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Chapterr 1: Introduction 





1.11 Background 

Immunisationn remains one of the most cost-effective public health interventions available 

(Robertsonn 1985, Shepard 1986). In the pre-vaccination era, epidemic infectious diseases 

suchh as measles, diphtheria and particularly smallpox were responsible for large numbers of 

deathss mainly in childhood (Duncan 1996). With the introduction of routine immunisation 

programmes,, starting with smallpox in the 18th century, the incidence due to many of these 

diseasess has been reduced significantly. Smallpox for example was declared eradicated in 

19800 (Stewart 2005). 

Inn Europe (as elsewhere), there still remains much work. Although both measles and 

rubellaa have been targeted for elimination from the WHO European region by 2010 

(WHOO 2004), outbreaks of both diseases are still regularly reported (WHO 2005). Other 

vaccine-preventablee diseases have either re-emerged such as diphtheria in the former Soviet 

Unionn (Galazka 2000) or have become resurgent such as pertussis in older persons and 

pre-vaccinationn infants in many European countries (Celentano 2005). New vaccines are 

approachingg licensure for other diseases which have a large public health impact such as 

rotaviruss and human papillomavirus (the aetiological agent of cervical cancer). 

Internationall  differences in the reported incidence of vaccine preventable disease are 

welll  recognised. These differences reflect both true epidemiological differences, but also 

variationss in the sensitivity and specificity of national surveillance systems. International 

differencess in the epidemiology of communicable disease can be related to factors such as 

sociall  mixing patterns, circulating local strains/type of organism and historical diversity in 

nationall  immunisation programmes in terms of type of vaccine, schedule and coverage. 

Surveillancee is critical to ensure that any policy-making at national and international level is 

undertakenn in an informed fashion. Historically two main surveillance tools have been used 

too monitor national immunisation programmes - disease surveillance and vaccine uptake. 

Particularlyy for international epidemiological comparisons, each method has well recognised 

limitations.. For infectious disease surveillance, variation occurs in national reporting 

practices,, case definitions and surveillance infrastructure (e.g. population under surveillance, 

thosee responsible for reporting). A specific issue for disease surveillance for vaccine 

preventablee diseases is that with increasing coverage of a mass immunisation programme, 

diseasee incidence declines and circulation can be (temporarily) interrupted (a phenomena 

thatt has been termed the honeymoon effect). However, this may disguise the accumulation 

off  a pool of susceptibles over time that presages a further outbreak with increased mean 

agee of infection (Beutels 2002). For vaccine coverage monitoring, international variation 
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occurss particularly in methods of collection (e.g. routine, administrative method versus the 

EPII  cluster survey) and in the numerator and denominator definitions used to calculate 

vaccinee coverage. 

Sero-epidemiologyy provides a promising alternative to evaluate national immunisation 

programmess (de Melker 1998). Sero-epidemiology has been defined as "a specialised tool of 

diseasee surveillance where data for a disease is collected through the results of tests conducted 

onn blood samples drawn from a selected population." Population sero-epidemiology was 

reportedlyy first undertaken for measles (Synders 1962), diphtheria (Fisher 1956) and rubella 

(Enderss 1969). Serosurveys of both the general population and of specific groups at higher 

riskk of infection, has been used to provide a measure of: 

 Prevalence of immunity (identification of susceptible populations) e.g. measles 

(Gayy 1995) 

 Prevalence of past infection e.g. hepatitis C (Balogun 2002) and hepatitis B 

(Gayy 1999) 

Fromm a public health perspective, serological surveillance usually combined with modelling 

andd economic methods (Gay 1995), has been used to inform policy in several ways: 

i.. To estimate disease burden in pre-vaccination era e.g. hepatitis C (Balogun 2002), 

Helicobacterr pylori (Vyse 2002), MMR (Edmunds 2000) 

ii .. To plan and evaluate disease control programmes, specifically: 

 To identify the most effective and cost-effective intervention, whether by: 

i.. Targeted catch-up campaign by identifying susceptible populations 

e.g.. measles (Babad 1995, Enqueselassie 2003, Gay 1998) and rubella 

(Massadd 1994, Edmunds 2000); 

ii .. Routine programmatic interventions - e.g. introduction of routine 

acellularr pertussis booster dose (Edmunds 2002); 

 To evaluate level of disease control e.g. achievement of measles elimination 

statuss (Gay 2004, de Serres 2000). 
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1.22 Seroepidemiological surveys: methodological issues 

Methodologicall  issues about serological surveys particularly pertain to how the serum bank is 

collected,, the techniques of testing used and how the results are analysed and interpreted. 

1.2.11.2.1 Serum collection 

Inn general two methods of obtaining serum samples for population serosurveys have been 

employed: : 

 Use of residual sera: This approach is opportunistic sampling. It involves using serum 

specimenss submitted routinely to laboratories for microbiological and biochemical 

analysis.. A bank of these samples is collected, then unlinked from personal identifiers, 

keepingg only information on age, sex and sending laboratory. This provides a sampling 

framee to create an age- and gender-stratified sample for testing. 

 Population-based sampling: This method of sampling involves the recruitment and 

consentt of individuals, selected using population-based sampling methods such as 

stratifiedd random sampling. This should provide a sample representative of the general 

population. . 

Eachh method has its strengths and weaknesses. Population-based sampling theoretically 

providess a more robust estimate of the seroprevalence for a given population together with 

confidencee intervals around that estimate. However weaknesses of this approach include 

thee cost of undertaking the collection and the potential for recruitment bias. De Melker and 

colleaguess compared characteristics of participants and non-participants of a population 

basedd survey and found that certain population groups (particularly adult males) who are 

moree likely to not participate may be associated with past exposure to hepatitis B virus (de 

Melkerr 2000). Use of residual sera is a lower cost approach and as minimal identifiers are 

collectedd avoids the need for individual patient consent. Recent studies have shown this 

methodd provides a good approximation of the general population exposure to ubiquitous 

infectionss such as measles compared to population-based sampling (Kelly 2002). 

1.2.21.2.2 Sera testing 

Traditionally,, serology has been based on techniques such as complement fixation and 

agglutinationn assays. However, these are labour intensive methods and usually lack sensitivity 

andd specificity, making them inappropriate for serological surveys. The development of 

functionall  assay methods such as the virus neutralisation test (NT) that detect serum 

neutralisingg antibodies can be used for serosurveys. The advantage of this approach is that 

11 1 



thiss is generally a sensitive and specific method (often referred to as the "gold standard"). 

However,, it is also a labour intensive technique that can only be used in certain, reference 

laboratories,, as it requires use of live virus. Enzyme linked immuno-absorbent assays 

(ELISA)) are a more recently developed method (Engvall 1971) diat can detect antigen 

specific-antibodies.. The amount of colour produced by the assay is directly proportional to 

thee amount of specific antibody present in the test specimen. Aldiough generally ELISA 

iss a sensitive and specific method, it is a non-functional assay that does not use live-virus. 

Itss advantage over the NT method is that it is much less labour intensive and provides 

continuouss quantitative results — important to standardise and analyse sero-epidemiological 

surveys. . 

1.2.31.2.3 Interpretation of results 

1.2.3.11.2.3.1 Standardisation of assay results 

Nationall  laboratories undertaking sero-epidemiological surveys usually use their established 

assayassay method - which varies from country-to-country - but allows countries to make intra-

countryy comparisons over time. Variation in the sensitivity and specificity of ELISAs is well 

recognised,, with various recommendations made to improve internal and external quality 

controll  (Desqunenes 1997). Ideally, to minimise variation all countries should undertake 

testingg of all sera with the same assay in the same laboratory. Clearly this is unrealistic. 

Laboratoriess do attempt to minimise variation through the use of internal controls, 

measurementt correction factors and in some cases e.g. measles, calibration against an 

internationall  standard. However, despite these approaches residual variation does remain 

—— particularly when different assay methods are employed. Work by Heskedi and colleagues 

onn the comparative performance of a series of nine commercial ELISAs for measles-

specificc IgG compared to plaque reduction neutralisation found that testing a panel of 174 

serumm samples gave large variation in performance (Hesketh 1997). 

Additionall  approaches are required to standardise laboratory mediods, and allow true 

internationall  comparisons of seroprevalence data to be made. 

