipore). This condition showed a separation between 
low- and high- avidity samples comparable to that in pre-
viously published assays [25]. The avidity index is defined as 
the percentage of antibodies that remain bound to the beads 
after treatment with NH4SCN, calculated as: [amount of IgG 
after NH4SCN treatment]/[amount of IgG without NH4SCN 
treatment] × 100.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism (ver-
sion 7.03), R package 3.4.4, and IBM SPSS statistics (version 
24). The geometric mean measles virus–specific neutralizing 
antibody concentration (GMC) and geometric mean avidity 
index were calculated. For statistical analysis, individual 
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Figure 1. Study design. Children were grouped on the basis of age at first receipt of measles, mumps, and rubella (MMR) vaccine: 6–8 months, 9–12 months, or 14 months. 
Ages at which blood samples were collected are indicated, as are the number of withdrawals recorded at each home visit. Numbers in colored boxes indicate the number of 
samples analyzed for each group at each time point. MMR-1, MMR dose received at age 14 months.
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measles virus–specific neutralizing antibody concentrations 
were log10 transformed. Children were grouped on the basis of 
their age at first receipt of the vaccine. Differences in the per-
centage of protected children were calculated using the Fisher 
exact test. Differences between GMCs of groups were tested by 
the Kruskal-Wallis test and corrected for multiple comparisons 
by using the Dunn test. The Friedman test was performed to 
analyze differences over time. Children with missing data from 
≥1 time point were excluded.

We fitted a linear model to log10-transformed antibody levels, 
which gives a constant fraction of antibodies disappearing over 
time, assuming that the antibody decay rate per individual 
was constant. The exponential decay rate was determined 
by fitting a linear mixed-effects random intercept regression 
model [26] on log(neutralizing antibody concentrations) for 
all children 6 weeks, 1 year, and 3 years after receipt of MMR-
1. Early vaccinated children with antibody levels of ≤0.12 IU/
mL at 14 months of age were excluded. The model accounts for 
differences in the antibody concentration (the random inter-
cept) between infants. Age groups, time after MMR-1 receipt, 
and an interaction term between these variables were added as 
fixed effects in the model to account for a possible difference in 
the rate of exponential decay by age group.

P values ≤.05 indicate statistically significant differences.

RESULTS

Study Characteristics

In total, 79 children who received a first vaccine dose between 
ages 6 and 12 months and a second dose (ie, MMR-1) at age 
14 months were included in the study, together with a control 
group of 44 children who received only MMR-1. Three years 

after MMR-1 receipt, parents were approached again for inclu-
sion, which resulted in a relatively large withdrawal proportion 
of 25% (23 of 113 children; Figure 1). Group sizes were rather 
similar at this time point, and neutralizing antibody GMCs 
were comparable at all time points between the full cohort and 
children who completed the study at 4 years of age (data not 
shown). This implies that the children who withdrew from the 
study created no bias.

Baseline characteristics of early vaccinated children and 
the control group are shown in Table 1. All groups were com-
parable with respect to period of birth, sex, birth year of 
mothers, duration of pregnancy, and percentage of mothers 
breastfeeding their children, except that, among mothers of 
infants in the early vaccinated groups, a greater proportion re-
ceived measles vaccine (P = .001) but a smaller proportion had 
measles (P = .045) during childhood, compared with mothers 
of infants in the control group. Although we have no expla-
nation for these differences, we assume that the higher per-
centage of children born to naturally infected mothers in the 
control group did not influence our results, because maternal 
antibodies are not expected to be present [14] and were not 
detected at 14 months of age.

MMR Receipt Before 9 Months of Age Resulted in Decreased Neutralizing 

Antibody Concentrations

Measles virus–specific neutralizing antibody concentrations 
were determined at 14 months of age and 6 weeks, 1 year, and 
3  years later (Supplementary Table 1). Measles virus–specific 
neutralizing antibody concentrations relative to age (in days) 
at receipt of MMR are shown for each individual child in 
Supplementary Figure 1A–D.

