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Abstract t 

Measless and mumps, but not rubella, outbreaks have been reported amongst populations highly vaccinated with a single dose of 
measles-mumps-rubellaa (MMR) vaccine. Repealed experience has shown that a two-dose regime of measles vaccine is required to 
eliminatee measles. This paper reports the effect of the first and second MMR doses on specific antibody levels in a variety of populations. 

2-44 years after receiving a first dose of MMR vaccine at age 12-18 months, it was found that a large proportion of pre-scbool children 
hadd measles (19.5%) and mumps (23.4%) IgG antibody below the putative level of protection. Only a small proportion (4,6%) had rubella 
antibodyy below the putative protective level. A total of 41% had negative or equivocal levels to one or more antigens. The proportion 
measless antibody negative (but not rubella or mumps) was significantly higher in children vaccinated at 12 months of age than at (3-17 
months.. There was no evidence for correlation of seropositivjty to each antigen, other than that produced by a small excess of children (1%) 
negativee to all three antigens. After a second dose of MMR, the proportion negative to one or more antigens dropped to <4%. Examination 
off  national serosurveillance data, found that following an MR vaccine campaign in cohorts that previously received MMR, both measles 
andd rubella antibody levels were initially boosted but declined to pre-vaccination levels within 3 years. 

Ourr study supports the policy of administering a second dose of MMR vaccine to all children. Howe ver, continued monitoring of long-term 
populationn protection will be required and this study suggests that in highly vaccinated populations, total measles (and rubella) IgG antibody 
levelss may not be an accurate reflection of protection. Further studies including qualitative measures, such as avidity, in different populations 
aree merited and may contribute to the understanding of MMR population protection. © 2002 Elsevier Science Ltd. All rights reserved. 
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1.. Introductio n 

Measless outbreaks in cohorts highly vaccinated with a 
singlee dose of MM R vaccine have been frequently reported, 
mumpss outbreaks occasionally and rubella never [1-5]. 
Reducedd vaccine effectiveness has been explained as due 
eitherr to primary (PVF) or secondary vaccine failure (SVF). 
PVFF represents a failure of immediate seroconversion with 
aa documented lack of detectable-specific antibody. Admin-
istrationn of a second dose of vaccine to primary vaccine 
failuress results in a high proportion undergoing a primary 
antibodyy response, with an initial IgM response followed 
byy IgG seroconversion. SVF is infection in an individual 
followingg initial documented seroconversion, and represents 

 Corresponding author. Te!.: +44-20-8200-6868: 
fax::  +44-20-8200-7868. 
E-mailE-mail address: rpebadyi9phls.Qrg.iik (R.G. Febody). 

aa loss of protection, often linked to waning serum antibody 
levelss [6]. Following a second dose of vaccine, a large boost 
inn IgG antibody levels generally occurs, with littl e or no IgM 
response.. In the case of measles, although specific concen-
trationss of IgG antibody have been postulated as protective 
thresholdss against clinical disease [7], a graduated relation-
shipp between IgG level and degree of protection may be 
moree likely. 

Forr mumps vaccine, vaccine failure rates vary depending 
onn the vaccine strain. PVF plays an important role, but 
thee relative contribution of SVF is unclear (1,5,8,9]. For 
measless vaccine, the situation following a single vaccine 
dosee is also unclear 19—13]. Clinical disease amongst vacci-
natedd individuals exposed to wild measles virus is milder or 
asymptomaticc compared to unvaccinated individuals [14,IS] 
andd suggests a role for SVF. However, the epidemiological 
significancee of waning population immunity in relation to 
sustainedd transmission remains uncertain 116]. 
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Despitee high first dose coverage, most countries in North 
Americaa and Western Europe have introduced a routine sec-
ondd dose of MM R vaccine, to overcome the problems of vac-
cinee failure [17,18]. In the UK, single dose MMR replaced 
singlee antigen measles at 12-15 months of age in 1988. In 
1994,, a national campaign vaccinated 92% of 5-16 years old 
withh MR vaccine, to prevent a predicted measles epidemic 
[19].. In October 1996, a second, pre-school MM R dose was 
addedd to the immunisation programme. These changes re-
sultedd in a low reported incidence of measles, mumps and 
rubellaa in the UK in the 1990s. 

Thiss paper reports the effect of measles, mumps and 
rubellaa vaccination on specific antibody levels in a variety of 
populationss of children in whom there has been littl e oppor-
tunityy for natural boosting. The paper specifically explores 
thee type and level of antibody response following the first 
andd second dose of MM R vaccine and discusses the impli-
cationss for immunisation Strategy. 