2.2.2.22.2.2.2 Immunogenicity studies 

Too interpret serological surveys, it is important to understand what an IgG antibody titre 

meanss (titre is the degree of dilution of a substance). A specific IgG antibody titre could 

indicatee previous exposure to either that particular infection or the specific vaccine for that 

infection.. In addition depending on the quantitative level, it can be indicative of protection 

orr recent infection/vaccination. Specific titres are quoted for a number of infections and 
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vaccines.. However, particularly in relation to international comparisons it is important 

thesee levels are both valid and standardised. To interpret population serological profiles, it 

iss therefore critical to have an understanding of the antibody dynamics both pre- and post-

infectionn and vaccination. 

2.2.2.33 Protective titles 

Vaccinee effectiveness (VE) has been defined as the percentage reduction in attack rate 

off  disease/infection in vaccinated (ARV) compared to unvaccinated (ARU) individuals. 

Iff  confirmed infection occurs in a previously vaccinated individual, this reduced vaccine 

effectivenesss can be due to either primary (PVF) or secondary vaccine failure (SVF). PVF 

representss a failure of immediate seroconversion with a documented lack of detectable 

specific-antibody.. SVF represents a loss of protection (i.e. infection) following documented 

seroconversion,, and is often linked to waning antibody levels. 

Whatt level of antibody provides protection? This level may be different to provide protection 

againstt clinical disease as opposed to infection. For example diphtheria - a level of 0.01 

antitoxinn units/ml provides protection against clinical disease, but not against carriage. 

Thesee levels of protection have traditionally been derived from clinical trials, which allow 

directt measurement of the efficacy afforded by a particular vaccine against specific clinical 

end-pointss related to serological correlates of protection. 

Somee authors have suggested particular antibody levels are protective against clinical 

measless (Chen 1990) and rubella (Skendzel 1996). Chen and colleagues took serum 

specimenss from a school cohort before and after a measles outbreak, and found that 

plaquee reduction neutralisation levels below 120 were not protective against clinical measles 

disease.. A number of countries have now documented waning antibody levels in highly 

vaccinatedd cohorts particularly for measles, mumps and rubella (Davidkin 2000, Davidkin 

1998).. Whether this observation represents waning protection (secondary vaccine failure) 

iss strongly debated. There is a suggestion in an investigation of an outbreak by Edmonson 

thatt clinical measles may occur in vaccinated individuals. No IgM response was detected 

inn this group (confirming this was SVF not PVF), but disease was also significantly milder 

(Edmonsonn 1990). Work in Finland, involving avidity testing of individuals who were 

knownn measles vaccine failure (n=142), identified 28 persons with high avidity antibodies 

indicatingg possible secondary vaccine failure. These individuals also tended to have had 

milderr disease and a more rapid IgG response (Paunio 2000). Whether these individuals are 

importantt in terms of contributing to transmission in the population is unclear. Modelling 

workk has suggested their epidemiological significance remains uncertain (Mossong 1999). 
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Mostt probably, the contribution of this group to interfering with measles control should 

bee minimal. Indeed, no country (particularly in Scandinavia) that has had a two-dose MMR 

vaccinationn programme in place for more than two decades, despite documented declines in 

populationn antibody levels, has observed a resurgence of measles in older highly vaccinated 

cohorts. . 

Otherr work has been undertaken for rubella suggesting that a level of 10IU/ml is protective 

forr the vast majority of cases (Skendzel 1996). However, as work by O'Shea and colleagues 

hass demonstrated, even the traditional level of 15IU/ml may not completely protect the 

individuall  pregnant female from potentially transmitting the infection to the unborn foetus 

(0'Sheal994). . 

2.2.2.42.2.2.4 Infective titres 

Ann elevated IgG antibody response (either a four-fold-increase with paired sera or a single 

highh titre) can be due to either recent infection or vaccination. What level of antibody 

suggestss high probability of recent infection? If serological status is assessed before and 

afterr a laboratory-confirmed infection, serological correlates of acute infection can be 

estimated.. For example, this approach has been used to identify the serotype-specific anti-

capsularr IgG response following pneumococcal carriage with serotypes 9V, 14, 18C, 19F, 

andd 23F (Goldblatt 2005). 

Highh titres of antibody to other infections, in particular pertussis, have also been shown 

too have good predictive value for recent infection as outlined below (de Melker 2000). 

Monitoringg the distribution of high-titre sera in the general population can provide a tool 

too measure the age-specific incidence of infection (de Melker 2005). 

Inn conclusion, to interpret and compare serological profiles from different populations, it is 

importantt that any cut-offs employed for levels of protection and infection are standardised 

andd evidence based. 

1.33 Sero-epidemiology in Europe: disease-specific examples 

Thee study, which forms the basis of this thesis, was generated by the European Sero-

Epidemiologyy Network (Osborne 1997). Within the framework of this European Union 

fundedd project the sero-epidemiology of several key infectious diseases in Europe were 

examined,, specifically measles, rubella, pertussis and herpes simplex virus. 
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1.1.11.1.1 Measles 

Thee Persian physician, Rhazes, first described measles in the lO4 century, distinguishing 

thee disease from smallpox (Babbott 1954). The English physician Thomas Sydenham was 

thee first to outline the clinical features of the disease in the seventeenth century (Wilson 

1962).. In the absence of an immunisation programme, measles infection was recognised 

too be universal — with two to three yearly epidemics. In developed countries, the majority 

off  infections occurred amongst primary school children, whereas in developing settings, 

transmissionn was mainly amongst pre-school children. Morbidity and mortality is observed 

too be more severe amongst infants and adults (Babbott 1954). 

Followingg the isolation of the Edmonston virus strain by Enders in the 1950s (Enders 

1962),, vaccine development resulted in the licensure of the attenuated Edmonston B strain 

vaccinee in the US in 1963 (Hornick 1962). Although a cheap and effective vaccine has 

beenn available for over four decades, measles remains an important cause of childhood 

mortalityy worldwide with an estimated 800 000 deaths each year in the late 1990s (WHO). 

Thee WHO recently established a global mortality-reduction target (WHO). Reductions in 

deathss have been observed, although measles was still responsible for an estimated 530 000 

childhoodd deaths globally in 2003 - the vast the routine immunisation schedule in England 

andd Wales in 1988 replacing the previously single dose of measles vaccine given in the 

secondd year of life. By 1994, due to the combination of incomplete coverage together with 

90-95%% effectiveness of the single measles dose, a large cohort of older susceptibles had 

accumulatedd in the population. 

AA sero-epidemiological age-stratified survey of population immunity to measles in 

combinationn with mathematical modelling predicted an imminent measles epidemic with 

ann estimated 100 000 to 200 000 cases and 30 to 60 deaths mainly amongst 7 to 14 year 

oldss in 1995/96 (Ramsay 1994, Gay 1995). The model was used to evaluate the predicted 

impactt of a number of potential policy options (Babad 1995). On the basis, of this work, a 

nationall  measles-rubella campaign was undertaken targeting all 6-16 year olds, together with 

thee introduction of a routine second dose of measles vaccine at 4-5 years of age. 

1.1.21.1.2 Rubella 

Germann physicians first identified rubella in the nineteenth century, as a generally mild rash-

feverr illness occurring mainly in children (Smith 1875). Rubella was found to be an epidemic 

diseasee occurring every 4-7 years, with the mean age of infection ranging from 2-3 to 8 years 

off  age (Cutts 1997). 
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I tt was only in 1941, that the Australian ophthalmologist Gregg published a report of cases 

off  congenital cataracts linked to rubella infection in pregnancy (Gregg 1941). Subsequent 

reportss of rubella infection of women during the first trimester of pregnancy was linked to 

miscarriagee and a triad of severe congenital anomalies including cataracts, heart disease and 

sensi-neurall  deafness — termed congenital rubella syndrome (CRS). 

Largee epidemics of rubella occurred in Europe in 1962-3 and the US in 1964-5. The latter is 

estimatedd to have resulted in 20 000 cases of CRS and 13 000 abortions/stillbirths (US DH 

1969).. This drove research groups to develop a vaccine, with the RA27/3 vaccine licensed 

inn Europe in 1970 (Plotkin 1969) 

Withh the availability of a live attenuated rubella vaccine - two vaccination strategies have 

generallyy been used: selective and universal immunisation - or a combination of both. 

Directt protection for women of childbearing age (WCBA) has been provided with selective 

vaccinationn programmes targeting groups such as adolescent girls and post-partum women. 

Indirectt protection for WCBA has been provided through universal vaccination of an entire 

birthh cohort in early childhood with the aim of interrupting rubella transmission. For the 

latterr approach, coverage needs to be at a high enough level to prevent the accumulation of 

aa pool of susceptibles over time. If this occurs, the inter-epidemic period can be lengthened, 

thee average age of infection and the number of cases of CRS actually increased. 