Table 1. Baseline Characteristics

Characteristic

Age at Primary Vaccination

P 6–8 mo (n = 44) 9–12 mo (n = 31) 14 mo (Control) (n = 40)

Birth date 21 Dec 2012 (2 Nov 2012–25 Jul 2013) 2 Sep 2012 (2 Aug 2012–27 Sep 2012) 15 Jun 2013 (8 Aug 2012–23 Aug 2013)  

Male sex 19 (43.2) 15 (48.4) 17 (42.5) .867a

Birth year of mother 1982 (1971–1989] 1982 (1967–1989) 1982 (1971–1988) .545b

Pregnancy duration, wka 39.5 (31–42] 39 (29–42) 40 (36–44) .310b

Breastfeedingb     

 Yes 24 (54.5) 13 (41.9) 18 (45.0) .508a

 No 20 (45.5) 18 (58.0) 22 (55.0)  

Childhood measles in mother     

 Yes 5 (11.4) 5 (15.2) 14 (35.0) .045a

 No 29 (65.9) 19 (61.3) 23 (57.5)  

 Unknown 10 (22.7) 7 (22.6) 3 (7.5)  

Measles vaccine receipt by mother     

 Yes 38 (86.4) 25 (80.6) 26 (65) .001a

 No 2 (4.5) 2 (6.5) 13 (32.5)  

 Unknown 4 (9.1) 4 (12.9) 1 (2.5)  

Data are median (range) or no. (%) of infants.
aBy the χ2 test.
bBy the Kruskal-Wallis test.
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Group-wise analysis revealed that, before receipt of MMR-1, 
children who received their first dose between 6 and 8 months 
of age had lower measles virus–specific neutralizing antibody 
GMCs than children who received their first dose between 9 and 
12 months of age (P = .002; Figure 2A). All children vaccinated be-
tween 9 and 12 months of age had antibody concentrations above 
the cutoff for clinical protection, whereas 20% of children (9 of 
45) vaccinated between ages 6 and 8 months did not (P = .001).

Six weeks after MMR-1 receipt, measles virus–specific 
neutralizing antibodies were detected in all children from the 
control group except 1 (2.5%), which can be considered a pri-
mary vaccination failure (Figure 2B). Unfortunately, no follow-up 
samples were available because this child withdrew from the study. 
At this time, GMCs were higher in the control group as compared 
to those in children with a first dose between ages 6 and 8 months 
(P  =  .057) and 9–12  months (P  =  .025). All early vaccinated 
children had antibody levels above the cutoff for protection.

One and 3  years after receipt of their last vaccine dose, 
a downward trend was observed in neutralizing antibody 
concentrations, which was strongest for children who received a 
first dose between ages 6 and 8 months. While the differences at 
these later time points between the control group and children 
first vaccinated between 9 and 12 months of age were not sig-
nificant (P = .13 for comparisons at each time point), children 
who received the first dose between ages 6 and 8 months had 
clearly lower GMCs (P < .0001; Figure 2C and 2D). No distinc-
tion could be made between early vaccinated children who re-
ceived their first dose between ages 6 and 8 months and 9 and 
12 months 1 year (P = .14) and 3 years after MMR-1 (P = .08). 
All children with a first dose between ages 9 and 12  months 
and the control group had measles virus–specific neutralizing 
antibodies that were still above the cutoff for protection 3 years 
after receipt of their last dose. One year after MMR-1 receipt, 1 

child (2.6%) who received a first dose between 6 and 8 months 
of age had measles virus–specific neutralizing antibodies below 
the cutoff for protection, which increased to 3 children (11.1%) 
3 years after MMR-1 receipt (P = .111 for the comparison be-
tween early vaccine recipients aged 6–8 months and the control 
group). For all groups and time points analyzed, no sex-based 
differences were observed (data not shown).