2.. Methods 

Serologicall  data were acquired from two sources: a vac-
cinee trial (for acellular pertussis vaccine in pre-school chil-
drenn [20]) and from the national serological surveillance 
programmee in England and Wales [22]. 

2.. 1. Pre-school booster trial (PSB) for DTaP and MMR 

Thiss trial was a phase 2 acellular DTP (DTaP) vaccine 
boosterr trial in a population of pre-school children. Details 
off  the double-blind randomised study design, population 
andd ethical approval are reported elsewhere [20]. Due to 
thee introduction in the national vaccination programme of 
aa second dose of MM R midway, there was an opportunity 
too measure the measles, mumps and rubella IgM and IgG 
levelss in populations who had not received a second dose. 

Thee PSB study recruited a total of 1033 children aged 
3.5-66 years between 1995 and 1997. Of these a sample 
off  610 eligible children were selected between September 
19955 and October 1997. Al l had received a first dose of 
MMR.. Before October 1992, three MMR vaccines were 
used:: Pluserix (SmithKline Beecham, containing Schwarz 
measless strain. RA 27/3 rubella, Urabe-9 mumps strain); 
MM RR II (Merck Sharp Dohme, containing Enders' Edmon-
stonn measles strain, RA 27/3 rubella, Jeryl Lynn mumps) and 
Immravaxx (Merieux, containing Schwarz measles strain. RA 
27/33 rubella, Urabe-9 mumps strain). After 1992, only the 
MM RR II vaccine was used. Children recruited to the study 
afterr October 1996 were offered a second dose of MMR II , 
althoughh this was not a condition for enrolment. The vac-
ciness were administered simultaneously by the study nurses 
byy intramuscular injection in the arm. leg or buttock. MM R 
wass administered at a different injection site to the DTaP 
orr DT vaccine. Venous blood samples were collected from 
eachh child 4-6 weeks after the second MM R dose. 

AA total of 389 (63.7%) children were bled 4 weeks 
afterr receiving only a pre-school acellular DTP or just 
DTT booster, and 221 (36.3%), 4 weeks after receiving 
aa pre-school DTP/DT booster and MMR second dose. 
Thee sex distribution of the two groups was balanced (one 
dosee group 48% female, two dose group 50% female, 
PP = 0.65). 

2.2.2.2. Serological surveillance data for rubella 
andand measles 

Thee PHLS serological surveillance programme involves 
thee annual collection of residual sera from 18 public health 
laboratoriess throughout England and Wales. These are tested 
forr a variety of antibodies including to measles, mumps and 
rubella.. The sera are anonymised, only retaining information 
onn age, sex and collecting laboratory [21]. 

Thee surveillance data were analysed to examine the sec-
ondd dose effect of the 1994 MR campaign on the 1988 
andd 1989 birth cohorts for the 4 years between 1994 and 
1997.. These birth cohorts would have been scheduled for 
aa single dose of MM R vaccine at age 12-18 months, and 
too receive MR vaccine in the campaign in November 1994. 
Thee 1995-1997 results thus represent antibody levels in the 
33 years after this second dose. For the 1988 birth cohort 96, 
93,, 90 and 103 sera were tested for the years 1994-1997, 
respectively,respectively, with 95, 92,90 and 109 sera, respectively from 
thee 1989 cohort. 

2.2.1.2.2.1. Laboratory methods 
Serumm specimens from both trials and from the na-

tionall  serosurveillance programme were separated, stored 
att —30 °C and transported frozen to Preston Public Health 
Laboratoryy where they were tested for IgG antibody specific 
forr measles, mumps and rubella. 

Commerciall  enzyme immunoassays were used. For 
measles,, an ELISA kit (Gull Ltd.; distributed by Launch Di-
agnostics,, catalogue number RGE-100) was used, includ-
ingg the Second British standard (diluted in PBS) as control 
serum.. Quantitative IgG results were classified as pos-
itive,, equivocal or negative according to die concentra-
tions:: >100mIU/ml positive, 50-99 mIU/ml equivocal, and 
0-49mIU/mII  negative. 

Forr mumps, an ELISA kit (Human Ltd., Germany; UK 
distributorr Bios tat Ltd., catalogue number 851207) was used 
togetherr with an in-house standard developed as part of the 
Europeann Seroepidemiology Network project (ESEN) [23]. 
Quantitativee IgG results were classified according to the kit 
cut-offs. . 