Rubellaa transmission and by extension cases of CRS is still widespread with an estimated 

1000 000 CRS cases each year globally (CDC 2005), particularly in countries with no or a 

poorlyy implemented programme (Cutts 1997). The WHO European Region has established 

aa target for CRS control by the year 2010. Although many countries in the western part of the 

Europeann Region introduced rubella vaccination some years ago — the strategies employed 

andd their coverage has varied greatly. For example, Greece documented an increase in the 

numberr of CRS cases following introduction of a low coverage mass infant immunisation 

programmee (Panagiotopoulos 1999). 

Itt is critical for countries to have surveillance tools that can be used to identify the most 

appropriatee preventive strategy to reach these targets and then confirm the target has 

indeedd been reached. CRS surveillance involves identifying infants with various congenital 

anomaliess and confirming rubella infection in pregnancy. In general the disease burden due 

too CRS is often not well documented due to the challenges of establishing such surveillance 

systems.. Serological surveillance provides potential advantages over traditional CRS disease 

surveillancee (Cutts 1997). Its first published use was in the 1960s (Enders 1969). It has since 
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beenn used to ascertain rubella susceptibility for the general population and for risk groups in 

particularr women of childbearing age (Hathout 1978, Serdula 1982). However, a variety of 

assayy methods have been used with different cut-offs: HAI methods initially, and in recent 

yearss EIA, highlighting again the critical importance of establishing standard methods for 

serologicall  surveys. 

Rubellaa sero-epidemiology has been successfully used in three ways: to estimate pre-

vaccinationn disease burden, to evaluate the level of control following vaccine introduction 

andd to plan optimal interventions. Age-stratified serosurveys in unvaccinated populations 

(dee Azevedo Neto 1994, Semerikov 2000) have demonstrated evidence of large variation 

inn susceptibility, particularly in women of childbearing age (de Azevedo 1994, Seth 1985, 

Minglee 1985, Cutts 1997, Dromigny 2003). This data has been analysed with simple catalytic 

modelss to make estimates of the age-specific incidence of infection amongst pregnant 

womenn and hence the burden of CRS and thus inform development of cost-effective 

vaccinationn strategies (Cutts 1999, Orenstein 1985). 

Rubellaa serosurveys have also been used to evaluate the level of control (proportion 

susceptible)) after introduction of rubella vaccination both in the general population and 

amongstt groups at potential risk of re-emergence of rubella, in particular WCBA. These 

studiess have demonstrated susceptibility levels amongst WCBA ranging from 2.5 to 44% 

(Serdulaa 1982, Pumarola 1987, Pelissero 1993, Park 1996, Gioula 2004). Other studies have 

focusedd upon populations such as vaccine refusers in the Netherlands (de Haas 1999). 

Finally,, data from these rubella serosurveys have been used to select and plan optimal 

interventionn strategies to control CRI. For example, several studies undertaken in the Middle 

Eastt demonstrated very low susceptibility levels to rubella amongst WCBA in the pre-

vaccinationn era, and hence selective programmes targeting females only were recommended 

(Abdullahh 1984, Hathout 1978, Dutta 1985). Other work from Greece, demonstrated residual 

highh susceptibility amongst WCBA after introduction of a mass childhood immunisation 

programme,, some years previously. Additional vaccination of WCBA was consequendy 

recommendedd (Gioula 2004). 

1.331.33 Pertussis 

Thee French physician De Baillou first described Bordatella pertussis in 1578 (Plotkin). 

Infectionn is responsible for a characteristic prolonged paroxysmal cough and associated 

whoop,, with the major complications being pulmonary and encephalitic, particularly in 

infancyy (Plotkin). 
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Infectionn was usually in early childhood in the pre-vaccination era — although re-infection 

wass also occasionally reported in older adults (Lambert 1965). Epidemic cycles usually 

appearedd every 2-5 years (Fine 1982), with up to 300 000 cases and 10 000 deaths reported 

inn an epidemic year the US alone (Cherry 1988). 

Wholee cell pertussis vaccines were first developed and licensed in the US in 1914, and 

combinedd with diphtheria and tetanus toxoid in 1948 (Plotkin). However, despite the 

availabilityy of effective vaccines for several decades, pertussis continues to be public health 

problemm in Europe in both poorly and highly vaccinated populations (Celentano 2005). The 

emergencee of pertussis in highly vaccinated groups has been observed particularly amongst 

adolescentss and young adults. It is not totally clear, whether this observation represents a 

truee epidemiological effect or a surveillance artefact related to improved case ascertainment 

followingg the introduction of new diagnostic methods such as PCR. Evidence has also 

accruedd that these groups may have an important role in transmission to unprotected or 

partiallyy vaccinated infants (Edwards 2005). 

Althoughh waning immunity is a recognised problem with currently available vaccines, 

thesee vaccines do seem to provide protection against both disease and (at least partially) 

againstt infection - with evidence of indirect protection for groups at higher risk of more 

severee disease in particular the very young. The European Region has established a target 

too achieve pertussis control in the region by 2007. With recent apparent changes in the 

epidemiologyy of pertussis, several supplementary vaccination strategies have been proposed 

includingg booster doses of acellular vaccine for adolescents and adults and earlier age of 

firstfirst vaccination to protect young infants. New surveillance tools are critical to fully evaluate 

thee impact of current national immunisation programmes and to identify what (if any) 

responsess are required. 

Pertussiss sero-epidemiology is complex: in particular there is no clear surrogate marker 

off  protection. Sero-epidemiological surveys have been undertaken for the presence of 

antibodiess such as pertussis toxin (PT) and filamentous haemagglutinin (FHA) in the general 

populationn (Dorninguez 2001, Sapian-Lopez 1992, Giammanco 1991, Takayama 1989) or 

sub-groupss such as adolescents (Arav-Boger 2000) or children (Stroffolini 1991). However, 

becausee of the inherent difficulties of using pertussis correlates of protection (Storsaeter 

1998),, the interpretation of these serosurveys using this approach is problematic — and clear 

conclusionss difficult 

Sero-epidemiologyy can potentially provide insights into pertussis epidemiology by rather 
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identifyingg those groups who have had recent infection. Early work using population 

serosurveyss has suggested peaks in PT antibody titre occur in age groups either 

recentlyy exposed to vaccine or following recent infection (Cattaneo 1996). More recent 

workk following a cohort of individuals with prolonged cough illness by de Melker and 

colleaguess demonstrated that a single high titre of pertussis toxin antibody is a sensitive 

andd specific marker of recent pertussis infection (de Melker 2000). Further work has been 

undertakenn to understand the dynamics of the IgG response after infection (Teunis 2000). 

Thiss approach was applied to population serological surveys of PT antibody (de Melker 

2000),, demonstrating evidence of widespread high titres in the general population in the 

Netherlands.. Interpretation of these results should be undertaken carefully to disentangle 

thee impact of recent infection and vaccination. Furthermore standardised methods need to 

bee employed if this approach is to be applied in several countries to undertake international 

comparisons. . 

4AA4AA HSV-1 and-2 

Herpess simplex viruses (HSV) are one of the commonest causes of mucosal ulceration 

worldwidee and have been recognised as an important co-factor to enhance HIV transmission 

(Flemingg 1999). HSV is usually transmitted through close contact — with acute ulceration 

occurringg followed by latency and after a period of time, reactivation. There are two types of 

virus.. HSV-2 has historically been largely sexually transmitted leading to genital ulceration, 

whereass HSV-1 has been transmitted through close contact resulting in oro-labial ulceration 

(Waldd 1995). Vertical transmission of HSV during the final stages of pregnancy can be 

responsiblee for severe HSV infection in the neonate (Brown 1997). 

Inn a number of countries particularly in Northern Europe, recent changes have been 

reportedd in the epidemiology of HSV - with an increase in cases of genital and neonatal 

herpess particularly due to HSV-1. (Lafferty 2002). However, routine surveillance for 

HSVV is hindered as many individuals who are infected are either asymptomatic or fail to 

presentt to health care services (Nahmias 1990). These "missing cases" are still important to 

understandd disease transmission patterns and to inform the development of disease control 

andd prevention programmes. 