MMR Receipt Before 12 Months of Age Resulted in Lower Antibody Avidity

Differences in neutralizing antibody concentrations between 
groups increased over time, which may indicate differences in 
antibody avidity maturation. We compared antibody avidity 1 
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Figure 2. Measles virus–specific neutralizing antibodies measured by a focus reduction neutralization test (FRNT) in children who received their first measles, mumps, and 
rubella vaccine (MMR) dose at 6–8 months, 9–12 months, or 14 months of age. Differences in geometric mean concentrations between groups, represented as horizontal 
bars, were compared by the Kruskal-Wallis test at 14 months of age (A) and then 6 weeks (B), 1 year (C), and 3 years later (D). The dashed gray line indicates the level of 
antibody sufficient for protection from clinical measles (ie, 0.12 IU/mL). Two controls assumed to have measles, based on positive serologic test results at 14 months of age, 
were excluded from analysis. MMR-1, MMR dose received at age 14 months. *P ≤ .05, **P ≤ .01, and ****P ≤ .0001.
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and 3 years after receipt of the last vaccine dose, to represent 
time points of more complete avidity maturation [27] (Figure 
3). After 1 year, we did not observe any differences (Figure 3A), 
but after 3  years, early vaccinated children had antibodies of 
lower avidity than children with a first dose at 14  months of 
age (P = .07 and P = .005 for comparisons between the control 
group and infants with the first dose at ages 6–8 months and 
9–12  months, respectively; Figure 3B). We did not observe a 
correlation between neutralizing antibody concentrations and 
avidity index (data not shown).

MMR-1 Receipt Only Temporarily Increased Antibody Concentrations in 

Children First Vaccinated Before 9 Months of Age

Next, we studied individual longitudinal dynamics and 
observed different response patterns between the groups 
(Figure 4). Children first vaccinated between 6 and 8 months 
of age showed an increased neutralizing antibody titer within 
6 weeks after the second dose of measles vaccine (Figure 4A). 
However, antibody levels significantly dropped in the subse-
quent 3 years, some of which decreased to levels observed be-
fore receipt of MMR-1. This became more apparent when the 6 

children who had no protective antibody levels before receipt 
of MMR-1 were excluded from analysis (Figure 4D). These 
6 children showed a strong increase in neutralizing antibody 
levels after MMR-1 receipt, comparable to the control group 
(Figure 4C and 4D). Antibody levels in children who received 
their first dose between 9 and 12 months of age increased only 
slightly after receipt of MMR-1 and declined in the subsequent 
3 years (Figure 4B).

The antibody responses after vaccination between 6 and 
8 months were predictive for the long-term responses following 
receipt of MMR-1, but only for children who had responded to 
the first dose (Figure 5A and 5B). This correlation was not as 
strong for children who received their first dose between 9 and 
12 months of age (Figure 5C).

Antibody Concentrations Declined Faster After Early Vaccination

Because of the individual variability in the decline of antibody 
levels following measles vaccination, we applied mixed mod-
eling to calculate the exponential decay of the antibody re-
sponse until 9 years of age (Figure 6). At this time point, Dutch 
children normally receive their second measles vaccination. For 
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children who received a first dose between 9 and 12  months 
of age, antibodies decreased at a faster rate per month (log 
value, −0.01) than those of the control group, but this differ-
ence was not significant (Supplementary Table 2). Based on this 
model, antibody levels were also expected to remain above the 
threshold for protection until the next vaccination. However, 

children who received a first dose between 6 and 8 months of 
age showed a faster decay of their antibodies per month (log 
value, −0.03; P < .01) as compared to the control group, and the 
model predicted that, 5 years after MMR-1 receipt, antibodies 
will have dropped below the threshold for protection.

DISCUSSION

In this study, we showed that most children develop protec-
tive measles virus–specific antibodies following vaccination 
as early as 6 months of age. A lower risk of measles virus in-
fection was indeed shown for infants first vaccinated between 
6 and 14  months of age during this measles outbreak [19]. 
Because low numbers of measles cases were reported, vac-
cine effectiveness could not accurately be determined; how-
ever, all reported measles cases occurred in infants vaccinated 
before 9  months of age [19]. We found that 20% infants 
vaccinated before 9 months of age had measles virus–specific 
neutralizing antibody levels below the cutoff for clinical pro-
tection (0.12 IU/mL), which highlights that a proportion of 
these infants is not sufficiently protected after 1 dose of MMR. 
It should be noted that the interval between early vaccination 
and antibody level measurement at age 14 months increased 
with a lower age at receipt of the first dose, which may account 
for some of the quantitative differences between the 2 early 
vaccinated groups.