Forr rubella, an ELISA kit (Trinity Biotech, Eire; UK 
distributorr Microgen Ltd., catalogue number 801-335) was 
usedd together with the WHO standard (diluted in PBS) 
ass control serum. Quantitative IgG results were classified 
ass positive, equivocal or negative according to the follow-
ingg concentrations: >10IU/ml positive; 5-9IU/ml equivo-
call  and 0-4 lU/ml negative. 
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Forr the PSB study, sera were also sent to the Centra] Pub-
licc Health Laboratory', London to be tested for IgM antibody 
specificc for measles, mumps and rubella antibody-capture 
radioimmunoassayy (MACR1A) was used as previously de-
scribedd [23). IgM antibody positivity was defined as a 
test/negativee (T/N) ratio >2.5 for rubella and measles and 
3.00 for mumps. Repeat testing of all positives was under-
takenn by die same method. Sera were reclassified according 
too the same cut-off ratios. All laboratory testing was per-
formedd blinded without knowledge of the vaccination status 
off  the individual. 

2.2.2.2.2.2. Data entry and statistical analysis 
Thee study was co-ordinated by the Immunisation Divi-

sionn of the Public Health Laboratory Service Communicable 
Diseasee Surveillance Centre. Information from the clinical 
recordd cards was entered at CDSC. 

Statisticall  analysis was undertaken in Epi-info version 
6.044 [24], Antibody levels were log-transformed for cal-
culationn of geometric mean litres (GMT), concentrations 
(GMC)) and 95% CI. Means were compared among vaccine 
groupss using the Students's r-test. Differences between vac-
cinee groups in proportions above specified levels and other 
groupp characteristics were tested by x2 and Fishers exact 
testt as appropriate. 

II  40%-

b.. Mumps 

0-244 25-49 50-99 100-199 200-393 400-799 800+ 

Antibodyy concentration (miU/m!) 

aaa 1 dose I __. 
 2 doses jgt 

0-44 5-9 10-19 20-39 40-79 60- 160- 320+ 

Antibodyy concentration (arbitrary units) 

3.. Results 

3.1.3.1. Preschool booster study 

3.1.1.3.1.1. Measles 
Thee distribution of IgG antibody in the two groups is 

shownshown in Fig. la. A significantly larger proportion (8.5 and 
11.1%,, respectively) of those who had received only a sin-
glee dose of MMR vaccine were measles IgG antibody nega-
tivee or equivocal, comparedd with 0 and 1.4%, respectively of 
thosee who had recently received a second dose of MMR. The 
geometricc mean antibody concentration was significantly 
higherr in the group who had received two doses of MMR 
(673.77 mlU/ml, 95% CI 616.6-741.3) compared with those 
whoo had received only a single dose (289.7 mlU/ml, 95% 
CII  257.0-323.6) {P < 0,00001). Of those who had received 
onlyy a single dose, the proportion who were antibody neg-
ativee or equivocal was significantly higher in children vac-
cinatedd at 12 months of age than irt children vaccinated at 
13-177 months of age (55/186 versus 16/151. P < 0.0001). 

Onlyy a small proportion of either group (2.1% of one 
dose,, 0.9% of two dose children) had IgM measles antibody. 
Theree was no significant difference between the two groups 
(Yatess corrected x2 = 0.55, P = 0.46). 

3.1.2.3.1.2. Mumps 
Thee distribution of IgG antibody is shown in Fig. lb. 

AA significantly larger proportion of single-dose children 
weree mumps IgG antibody negative or equivocal (14.9 and 

c.. Rubella 

90%% -

80%% J 
70%% -

j jj 60% -
11 50% -
|| 40% -
^^ 30% -

20%% -

10%% -
0%%

B 11 dose 

 2 doses 

5-99 10-19 20-39 40-79 

Antibodyy concentration (miU/ml) 

Fig.. I. (a-c) Measles, mumps and rubella IgG antibody distribution in 
PSBB study. Comparing one dose group: 4 years post-dose 1 and two dose 
group:: 6 weeks post-dose 2. 

9.8%,, respectively), compared with only 1.4 and 0.9%, 
respectivelyy of those receiving a second dose (Table 1). 
Againn there was a significantly higher geometric mean an-
tibodyy concentration in the children who received a second 
dosee of MMR (144.5 IU/nil) compared those who did not 
(37.1IU/ml)) (P = 0.00001). Of those who had received 
onlyy a single dose, there was no significant difference in 
thee proportion who were antibody negative or equivocal be-
tweenn children vaccinated at 12 months of age and children 
vaccinatedd at 13-17 months of age (40/180 versus 42/151, 
PP - 0.22). 
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Tablee 1 
Thee individual level antibody status of 389 children who received a single dose of MMR vaccine3" 

Observed d 
Expectedd (independem) 
Expectedd (tinal model) 