Withh several HSV vaccines in clinical trial, it is important to gain a better understanding of 

thee pre-vaccination epidemiology of HSV-1 and -2 in different populations to enable the 

developmentoff  optimalcontrolandprevention strategies (Bernstein 1999). Serological surveys 

cann play an important role in complementing traditional surveillance. Sero-epidemiological 

studiess of HSV have been previously performed (Haksohusodo 1989, Li 1990, Yoshitake 
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1991),, although these were undertaken with labour intensive functional assays such as passive 

haemagglutination.. Furthermore, most studies were in non-European settings, small in size 

(<5000 sera) and on specific sub-populations such as only children, prostitutes. Subsequently, 

thee identification of type-specific antigens, particularly glycoprotein G (Slomka), has been 

exploitedd in the development of improved type-specific assays. These type-specific enzyme 

immunoassayss (Vestergaard 1982) were developed originally for the diagnosis of acute cases 

off  HSV, but have now been employed in population-based serological surveys. Prior to 

thiss European study, littl e comparative information was available on the sero-epidemiology 

off  HSV in the general population in Europe (Vyse 2000, Bunzli 2004). These can now be 

reliablyy undertaken to estimate the age- and gender- distribution of HSV-1 and -2 in the 

generall  population and examine risk factors for infection. 

1.44 Seroepidemiology of vaccine preventable disease in Europe 

Thiss present study was undertaken, within the European Union funded European Sero-

Epidemiologyy Network (ESEN), to describe the sero-epidemiology of vaccine-preventable 

diseasee in Europe. The primary objectives of the project (as presented in this thesis) were to: 

 Develop and apply a method to standardise the enzyme immuno-assay results for a 

seriess of infections, including measles, mumps, rubella and pertussis; 

 Standardise immunogenicity data for measles, mumps, rubella and pertussis vaccines to 

alloww interpretation of sero-epidemiological profiles; 

 Use these methods to ascertain and interpret the comparative sero-epidemiology of a 

numberr of infections in Europe specifically measles, rubella, pertussis and HSV-1 and 

—22 to inform public health action. 

Chapterr 1 provides an overview of the thesis and a background to the work. Chapter 2 

reportss on the standardisation methodology undertaken to ensure comparability of 

serologicall  results between countries. Chapter 3 studies the immunogenicity results of 

measles,, mumps and rubella vaccines, and the implications for sero surveillance. Chapter 4 

reportss on the sero-epidemiology of measles in a variety of Western European countries. 

Chapterr 5 reports the sero-epidemiology of rubella in a number of European countries. 

Chapterr 6 reports on the immunogenicity of a variety of pertussis vaccines and the sero-

epidemiologyy of pertussis in a number of European countries. Chapter 7 reports the sero-

epidemiologyy of HSV-1 and -2 in Europe. Finally, in chapter 8, the findings are discussed 
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andd recommendations made. 

1.4.11.4.1 Study countries 

Thee ESEN project was initiated in the mid-1990s, at a time when there was large variation 

inn disease control and surveillance activities in Europe. Despite the capacity of international 

spreadd of vaccine-preventable disease and the need to pool knowledge on the most 

effectivee intervention strategies, there was littl e co-ordinated activity at EU level. ESEN 

wass initiated following a successful proposal to the EU in 1995. The original participants 

off  the ESEN project were Denmark, England and Wales, Finland, France, Germany, Italy 

andd the Netherlands. Each country undertook to collect national serum banks and test 

themm for a variety of infections (measles, mumps, rubella, diphtheria and pertussis) (Table 

1).. Each country also completed organisational questionnaires that gathered information 

onn the history of national vaccination programmes and disease surveillance. The results 

off  these surveys have been published elsewhere (Levy-Bruhl, Levy-Bruhl). Many of the 

originall  ESEN countries also undertook HSV-1 and -2 serological surveys, and were joined 

byy additional participants mainly from central and Eastern Europe (Belgium, Bulgaria, 

Czechh Republic and Slovenia). 
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1.4.21.4.2 Serum bank collection, testing and standardisation 

Ass outlined in Table 1, countries collected samples mainly using residual sera with only 

onee country using population based sampling. Samples were collected from a variety of 

geographicall  locations within each country to provide a representative estimate of the 

generall  population immunity. For each specimen, information on age, sex and year of 

collectionn were gathered. In some countries additional information was sought on place of 

residencee (in particular former East and West Germany and North and South Italy). Sole 

exclusionn was sera collected from individuals with known immunodeficiency. 

Samplee collection was undertaken between 1994 and 1998 (1989-2000 for HSV). The 

minimumm number of sera to collect per age group was determined from power calculations 

usingg age-specific estimates of seroprevalence of antibody to various vaccine preventable 

infections.. The number of sera collected per country ranged from 2766-8303. 

AA series of reference panels for measles, rubella, pertussis and HSV were developed and 

distributedd as part of the ESEN project These panels of approximately 150 samples included 

knownn positives, negatives and equivocals. The measles reference panel was developed at 

thee Statens Serum Institut, Denmark; the rubella reference panel was developed by Preston 

Publicc Health Laboratory, UK; the pertussis panel by the University of Palermo, Italy and 

thee HSV panel by the Central Public Health Laboratory, UK. 

Eachh panel was distributed to all participating centres and was tested twice by each country 

usingg their usual quantitative enzyme immuno-assay method. Main serum banks were then 

testedd using the same validated assay method. A standardisation method was developed 

too convert the results of the main serum survey into comparable standardised reference 

laboratoryy linkage. 

Resultss and implications of the sero-surveys were discussed at a series of workshops amongst 

thee study participants - who included microbiologists, epidemiologists and mathematical 

modellers. . 

1.4.31.4.3 Ethical issues 

Eachh country undertook collection of the anonymised serum bank according to their 

nationall  ethical guidelines. 
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SUMMARY Y 

Thee ESEN (European Sero-Epidemiology Network) project was established to harmonize the 
seroepidemiologyy of five vaccine preventable infections including measles, mumps and rubella 
inn eight European countries. This involved achieving comparability both in the assay results 
fromm testing in different centres and also sampling methodology. Standardization of enzyme 
immunoassayy results was achieved through the development of common panels of sera by 
designatedd reference centres. The panels were tested at the reference laboratory and then 
distributedd to each participating laboratory for testing using their routine methods. 
Standardizationn equations were calculated by regressing the quantitative results against those of 
thee reference laboratory. Our study found large differences in unitage between participants, 
despitee all using an EIA method standardized against an international or local standard. 
Moreover,, our methodology adjusted for this difference. These standardization equations will 
bee used to convert the results of main serosurvey testing into the reference country unitage to 
ensuree inter-country comparability. 

INTRODUCTIO N N 

Thee European Sero-Epidemiology Network (ESEN) 
wass established in 1996 with funding from the 
Europeann Union (EU) to co-ordinate and harmonize 
thee serological surveillance for immunity to com-
**  Author  for  correspondence. 

municablee diseases in Europe [1]. The project has 
involvedd serosurveys in eight collaborating countries 
too measure the age-specific prevalence of antibodies to 
fivefive vaccine preventable infections (measles, mumps, 
rubella,, pertussis and diphtheria). National banks of 
severall  thousand age and sex stratified sera have been 
collectedd and tested by enzyme immunoassay (EIA) 
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forr  antibodies to the various antigens by a national 
laboratoryy in each country. 

Comparisonn of seroprevalence data generated by 
differentt  countries is dependent upon the interchange 
off  comparable information [2]. Variation in both the 
sensitivityy and specificity of El As is well-recognized 
[3J.. To ensure direct comparability of quantitative and 
qualitativ ee antibody results generated from a variety 
off  assays from different countries, a novel method of 
standardizationn involving several countries was de-
velopedd as part of the project [I] . The results will allow 
aa comparison of the epidemiology of these infections 
underr  different vaccination programmes. This paper 
outliness the methodology and results of this standard-
izationn process for  measles, mumps and rubella 
antibodyy testing. 

MATERIAL SS AND METHOD S 

Overalll  methodology 

Thee aim of the standardization procedure was to 
alloww direct comparisons between assay results of 
differentt  countries. The process was co-ordinated 
fromm the Public Health Laboratory Service (PHLS), 
Communicablee Disease Surveillance Centre (CDSC), 
London.. A reference centre was selected for  each 
antigen,, with responsibility for  creating and dis-
tributin gg a panel of specially selected sera to the other 
participatin gg countries. This panel was tested by each 
countryy with their  established assay method. The 
samee assay method was then used to test the main 
serumm bank. 