Interestingly, for the subgroup of children with low levels 
of neutralizing antibodies after receipt of the first MMR dose, 
the response to MMR-1 was quite similar to that for the control 
group, indicating a primary antibody response after a receipt 
of MMR-1. This finding was substantiated by the observation 
that, at 4  years of age, all children had antibody levels above 
the cutoff for protection. Gans et al also showed that additional 
vaccination 12 months after primary vaccine failure at 6 months 
of age resulted in protective antibody levels 2 years later [16]. 
These results stress that additional vaccination is essential to 
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protect infants who do not respond to a first dose received be-
fore 9 months of age.

Previous studies have shown that vaccination before 
9 months of age induces a reduced antibody response [16, 17]. 
Recently, Carazo Perez et al showed that measles virus–specific 
vaccine response rates increase with increasing age at first vac-
cination, an effect that persists after additional vaccination [28]. 
However, another study showed a comparable response to a first 
dose of MMR received at 8 versus 12 months of age, based on 
measles virus–specific antibodies measured by enzyme-linked 
immunosorbent assay [29].

We showed an increased decline in the neutralizing an-
tibody concentration after additional vaccination in early 
vaccinated children as compared to the control group. This 
was clearly observed 3 years after vaccination, when antibody 
concentrations for 11.1% of children were found to have dropped 
below the cutoff for clinical protection. Previous studies show 
conflicting results about long-term protection after early vacci-
nation [30, 31], which may be partially explained by the use of 
different vaccines and different study designs and populations. 
However, long-term effects are of specific concern, as a gradual 
decrease in neutralizing antibody concentrations may result in 
increasing numbers of unprotected individuals in the popula-
tion over the long term.

MMR-1 receipt seems to have had little effect in children who 
received their first dose between 9 and 12 months of age. Here, 
the time between the first and second dose may have been crit-
ical; hence, we cannot exclude the possibility that postponing 
the second vaccination to later time points may result in 
increased antibody levels.

It should be noted that the effects of first vaccination between 
ages 9 and 12  months were still not similar to those of first 
vaccination at 14  months of age. Children first vaccinated at 
14 months of age had approximately twice the amount of mea-
sles virus–specific neutralizing antibodies, but this difference 
was not statistically significant, possibly because of the rela-
tively small sample size. Furthermore, antibody avidity was sig-
nificantly higher for children from the control group at 4 years 
of age, even though this did not reach statistical significance 
for children with a first dose between 6 and 8 months of age. 
This may be caused by the relatively small differences in avidity 
indexes between the groups and by the small sample size. Nair 
et al showed no differences between antibody avidity with re-
spect to the age at first vaccination [32], although avidity was 
measured only 6 months after the last vaccination. Similarly, we 
did not find any differences in avidity up to 1  year after vac-
cination between the early vaccinated groups and controls, 
indicating that this period is too short to measure differences in 
antibody avidity. Together, our results indicate that differences 
between groups become larger over time. Even though the ma-
jority of children are still protected 3 years after their last vacci-
nation, this may not be the case at a later age.

The reduced vaccine response in the early vaccinated group, 
especially for the 9 children who showed a low response at 
14  months of age, may be explained by the presence of ma-
ternal antibodies at the time of vaccination. Unfortunately, we 
were unable to investigate this because children were included 
after early vaccination, to avoid interference with the decision 
to vaccinate. However, a large cross-sectional serologic study 
performed in the Netherlands in 2006 showed that, on average, 
infants had maternal antibody levels below the protective level 
at 3.3 months of age, so we did not expect maternal antibodies to 
be present after 6 months of age [14]. In addition, the majority 
of mothers of early vaccinated infants were vaccinated during 
childhood, resulting in lower levels of maternal antibodies in 
their infants [19]. For these reasons, we expect that the influ-
ence of maternal antibodies on vaccination responses after 
6 months was negligible.