Meastes/m m 

+/+/+ + 
230 0 
224.8 8 
230.0 0 

imp<Jnibei!a a 

+/+/--

8 8 
10.9 9 
8.4 4 

antibodyy stums 

+/-/+ + 

73 3 
73.7 7 
71.9 9 

+1-1-+1-1-

2 2 
3.6 6 
2.6 6 

-1+1+ -1+1+ 

52 2 
54.6 6 
52.6 6 

-1+1--1+1-

3 3 
2.6 6 
1.9 9 

- / - /+ + 

16 6 
17.9 9 
16.5 5 

-/-/--
5 5 
0.9 9 
5.0 0 

aa Positive (-T-). negative/equivocal (—). 
bb Number observed; number expected if seropositiviiy for each component was independent, and number expected allowing for a proportion of 

completee vaccination failures. 

IgMM antibody to mumps was detected only 0.4% of the 
childrenn who received a MMR second do.se and in none of 
thosee who did not. 

3.13.3.13. Rubella 
Thee distribution of IgG antibody in the two groups is 

shownn in Fig. Lc. Only a small proportion (1.0 and 3.6%) 
off  those receiving a single dose of MMR were rubella IgG 
antibodyy negative or equivocal compared with none of those 
givenn a second dose. However, the gex^metric mean anti-
bodyy concentration was significantly higher in the children 
whoo received a second dose of MMR (72.4IU/ml, 95% CI 
70.8-74.1)) compared to those who did not (40.7 IU/ml, 95% 
CII  38.0-43.6) (P = 0.00001). Of those who had received 
onlyy a single dose, there was no significant difference in 
thee proportion who were antibody negative or equivocal be-
tweenn children vaccinated at 12 months of age and children 
vaccinatedd at 13-17 months of age (7/186 versus 9/151, P — 
0.49). . 

IgMM antibody to rubella was detected in 4.3 % of the chil-
drenn who received an MMR second dose and in 2.8% of 
thosee who did not. This difference was non-significant Of — 
0.69.. P = 0.41). 

3.1.4.3.1.4. individual level analysis of MMR seropositiviiy 
Thee antibody status of the 389 children who received a 

singlee dose of MMR, is shown in Fig. 1; 41% had negative or 
equivocall  levels to one or more antigens. After a second dose 
off  MMR vaccine, this proportion dropped to <4% (Fig. 2). 

Att the individual level, there was evidence of some 
dependencee in the probability of seropositivity for each 
antigenn (ADev == 11.4 on 4 dX, P = 0.02) (Table 1). In 
particular,, five children were negative or equivocal to all 
threee antigens, higher than the number expected (0.9) if 
seropositivityy to each vaccine component was entirely inde-
pendent.. However, after accounting for a small proportion 
(1%)) of children who were complete vaccination failures, 
theree was no evidence of any further dependence in the 
probahilityy of seropositivity to each vaccine component 
(ADevv = Ü.73 on 3 d.f., P = 0.87) (Table 1). 

3.2.3.2. National serological surveillance 

Forr the birth-cohort born in 1989, the measles and rubella 
IgGG antibody distributions, in 1994 before the November 

19944 1995 1996 1997 
{5yrs}}  (6yrs) (7yrs) (8yrs) 

Rtibefiaa Measles 
99< < 
5yrs) ) 

199S S 
(6yrs) ) 

1996 6 
(7yrs) ) 

199' ' 
I8yr r 

9 9 
SOO i 

) ) 

miU U 
»W W 

Fig.. 2. Proportion antibody negative/equivocal 10 one or all of the three 
antigenss by number of doses received. Comparing one dose group: 4 
yearss post-dose I and two dose group; 6 weeks post-dose 2. 

Fig.. 3. (a) Proportion of age-cohort with low measles IgG antibody levels 
inn cohort pre- and post-MR dose, (b) proportion of age-cohort with low 
rubellaa IgG antibody levels in cohort pre- and post-MR dose. 
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]]  994 MR campaign, and in the subsequent 3 years are shown 
inn Fig. 3. A large decline in the proportion of the cohort with 
loww or no detectable IgG antibody for measles and rubella is 
seenn front before to after the MR campaign. There is a sub-
sequentt increase in the proportion with low or no detectable 
antibodyy over the two following years (1996-1997) back to 
thee pre-second dose MR level. A similar observation is seen 
forr the 1988 cohort (data not shown). 

4.. Discussion 

Thiss paper shows that 2-4 years after receiving a first 
dosee of MMR vaccine, a significant proportion of pre-school 
childrenn had measles and mumps IgG antibody levels below 
thee putative level of protection, whereas few remained un-
protectedd against rubella infection. These observations are 
consistentt with previous immunogenicity studies in the UK 
[10]]  and Canada f25]. The higher protection afforded by 
aa single dose of rubella vaccine is compatible with these 
studiess where less than 1% of the study population were 
seronegativee for rubella antibody and confirms the excellent 
immunogenicityy of the RA 27/3 rubella strain [25]. 