Forr  the purposes of standardization, the quan-
titativ ee results of antibody testing for  each antigen 
fromm each country were calibrated against those of 
thee reference country by CDSC. 'Standardization 
equations''  were produced for  each antigen to enable 
conversionn of the results of the participatin g countries 
too the units of the reference country. These equations 
weree then applied to convert the main serum bank 
resultss from each participatin g country to standard 
referencee laboratory units. 

Participants s 

Theree were six original participatin g countries in 
ESEN::  Denmark, France, Germany, Italy, The 
Netherlandss and the United Kingdom. Finland and 
Swedenn joined the project at a later  date. Australia 
alsoo participated, but only in the pane! testing section. 

Standardd panel construction 

AA reference laboratory was designated for  measles 
(Statenss Serum Institut . Copenhagen. Denmark), 
mumpss (Robert Koch Institute, Berlin, Germany) and 
rubellaa (Preston PHLS, Preston, UK). Each reference 
centree was responsible for  constructing a panel of 
approximatelyy 150 sera that included negative, equi-
vocall  (or  Mow positive') and positive specimens. The 
compositionn of the panels is shown in Table I. An 
internationall  standard was included with the measles 
andd rubella panels and a working standard developed 
byy the designated reference centre was incorporated in 
thee mumps panel. The rubella standard was included 
inn the panel as a twofold pre-dilution series in 
phosphatee buffered saline (PBS) and negative serum 
too enable an inter-country comparison of standard 
dilutio nn curves. From each original panel, approxi-
matelyy 70 /tl of each specimen were aliquoted to create 
panelss for  measles and 100/tl for  mumps and rubella 
whichh were then distributed to the other  ESEN 
participants. . 

Panell  distributio n 

Al ll  panels were sent by courier  post from the reference 
centree to the participatin g countries. The mumps and 
measless panels were frozen. Panels were then stored at 
—— 20 °C until testing. Drying out of panels had 
occurredd for  two panel recipients - Finland and 
France.. In France, the rubella panel was discarded 
andd a repeat panel provided; whereas in Finland the 
measless panel was reconstituted (see later) as no 
furtherr  replacement panel was available at this stage 
off  the project. 

Proceduress in participatin g countries 

Eachh of the participants tested the panel using the 
EIAA method of their  choice (Table 2) to produce a 
quantitativ ee result of specific antibody concentration 
calibratedd against the standard serum. All countries 
usingg the Bearing EIA worked with a single dilution 
(1:231)) to produce a quantitative result [4, 5]. This 
valuee was expressed in international units for  measles 
andd rubella and in titres for  mumps. A calibration 
againstt  the mumps working standard was also 
performedd by some countries and the value expressed 
inn arbitrar y units. Those countries utilizin g other 
commerciall  kit s or  in-house assays used dilution 
curvess of sera calibrated against an in-house standard 
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Tablee t. Composition of reference serum panels for measles, mumps ami 
rubella rubella 

Reference e 
laboratory y 

Panell  size 
Serumm type 
Positive e 
Equivocal l 
Negative e 

Standardd sera 

Units s 

Antigen n 

Measles s 

Denmark k 
SSI,, Copenhagen 
137 7 

9E E 
10 0 
36 6 

2ndd International 
Reference e 
Preparation n 

50000 tnIU/m l 

Mumps s 

Germany y 
RKI ,, Berlin 
ISO O 

72 2 
18 8 
60 0 

Workin gg standard, 
RKII  5/96 

10000 arbitrar y 
units/ml l 

Rubella a 

UK K 
PHL,, Preston 
152* * 

78 8 
tl l 
63 3 

International l 
Reference e 
Preparation* * 

**  Dilution series of the International Standard in PBS and negative serum included 
(122 samples). 

Tablee 2. Measles, mumps and rubella enzyme immunoassays {EIA) used in 
thethe participating countries {all assays ran with internal controls calibrated 
againstagainst the international standard standard sera for measles and rubella and the 
GermanGerman standard sera for mumps) 

Australi aa (AU) 
Denmarkk (DK) 
Finlandd (FT) 
Francee (FR) 
Germanyy (DE) 
Ital yy (IT ) 
Netherlandss (NL) 
Swedenn (SE) 
Unitedd Kingdom (UK) 

Antigen n 

Measles s 

Bearing* * 
Behring* * 
Behring* * 
Behring* * 
Behring* * 
Behring* * 
ln-house e 
In-house e 
Gull l 

Mumps s 

Behring* * 
Behring* * 
In-housee [7] 
Behring* * 
Behring* * 
Behring* * 
In-housee (8,9] 
In-house e 
Biostat t 

Rubella a 

Behring* * 
Behring* * 
Behring* * 
Behring* * 
Behring* * 
Behring* * 
In-house e 
In-house e 
Microgen n 

**  Enzygnost*. 

[7-9].. This in-house standard was calibrated against 
thee international standard for  measles and rubella or 
thee working standard for  mumps. All original quan-
titativ ee results were designated as 'local units'. The 
cut-offss were either  given by the kit producer  of 
developedd locally (Table 3). 

Repeatt  panels 

Eachh reference laboratory tested their  panel four 
times;;  twice at the beginning and twice when halfway 
throughh testing the main serum bank. Ail participatin g 
countriess were requested to test the panel twice. The 

firstt  round of testing took place before that of the 
mainn serum bank to evaluate the sensitivity and 
specificityy of the assays used in each laboratory in 
comparisonn to the reference centre before testing the 
mainn body of sera, in order  to identify any assays 
whichh were unsuitable for  testing the main body of 
sera.. The second round of panel testing occurred 
halfwayy through the main testing. These results were 
thenn compared to those from the first  round to detect 
assayy drift . The results of panel testing were sent to 
CDSC,, London in an electronic format either  by 
e-maill  or  on diskette. 

Forr  the laboratories testing the panels twice, the 
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Tablee 3(A). Cut-off values of the Measles panel (values in mW/ml) of the 
EIEI As used in the reference laboratory and in lite participating countries. 
ComparisonComparison of the local mm-stanthirdized (Nstd) (Nstd) cut-off with the reference 
laboratorylaboratory cut-off expressed in the local units {Std) 

Country y 

Australi a a 
(Behring) ) 

Germany y 
(Behring) ) 

Finland d 
(Behring) ) 

France e 
(Behring) ) 

Ital y y 
(Behring) ) 

Thee Netherlands 
(in-house) ) 

UK K 
(Gull ) ) 

Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 

Referencee laboratory: Denmark (Behring) 

Negative e 
<< 150 

<< 150 
<171 1 
<< 150 
<< 152 
<< 150 
<< 149 
<< 150 
<< 193 
<< 150 
<< 155 
<190 0 
<149 9 
< 50 0 
< 75 5 

Equivocal l 
150-350 0 

150-345 5 
171-398 8 
150-300 0 
152-357 7 
150-300 0 
149-293 3 
150-300 0 
193-488 8 
150-300 0 
155-356 6 
190-300 0 
149-336 6 
50-100 0 
75-153 3 

Positive e 
>350 0 

>345 5 
>398 8 
>300 0 
>> 357 
>300 0 
>293 3 
>300 0 
>488 8 
>300 0 
>356 6 
>300 0 
>336 6 
>> 100 
>> 153 

Tablee 3(b). Cut-off values of the Mumps panel (values in Utres (#) and 
arbitraryarbitrary units (*). Titres were used in the regression analysis) of the EI As 
usedused in the reference laboratory and in the participating countries. 
ComparisonComparison of the heal non-standardized (Nstd) cut-off with the reference 
laboratorylaboratory cut-off expressed in the local units (Std) 

Country y 

Australi a a 
(Behring) ) 

Denmark k 
(Behring) ) 

Finland d 
(in-house) ) 

France e 
(Behring) ) 

Ital y y 
(Behring) ) 

Thee Netherlands 
(in-house) ) 

UK K 
(biostat) ) 

Nstd# # 
Std* * 
Nstd* * 
Std* * 
Nstd* * 
Std» » 
Nstd* * 
Std* * 
Nstd» » 
Std» » 
Nstd**  „ 
std* * 
Nstd» » 
Std* * 

Referencee laboratory: Germany (Behring) 

Negativee Equivocal 
<< 230* 230-500* 
<< 8» 8-14» 