Gans et al showed that children first vaccinated at 6 months 
of age in the absence of maternal antibodies had a reduced an-
tibody response, compared with children first vaccinated at 9 or 
12 months of age [16]. This suggests a negative influence of the 
developing infant immune system on the vaccine response after 
early vaccination [33]. It is known that infants have fewer and 
less functional dendritic cells [34], and the number of dendritic 
cells has been positively correlated with the measles virus–spe-
cific antibody response [35]. Second, the neonatal immune 
system is generally thought to be skewed toward a T-helper 
type 2 response, because fewer T-helper type 1 cytokines are 
produced [36]. As a consequence, reduced dendritic cell priming 
and an altered T-cell response may result in suboptimal B-cell 
activation. This is supported by the observations that antibody 
responses changed qualitatively and quantitatively over time.

Several studies have shown a nonspecific beneficial effect 
on infant mortality after measles vaccination, as reviewed by 
Higgins et al [37]. We do not have information about morbidity 
or mortality in our cohort. Based on the small cohort size and 
the low childhood mortality rate in the Netherlands, we do not 
expect to be able to measure any nonspecific beneficial effects 
of early measles vaccination in this setting. However, for future 
decisions about the timing of measles vaccination, these non-
specific beneficial effects should be taken into consideration.

In conclusion, the majority of children who received early 
MMR vaccination still had protective antibody levels at 14 
months of age. This is expected to protect infants in an out-
break setting. However, reducing the age at first measles vac-
cination should be carefully assessed on an individual basis, 
owing to concerns about long-term protection against measles: 
because the susceptibility to measles virus infection among 
early vaccinated individuals may increase with age, herd im-
munity in the population might be adversely impacted. This 
notion is supported by the observations that, in a proportion 
of children first vaccinated at <9 months of age, antibody levels 
had already dropped below the cutoff of clinical protection at 
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4 years of age even though the children had been vaccinated 
twice. Reduced protection in early vaccinated individuals may 
contribute to an already decreasing level of vaccination cov-
erage and increase the risk of future epidemics.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors 
to benefit the reader, the posted materials are not copyedited 
and are the sole responsibility of the authors, so questions or 
comments should be addressed to the corresponding author.

Notes

Acknowledgments. We thank Hendriek Boshuizen and 
Hester Korthals Altes, for their input on statistical modeling; 
and Nikita Ramsoebhag, for her contribution to the antibody 
avidity assay. I. B., J. d. W., S. H., D. v. B., N. R., and R. v. B. pro-
vided input during writing of the manuscript. I. B., G. S., and 
H.  t. H. were responsible for laboratory analysis. T. C. A. was 
responsible for modeling the data. R.  J., N. R., F. v. d. K., and 
R. v. B. designed the study. The first draft was written by I. B. 
All authors contributed to the final version of the manuscript.

Financial support. This work was supported by the Dutch 
Ministry of Health, Welfare, and Sport.

Potential conflicts of interest. All authors: No reported 
conflicts of interest. All authors have submitted the ICMJE 
Form for Disclosure of Potential Conflicts of Interest. Conflicts 
that the editors consider relevant to the content of the manu-
script have been disclosed.

References

1. Patel  MK, Gacic-Dobo  M, Strebel  PM, et  al. Progress to-
ward regional measles elimination - worldwide, 2000–2015. 
Morb Mortal Wkly Rep 2016; 65:1228–33.

2. Dabbagh A, Laws RL, Steulet C, et al. Progress toward re-
gional measles elimination - worldwide, 2000–2017. Morb 
Mortal Wkly Rep 2018; 67:1323–9.

3. George  F, Valente  J, Augusto  GF, et  al. Measles outbreak 
after 12  years without endemic transmission, Portugal, 
February to May 2017. Euro Surveill 2017; 22:pii=30548.