Wee examined several factors that might influence seropos-
itivit yy including age at vaccination and correlation with pres-
encee of antibody to the other MMR antigens. We found that 
pre-schooll  children who had been immunised at 12 months 
off  age were significantly less likely to have measles antibody 
thann those vaccinated at 13-17 months. This is consistent 
withh the vaccine efficacy observed in a measles outbreak in 
Canadaa [26]. However, we found no effect of age at immu-
nisationn on mumps or rubella seropositivtty in pre-school 
children.. We found no evidence for correlation of seropos-
itivttyy to each antigen, onier than that produced by a small 
excesss of children negative or equivocal to all three antigens 
(1%).(1%). This contrasts with observations by Sauver et al. who 
foundd small but significant correlations in low antibody lev-
els,, with 0.3% of children seronegative to all three antigens 
[27].. The mechanism for our observations is unclear. The 
excesss of children with low antibody levels to all three anti-
genss may be caused by a small proportion of complete vac-
cinationn failures, due to impotent vaccine, incorrect delivery 
orr individual factors. The independence of seropositivity in 
thee remainder supports the suggestion that low antibody lev-
elss may be due to individual immunogenetic factors [28] or 
purelyy chance. The large proportion of children with low an-
tibodyy levels for at least one antigen (41%) after receiving a 
singlee dose of vaccine supports die policy of administering 
aa second dose of trivalent MMR vaccine to all children. 

Thee vast majority of children who receive a single dose 
off  MMR seem to be immunologically primed as evidenced 
byy the lack of a significant IgM response to any of the three 
antigenss following a second dose of MMR in the pre-school 
study.. This significant increase in IgG levels but tack of an 
IgMM response suggests that a large proportion of the ob-
servedd population seronegativity after a single dose was due 

too waning antibody levels (rather than primary vaccine fail-
ure).. The 4-6-week time window from administration of 
MMRR vaccine to serum sampling should have been adequate 
too detect the IgM increase associated with a primary immune 
response,, as IgM antibody levels would not have declined 
significantlyy and a large proportion would still be expected 
too remain seropositive [29]. Our results conflict with pub-
lishedd evidence from some other studies: firdman et al [11] 
foundd that amongst pre-school children who had received 
aa single dose of vaccine, but had no detectable pre-existing 
antibodies,, 33/36 developed IgM antibody following boost-
ingg with a dose of MMR. This suggests that the IgM assay 
usedd by Erdman was either more sensitive than ours, de-
tectingg die low levels of IgM that may be associated with 
secondaryy responses, or was less specific [30]. 

Administrationn of a second dose of MMR boosted IgG 
antibodyy to levels similar to those found 6 mondis after the 
firstt dose for measles and rubella and to even higher levels 
forr mumps. This has been observed previously for each of 
measless [31,32], mumps [31,33] and rubella [31]. However, 
thee increase in antibody levels does not seem to be sustained 
forr either measles or rubella. The decline in measles and 
rubellaa antibody levels observed in our serological surveil-
lancee of children pre- and 2 years post-MMR second dose 
hass also been documented in a longitudinal cohort study 
inn Finland [34] and in re-vaccinated adolescents and young 
adultss elsewhere [35,36]. 

Howw do these immunogenicity results correlate with clin-
icall  protection? Some authors have suggested that particular 
antibodyy concentrations are protective against measles dis-
easee [7]. Although it is clear from recent studies of measles 
outbreakss that vaccine efficacy is higher after two doses 
off  MMR than after a single dose [37-39], within 3 years 
off  receiving a second dose of measles containing vaccine, 
populationn antibody titres have returned to pre-second dose 
levels.. These observations suggest that total IgG is not 
ann entirely appropriate correlate of protection in highly 
vaccinatedd populations, since low antibody levels in vac-
cinatedd individuals are not indicative of lack of clinical 
protection. . 

Withh the introduction of two-dose MMR programmes in 
manyy countries with improved measles control, continued 
monitoringg of long-term protection will be required partic-
ularlyy in the absence of boosting from wild virus circulat-
ingg in the population. Measurement of IgG avidity, has been 
usedd to distinguish primary and secondary responses after 
vaccinationn and exposure to measles, mumps and rubella 
[40-42].. The role of antibody avidity testing in the evalua-
tionn of MMR vaccination strategies in a variety of popula-
tionss merits further investigation. 
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