<2300 230-485 
<< 294 294-710 
<< 250 250-450 
<< 251 251-500 

<< 10 10-15 
<< 13 13-18 

<< 230 230-500 
<< 192 192-377 

<10 0 
<< 15 15-23 
<455 45-60 
< 500 50-72 
< 88 8-14 

<< 15 15-28 

Positive e 
>500* * 
>> 14* 

>485 5 
>> 710 
>450 0 
>500 0 
>> 15 
> I 8 8 

>500 0 
>377 7 
>> 10 
> 23 3 
> 60 0 
> 72 2 
>> 14 
> 28 8 

pairedd results were compared by plotting the log-
arithmss (base 10) of the titres and drawing the slope 
throughh the origin. In general the second test results 
weree used for the standardization, because they were 

testedd at a time closer to main serum bank testing. In 
somee cases, the number of samples available for 
repeatt testing was much reduced, in which case the 
firstt test results were used. The first panel was used on 



Tablee 3(c). Cut-tiff  values of the Rubella panel (ralues in tU/ml) of the 
EIEI  As used in the reference laboratory ami in the participating countries. 
ComparisonComparison of the local non~sttmdardi:etl {Nstd) cut-off with reference 
laboratorylaboratory cut-off expressed in the local units units (Sttt) 

Country y 

Australi a a 
(Behring) ) 

Germany y 
(Behring) ) 

Denmark k 
(Behring) ) 

Finland d 
(Behring) ) 

France e 
(Behring) ) 

Ital y y 
(Behring) ) 

Thee Netherlands 
(in-house) ) 

Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 
Nstd d 
Std d 

Referencee laboratory: UK (Microgen) 

Negative e 
<5 5 

<4 4 
<4-8 8 
<4 4 
<7-9 9 

<< 15 
<7-2 2 
<4 4 
<6-3 3 
<4 4 
<5-4 4 
<4 4 
<6-9 9 

<10 0 
<7-8 8 

Equivocall  Positive 
5-100 > 10 

4-77 > 7 
4-8-8-99 > 8-9 

4-77 > 7 
7-9-18-22 > 18-2 

>I 5 5 
7-2-15-44 > 15-4 

4-100 > 10 
6-3-13-33 > 13-3 

>4 4 
5-4-10-66 > 10-6 

4-77 > 7 
6-9-15-99 > 15-9 
10-200 > 20 

7-8-15!!  > 151 

threee occasions: the Danish measles panel (due to 
missingg values), the Italian mumps (due to a better 
fit)fit)  and the British rubella (due to missing values). 

Danish h panell  (subset vs. German) 

Thee Danish test of the mumps panel could not be used 
forr  the standardization process. This was related to a 
changee in mumps assay method in Denmark between 
thee first and second rounds of testing. For  the first 
roundd of testing, an in-house assay was used, whereas 
aa Behring assay was introduced for  testing the panel a 
secondd time and for  the main serological survey. 
Thesee later  panel results could not be used due to very 
poorr  regression against the reference laboratory. To 
enablee standardization against Germany, a subset of 
thee Danish main panel (sdm) was sent to the reference 
laboratoryy for  testing (SO positive, 32 equivocal, 50 
negativee by Danish results). The Germans also 
retestedd their  own standardization panel and the 
Danishh standardization panel. 

Finnishh measles panel (subset w. German) 

Thee measles panel distributed to Finland arrived 
partiall yy dried out. After  «dilutin g specimens to the 
originall  volumes, the test results regressed very poorly 

againstt  the reference laboratory. To enable standard-
ization,, a subset of the Finnish main panel (sfro) was 
alsoo sent to the German reference laboratory for 
testingg (50 positive, 50 equivocal and 50 negative by 
thee Finnish results). Although Germany was not the 
referencee the German measles results were very close 
too those of the reference (Danish) results. 

Regressfamm analyses 

Thee panel results for  measles, mumps and rubella 
weree related to the results of the reference laboratories 
usingg regression. Sera with concentrations outside the 
detectionn limit s were assigned imputed titres. For 
concentrationss below the detection level, the imputed 
valuee was half the lower  detection level. For  concen-
tration ss above the detection level, the imputed value 
wass twice the detection level. 

Titre ss were converted to log10 prior  to analysis and 
distribution ss of log-titres and scatterplots were pro-
duced.. For  each antigen, the log-titres of each 
laboratoryy were regressed against those of the ref-
erencee laboratory. Both linear  and quadratic re-
gressionss were used. Values of R* (the square of the 
multipl ee correlation coefficient) were calculated to 
quantifyy the proportion of the variation between the 
testingg and reference laboratory accounted for  by the 
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regression.. The best fitting line was selected on the 
basiss of the F test. From each regression procedure, a 
standardizationn equation was produced to enable the 
conversionn of panel results from local unitage to the 
standardizedd reference laboratory unitage. 

QuantitativeQuantitative comparison of standardized results 

Too assess the extent of quantitative agreement with 
thee reference laboratory, the standardized assay 

resultss of each country were plotted against those of 
thee reference laboratory. 

QualitativeQualitative comparison of standardized results 

Too assess the extent of qualitative agreement with the 
referencee laboratory, the standardized quantitative 
assayassay results from each country were classified as 
negative,, equivocal or positive with the same cut-off 
valuess used in the reference laboratory. These results 
weree compared with the qualitative results of panel 
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Fig.. 1. Pairwise comparison of results of first and second rounds of panel testing: (a) Measles panel; (A) Mumps panel; 
(c)) Rubella panel. 

testingg in the reference laboratory. For each country, 
thee results were also compared to the qualitative 
resultss obtained using the local quantitative value 
classifiedd with the local cut-off. 

ComparisonComparison with dilutions of standard sera in 
negativenegative serum and PBS 

AA comparison of a dilution series of standard sera was 
undertakenn for the rubella panel. A single, blinded 
dilutionn series of the standard sera in negative serum 
andd PBS was included on the panel of sera sent for 
testingg (except to Finland). 

RESULTS S 

Thee results are summarized in the attached tables and 
figures. figures. 

Repeatt  panel testing 

Al ll  countries with two exceptions undertook repeat 
panell  testing. Sweden and Australia only received 
enoughh sera to test each panel once. 

Thee measles panel (Fig. la) tested in Germany, 
Italyy and Finland showed good agreement between 
thee results of the first and second tests. The Dutch and 
Britishh results were systematically higher on the 
secondd panel. In all cases, but one (Denmark), the 
secondd panel results were used as testing was closer to 

thatt of the main sero-survey results. The Danish 
secondd panel agreed well with the first, but had many 
missingg values due to inadequate volumes. The second 
Frenchh panel had many missing sera. 

Comparisonn of the two rounds of mumps panel 
testingg (Fig. 1 b), showed some upward drift for the 
Dutchh and British panels; and a slight downward drift 
forr the German and Finnish panels. In all cases except 
onee (Italy), the second panel results were used because 
off  closeness to main serum bank testing. For the 
Italiann mumps results the first panel results were used, 
ass there was better fit  in the regression. 

Forr the rubella panel (Fig. 1 c), there was littl e assay 
driftt overall between the two rounds of panel testing, 
exceptt for the German, Dutch and United Kingdom 
panels.. For the former two, there was some upward 
drift.. Due to inconsistent results and some missing 
valuesvalues for the second British panel test, the original 
Britishh panel results were used as the reference. The 
secondd British test was thus standardized against the 
first.first. Otherwise for all countries the'second panel 
resultss were used. 

Pair-wisee comparison and regression plots 

Ann example of the distributions, scatterplots and 
regressionn lines for each laboratory relative to the 
referencee laboratory are shown in Figure 2(a, b) 
togetherr with their standardization equation. As an 
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Fig.. 2(ö). Measles panel. Pairwise comparison between the results of the reference laboratory (Denmark) and those of the 
Germann laboratory showing the distribution of loglu antibody values, scatter plots, linear and quadratic regressions with R1 

values.. Standardization equation: log 10 (German) =-002+1012 *log 10 (Danish). (6) Mumps panel. Pairwise 
comparisonn between the results of the reference laboratory (Germany) and those of the Italian laboratory showing the 
distributionn of log,,, antibody values, scatter plots, linear and quadratic regressions with R* values. Standardization equation: 
logg 10 (Italian) = 2192-1-35 'log 10 (German) + 0-3*885 *log 10 (German)»2. 

examplee of linear regression, the pair-wise comparison 
betweenn the Danish reference results and the German 
resultss for the measles panel is shown (Fig. 2d). There 
iss excellent fit with linear regression (K*  = 098), and 
noo improvement with quadratic regression (R* = 
0-98),, consequently the linear standardization equa
tionn was chosen. To convert 300 mIU/ml according 

too the German assay into the corresponding unitage 
off the Danish reference assay: the logarithm of the 
Germann reading is first taken [log(300) = 2-48], The 
standardizationn equation is then inverted: (2-48 + 
0-02)/1-0122 = 2-47 to give the log of the unitage in 
Danishh reference units. Taking antilogarithms gives 
thee unitage as 10'-'4T' = 293. Thus, 300 mIU/ml in 
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Tablee 4. Values of each R* for each country ami antigen 