4. Kmietowicz Z. Measles: Europe sees record number of cases 
and 37 deaths so far this year. BMJ 2018; 362:k3596.

5. Holt E. 41 000 measles cases in Europe since the beginning 
of 2018. Lancet 2018; 392:724.

6. Muscat  M, Bang  H, Wohlfahrt  J, Glismann  S, Molbak  K. 
Measles in Europe: an epidemiological assessment. Lancet 
2009; 373:383–9.

7. Huoi C, Casalegno JS, Benet T, et al. A report on the large 
measles outbreak in Lyon, France, 2010 to 2011. Euro 
Surveill 2012; 17:pii=20264.

8. Pegorie  M, Shankar  K, Welfare  WS, et  al. Measles out-
break in Greater Manchester, England, October 2012 to 

September 2013: epidemiology and control. Euro Surveill 
2014; 19:pii=20982.

9. Aaby P, Bukh J, Kronborg D, Lisse IM, da Silva MC. Delayed 
excess mortality after exposure to measles during the first 
six months of life. Am J Epidemiol 1990; 132:211–9.

10. Aaby P, Andersen M, Sodemann M, Jakobsen M, Gomes J, 
Fernandes M. Reduced childhood mortality after standard 
measles vaccination at 4-8  months compared with 
9-11 months of age. BMJ 1993; 307:1308–11.

11. Nicoara  C, Zäch  K, Trachsel  D, Germann  D, Matter  L. 
Decay of passively acquired maternal antibodies against 
measles, mumps, and rubella viruses. Clin Diagn Lab 
Immunol 1999; 6:868–71.

12. Leuridan  E, Hens  N, Hutse  V, Ieven  M, Aerts  M, 
Van Damme P. Early waning of maternal measles antibodies 
in era of measles elimination: longitudinal study. BMJ 2010; 
340:c1626.

13. Zhang X, Shirayama Y, Zhang Y, et al. Duration of maternally 
derived antibody against measles: a seroepidemiological 
study of infants aged under 8  months in Qinghai, China. 
Vaccine 2012; 30:752–7.

14. Waaijenborg S, Hahné SJ, Mollema L, et al. Waning of ma-
ternal antibodies against measles, mumps, rubella, and vari-
cella in communities with contrasting vaccination coverage. 
J Infect Dis 2013; 208:10–6.

15. Cutts FT, Nyandu B, Markowitz LE, et al. Immunogenicity 
of high-titre AIK-C or Edmonston-Zagreb vaccines in 
3.5-month-old infants, and of medium- or high-titre 
Edmonston-Zagreb vaccine in 6-month-old infants, in 
Kinshasa, Zaire. Vaccine 1994; 12:1311–6.

16. Gans  HA, Arvin  AM, Galinus  J, Logan  L, DeHovitz  R, 
Maldonado Y. Deficiency of the humoral immune response 
to measles vaccine in infants immunized at age 6 months. 
JAMA 1998; 280:527–32.

17. Johnson CE, Nalin DR, Chui LW, Whitwell J, Marusyk RG, 
Kumar ML. Measles vaccine immunogenicity in 6- versus 
15-month-old infants born to mothers in the measles vac-
cine era. Pediatrics 1994; 93:939–44.

18. Woudenberg  T, van  Binnendijk  RS, Sanders  EA, et  al. 
Large measles epidemic in the Netherlands, May 2013 to 
March 2014: changing epidemiology. Euro Surveill 2017; 
22:pii=30443.

19. Woudenberg T, van der Maas NAT, Knol MJ, de Melker H, 
van Binnendijk RS, Hahné SJM. Effectiveness of early mea-
sles, mumps, and rubella vaccination among 6-14-month-
old infants during an epidemic in the Netherlands: an 
observational cohort study. J Infect Dis 2017; 215:1181–7.

20. Cohen BJ, Parry RP, Doblas D, et al. Measles immunity testing: 
comparison of two measles IgG ELISAs with plaque reduction 
neutralisation assay. J Virol Methods 2006; 131:209–12.

21. Cohen  BJ, Audet  S, Andrews  N, Beeler  J; WHO working 
group on measles plaque reduction neutralization test. 



602 • jid 2019:220 (15 August) • Brinkman et al

Plaque reduction neutralization test for measles antibodies: 
description of a standardised laboratory method for use in 
immunogenicity studies of aerosol vaccination. Vaccine 
2007; 26:59–66.