Country y 

Britai n n 
Denmark k 
Finland d 
Germany y 
Ital y y 
Thee Netherlands 
Sweden n 
Australi a a 

Measles s 

Linear r 

0-89 9 
Ref f 
0-95 5 
0-98 8 
0-97 7 
0-83 3 
0-77 7 
0-95 5 

Quadratic c 

0-89 9 
Ref f 
0-95 5 
0-98 8 
0-97 7 
0-83 3 
0-77 7 
0-95 5 

Mumps s 

Linear r 

0-89 9 
0-92 2 
0-43 3 
0-96 6 
0-88 8 
0-85 5 
0-50 0 
0-95 5 

Quadratic c 

0-89 9 
0-92 2 
0-45 5 
0-97 7 
(WO O 
0-86 6 
0-52 2 
0-95 5 

Rubella a 

Linear r 

0-91 1 
0-93 3 
0-91 1 
0-92 2 
0-92 2 
0-79 9 
0-78 8 
0-72 2 

Quadratic c 

0-94 4 
0-94 4 
092 2 
0-94 4 
0-94 4 
0-80 0 
0-78 8 
0-72 2 

Tablee 5(a). Qualitative results of measles panel testing by the participating countries - local non-standardized 
andand standardized results according to the reference laboratories results. (Non-standardized results are given in 
parentheses) parentheses) 

Referencee laboratory: Denmark* 

Country y 

Australi a a 

Finland d 
(subsett  vs. 
German) ) 

France e 

Germany y 

UK K 

Ital y y 

Thee Netherlands 

Qualitativ e e 

N N 
E E 
P P 

N N 
E E 
P P 

N N 
E E 
P P 

N N 
E E 
P P 

N N 
E E 
P P 

N N 
E E 
P P 

N N 
E E 
P P 

Negativee (N) 
(«« = 36) 

30(29) ) 
1(2) ) 
2(2) ) 

49(50) ) 
13(12) ) 
0(0) ) 

24(21) ) 
3(5) ) 
0(1) ) 

35(35) ) 
Kt ) ) 
0(0) ) 

311 (18) 
5(15) ) 
0(3) ) 

35(34) ) 
0(1) ) 
0(0) ) 

30(35) ) 
6(1) ) 
0(0) ) 

Equivocall  (E) 
{«« - 10) 

KD D 
7(7) ) 
i ( D D 

0(0) ) 
16(21) ) 
5(0) ) 

1(1) ) 
7(4) ) 
2(5) ) 

3(3) ) 
4(3) ) 
3(4) ) 

5(2) ) 
4(5) ) 
1(3) ) 

2(2) ) 
2(2) ) 
3(3) ) 

4(5) ) 
3 d) ) 
3(4) ) 

Positivee (P)t 
( j f - 9 ! ) ) 

0(0) ) 
KD D 

84(84) ) 

HO O 
7(17) ) 

599 (49) 

0(0) ) 
0(0) ) 

499 (49) 

0(0) ) 
1 (0 0 

90(90) ) 

1(0) ) 
2(1) ) 

88(90) ) 

0(0) ) 
0(0) ) 

911 (91) 

2(2) ) 
3(0 0 

86(88) ) 

**  Some countries did not test the whole panel. Missing numbers are as follows. Denmark (Neg, Equiv, Pos): France (9,0,42), 
Ital yy (1, 3,0), Australia (3, 1,6). 
tt  Negative is < 150 mIU/ml , equivocal is 150-350 mlU/ml and positive is > 350 mIU/ml . 

Germann units corresponded to 293 mIU/ml Danish pair-wise comparison between the German reference 
referencee units. results and the Italian results for  the mumps panel is 

Similarl yy as an example of quadratic regression, the shown (Fig. 2b). The fit  improved with the quadratic 
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Tablee 5(A). Qualitative results of mumps panel texthtg by the participating countries - Iwal non-standardized 
andand standardized results according to the reference laboratory results. (Non-stundardizuthm results are given in 
parentheses) parentheses) 

Referencee laboratory: Germany* 

Negativee (N) Equivocal (E) Positive (P)t 
Countryy Qualitative (n - 60) (/i = 18) (»= 72) 

Australiaa N 54(53) 4(0) 0(0) 
EE 5(5) 12(13) 1(0) 
PP 0(1) ' 2 ( 5 ) 61(62) 

Oenmarkk N 38(38) 3(1) 12(11) 
(subset».. E 3(3) 18(20) 8(9) 
German)) P 0(0) 1(1) 49(49) 

Finlandd N 29(24) 4(4) 2(1) 
EE 5(10) 5(3) 7(7) 
PP 18(18) 9(11) , 62(63) 

Francee N 59(59) 4(4) 0(0) 
EE 1(1) 9(12) 0(2) 
PP 0(0) 5(2) 71(69) 

UKK  N 52(12) 2(0) 0(0) 
EE 7(38) 10(0) 1(0) 
PP 1(10) 6(18) 71(72) 

Italyy N 59(59) 4(4) 0(0) 
EE 1(—) 2(—) 0 ( -) 
PP 0(1) 12(14) 72(72) 

Thee Netherlands N 43(39) 6(4) 0(0) 
EE 14(12) 7(6) 2(0) 
PP 3(9) 5(8) 70(72) 

**  Some countries did not test the whole panel. Missing numbers are as follows. Germany (Neg, Equiv, Pos): Finland (8,0, 1), 
Francee (0,0,1), Australia (1,0,10). 
ff  Negative is < 230 litre, equivocal is 230-500 litr e and positive is > 500 litre. 

regressionn (fl*  = 0-90) compared to the linear  re-
gressionn (Ü*  - 0*88). The quadratic standardization 
equationn was selected. 

Forr  the measles analysis, the regressions against the 
Danishh reference results generally proceeded well. 
Theree was one notable outlier  in the comparison 
betweenn the Dutch and the Danish results. This point 
wass not influential and was thus not omitted. There 
wass one outlier  when standardizing the subset of the 
Finnishh main panel against Germany, which was 
omitted. . 

Forr  the mumps analysis, the relationships were 
generallyy less well defined and several outlying, 
influentiall  points had to be omitted from the re-
gressions.. For  the Danish standardization, using 
resultss from the Danish main panel, it was necessary 

too omit a number  of outliers. For  the Italian analysis, 
alll  sera for  which both results were below the tower 
detectionn limi t were excluded, as their  inclusion 
distortedd the regression line at higher  concentrations. 

Forr  the rubella analysis, most of the regressions 
weree unproblematic. However, in the regression 
betweenn Sweden and Britain , one influential outlier 
hadd to be omitted. 

Comparisonss of quantitative standardized results 

Thee logtB plots of a selection of unstandardized and 
standardizedd results for  the measles, mumps and 
rubellaa panels are shown in Figure 3. The remaining 
plotss are available from the authors on request. 
However,, the Rr value indicating the degree of 
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Tablee 5(f)- Qualitative results of the rubella panel testing by the participating countries - local non-
standardizedstandardized and standardized results according to the reference labt>ratory results. (Non-standardized results 
areare given in parentheses) 

Referencee laboratory: UK* 

Negativee (N) Equivocal (E) Positive (P)t 
Countryy Qualitative (n -63) (»» II ) [n- 78) 

Australiaa N 58(57) 1(1) 8(8) 
EE 4(3) 3(3) 4(4) 
PP 0(2) ' 7 ( 7 ) 65(65) 

Denmarkk N 59(6!) 1(9) 0(9) 
EE 3(~) 9<—) 13(-) 
PP 0(1) 1(2) 64(68) 

Finland**  N 52(49) 1(1) 0(0) 
EE 3(6) 4(2) 4(3) 
PP 1(1) 3(5)  63(64) 

Francee N 58(54) 5(1) 1(0) 
EE 2(-) 2(—) 5 ( -) 
PP 1(7) 2(8) 65(71) 

Germanyy N 55(50) 1(1) 0(0) 
EE 4(5) 6(0) 10(0) 
PP 1(5) 4(10) 67(77) 

Italyy N 55(54) 1(1) 0(0) 
EE 4<-) 6(—) 9 ( -) 
PP 0(5) 4(10) 66(75) 

Thee Netherlands N 50 (55) 1 (2) 1 (1) 
EE 10(6) 8(8) 9(14) 
PP 3(2) 2(1) 67(62) 

**  Some countries did not test the whole panel. Missing numbers are as follows. UK (Neg, Equiv, Pos): Australia (1,0,1); 
Denmark(1,0,1);;  Finland (7.3,11); France (2,2,7); Germany (3,0, t); Italy (4.0.3); The Netherlands (0,0,1). 
tt  Negative is < 5 lU/ml, equivocal is 5-10 IU/mi and positive is > 10 lU/ml. 

agreementt  for  each country and antigen is shown in 
Tablee 4. The agreement was good overall. However, 
thee Swedish mumps and measles regression (R* - 0-50 
andd 0-77 respectively) and the Finnish mumps (R* = 
0-43)) show large differences from the reference. 