22. Dorigo-Zetsma  JW, Leverstein-van  Hall  MA, Vreeswijk  J, 
et al. Immune status of health care workers to measles virus: 
evaluation of protective titers in four measles IgG EIAs. J 
Clin Virol 2015; 69:214–8.

23. Chen  RT, Markowitz  LE, Albrecht  P, et  al. Measles anti-
body: reevaluation of protective titers. J Infect Dis 1990; 
162:1036–42.

24. Smits GP, van Gageldonk PG, Schouls LM, van der Klis FR, 
Berbers GA. Development of a bead-based multiplex immu-
noassay for simultaneous quantitative detection of IgG serum 
antibodies against measles, mumps, rubella, and varicella-
zoster virus. Clin Vaccine Immunol 2012; 19:396–400.

25. Hahne SJ, Nic Lochlainn LM, van Burgel ND, et al. Measles 
outbreak among previously immunized healthcare workers, 
the Netherlands, 2014. J Infect Dis 2016; 214:1980–6.

26. Bates  D, Mächler  M, Bolker  B, Walker  S. Fitting linear 
mixed-effects models using lme4. J Stat Softw 2015; 
67:48.

27. Mercader S, Garcia P, Bellini WJ. Measles virus IgG avidity 
assay for use in classification of measles vaccine failure in 
measles elimination settings. Clin Vaccine Immunol 2012; 
19:1810–7.

28. Carazo Perez S, De Serres G, Bureau A, Skowronski DM. 
Reduced antibody response to infant measles vaccina-
tion: effects based on type and timing of the first vaccine 
dose persist after the second dose. Clin Infect Dis 2017; 
65:1094–102.

29. He H, Chen E, Chen H, et al. Similar immunogenicity of 
measles-mumps-rubella (MMR) vaccine administrated at 

8 months versus 12 months age in children. Vaccine 2014; 
32:4001–5.

30. Redd  SC, King  GE, Heath  JL, Forghani  B, Bellini  WJ, 
Markowitz  LE. Comparison of vaccination with measles-
mumps-rubella vaccine at 9, 12, and 15  months of age. J 
Infect Dis 2004; 189(Suppl 1):S116–22.

31. Carson MM, Spady DW, Beeler JA, Krezolek MP, Audet S, 
Pabst  HF. Follow-up of infants given measles vaccine at 
6 months of age: antibody and CMI responses to MMRII at 
15 months of age and antibody levels at 27 months of age. 
Vaccine 2005; 23:3247–55.

32. Nair  N, Gans  H, Lew-Yasukawa  L, Long-Wagar  AC, 
Arvin  A, Griffin  DE. Age-dependent differences in IgG 
isotype and avidity induced by measles vaccine received 
during the first year of life. J Infect Dis 2007; 196:1339–45.

33. Zhang X, Zhivaki D, Lo-Man R. Unique aspects of the peri-
natal immune system. Nat Rev Immunol 2017; 17:495–507.

34. Upham  JW, Rate  A, Rowe  J, Kusel  M, Sly  PD, Holt  PG. 
Dendritic cell immaturity during infancy restricts the ca-
pacity to express vaccine-specific T-cell memory. Infect 
Immun 2006; 74:1106–12.

35. García-León  ML, Bonifaz  LC, Espinosa-Torres  B, et  al. A 
correlation of measles specific antibodies and the number of 
plasmacytoid dendritic cells is observed after measles vac-
cination in 9 month old infants. Hum Vaccin Immunother 
2015; 11:1762–9.

36. Kollmann TR, Crabtree  J, Rein-Weston A, et al. Neonatal 
innate TLR-mediated responses are distinct from those of 
adults. J Immunol 2009; 183:7150–60.

37. Higgins  JP, Soares-Weiser  K, López-López  JA, et  al. 
Association of BCG, DTP, and measles containing vaccines 
with childhood mortality: systematic review. BMJ 2016; 
355:i5170.