Comparisonss of qualitative standardized results

Usingg the cut-offs from the reference laboratories, the 
standardized,, qualitative results for  the antibodies 
againstt  each antigen are presented in Tables 5o-c. To 
examinee the qualitative improvement from standard-
ization,, comparisons were also made with the ref-
erencee laboratory using each country's cut-off on the 
non-standardizedd results (Tables 5a-c). 

Forr  the measles panel, no sera were discrepant in 

moree than one country compared to the Danish 
reference. . 

Forr  the mumps panel, a number  of sera were 
classifiedd as negative on the German reference panel 
(Tablee 5b), but positive in Finland (18/52). All 
(18/52)) of these sera remained positive after  standard-
ization::  standardization thus failing to adjust for  local 
observations.. For  the panel tested in Britai n a large 
numberr  of negative reference sera were classified as 
equivocall  (38/60) in local units. After  standardization, 
thesee false equivocals were frequently reclassified as 
truee negative. For  the subset of the Danish main 
serosurveyy which was retested in Germany, a large 
numberr  of sera which tested negative in Denmark, 
testedd positive in Germany (12/53), both before and 
afterr  standardization. 

Forr  the rubella panel, there was generally good 
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(«/)) Dilutions in negative .serum 

600 T 

Fig.. 4. Different dilution series of the International Standard 
Serumm for  rubella included as blind samples in the rubella 
standardd panel and tested by the participating countries 
(locall  non-standardized results in IU/ml) . (a) Dilutions in 
negativee serum; (b) dilutions in buffer  solution. 

agreementt  with the British reference laboratory 
(Tablee 5c). 

Comparisonn of dilution aeries of an International 
Standardd Serum for  rubella 

Thee dilation curves for  the rubella standard are shown 
inn Figure 4(a, b). They show substantial differences in 
locall  unitages for  the different countries using a 
varietyy of assays. Six countries used Behring, two in-* 
housee and one other  commercial assay. For  example, 
400 mIU/ml of rubella reference sera were reported as 
18-577 mIU/ml by different countries. The Danish and 
Germann tests gave results closest to the standard 
dilutio nn values. Dilution in negative serum produced 
marginallyy better  results than dilution in PBS. 

Theree did not appear  to be a correspondence 
betweenn assay method and closeness to the reference 

values.. For  example. The Netherlands using an in-
housee assay obtained results much closer  to those of 
thee reference laboratory than France using a. Behring 
modifiedd EIA assay. 

Comparisonn of cut-off values 

Thee local cut-off value used in the participatin g 
countriess compared to the reference cut off value 
'back:standardized''  into local units are shown in 
Tabless 3a-c. For  example in the measles panel (Table 
33 a), the Danish cut-off standardized to local units 
(755 mIU/ml ) is greater  than the local cut-off used in 
thee United Kingdom (50 mIU/ml) . The former  used 
thee Behring assay, the later  the Gull test. 

DISCUSSION N 

ESENN is the first  study in which there has been a co-
ordinatedd effort to generate comparable sere-
prevalencee data for  vaccine preventable infections 
acrosss countries. Interpretatio n of these seropre-
valencee data will be used to evaluate the relative 
effectivenesss of the different vaccination programmes 
inn these countries. 

Testingg with a variety of assay methods (such as 
haemagglutinationn inhibition , neutralizing test, en-
zymee immunoassay) can provide very different results 
[6].. Even investigating the same sera with a variety of 
kit ss based on the same method, can lead to sig-
nificantl yy different results [3]. This is despite 
attemptingg to achieve comparability using internal 
controls,, measurement correction factors and cali-
bratin gg against an international standard. To achieve 
comparabilityy of the serological survey results from 
differentt  countries, the ideal option would have been 
too test all sera with the same assay in a single 
laboratory.. It was agreed for  the project that 
participant ss would continue to use their  usual assay 
method,, as they would be familiar  with this technique 
andd it would make the project overall more sus-
tainable.. If countries changed to a particular  assay for 
thee duration of the project, then reverted to their 
originall  methods, intra-countr y comparability would 
havee been lost. Thus within the project, all participants 
continuedd to use their  current assays based on the EIA 
method,, but with a variety of kits. A standardization 
proceduree had to be developed to allow direct 
comparisonn between assay results obtained in different 
ways.. The method involved comparing quantitative 
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resultss of antibody concentration, by calibrating each 
country' ss EIA units against those of the reference 
laboratory.. This does not involve a gold standard to 
providee an absolute truth . 

Theree were some problems with the standardization 
process.. Although complete panels of sera were 
distributedd in the majorit y of instances, towards the 
endd of the project some countries were provided with 
smallerr  volumes of sera than others due to a limited 
supplyy of reference sera. This meant some participants 
weree unable or  only partiall y able to test the panel a 
secondd time. In future, adequate volumes of sera need 
too be prepared. We were able to overcome this 
problemm by taking a sample of the main serosurvey, 
whichh was then retested in a reference centre. These 
resultss were then used to obtain a standardization 
equation. . 

Somee assay drif t also occurred. This technique of 
standardizationn only adjusts for  between-laboratory 
variability .. The standardization equations are derived 
onn the assumption that any observed variation was 
non-randomm and constant over  time. Variation in 
resultss over  time (assay drift ) was presumably related 
too in-house assay-to-assay variation and was detected 
byy re-testing the panel. Control of this within 
laboratoryy variabilit y was the responsibility of the 
qualityy control procedures in each laboratory. Using 
thee standardization equation generated by repeat 
panell  testing during the period of testing the main 
serumm collection should help to adjust for  this assay 
drift .. However, to continue to undertake inter-country 
comparisonss with this standardization technique, will 
requiree the regular  distributio n of panels of sera and 
maintainingg internal quality control. 

Bothh the Swedish and Finnish mumps panel 
regressedd poorly against the German reference. Many 
off  the sera classified as negative by the German 
referencee laboratory were classified as positive by 
Finlandd when non-standardized. This occurred for 
bothh the non-standardized and standardized results -
soo standardization was unable to reduce this ob-
servation.. One possible reason for  this observation 
mayy be the influence of the vims strain used as antigen 
inn the kit . As the vast majorit y of sera from the main 
serosurveyy results will be seropositive to mumps 
antibodyy in this highly vaccinated population, it was 
nott  feasible to sample and re-test the main results to 
identifyy potential false positives. Hence, the main 
standardizedd serosurvey results for  Finland may 
overestimatee the prevalence of seropositivity to 
mumpss antibody. In Sweden, a decision has been 

takenn to change the EIA assay method to test the 
mainn serosurvey. 

Furthermore,, for  the standardization to work well 
thee test used (particularl y that of the reference 
laboratory)) should ideally give a continuous outcome 
withh a detection limi t below the negative cut-off (this 
wass often not the case with the Ben ring test). If the 
detectionn limi t is the same as the negative cut-off then 
potentiallyy high negatives could not be standardized 
 upwards. The only example of this was with the 
Frenchh mumps panel where the standardized cut-off 
off  < 192 is below the detection limi t of the tests. 

Internationall  units have been the traditiona l ap-
proachh to producing 'comparable' results between 
laboratoriess and countries. They are based on in-
ternationall  standard sera which exist for  measles and 
rubella.. They a|low the calibration of litres, optical 
densitiess or  indices from different laboratories into 
internationall  units [2]. The lack of a mumps in-
ternationall  standard has presented problems for 
internationall  comparability, which meant that a 
workingg standard had to be created for  the purposes 
off  this project. The creation of a European or 
internationall  mumps standard would enable labora-
toriess express mumps antibody concentrations in 
commonn units, as for  measles and rubella. 

Ourr  results also indicate that there still remains a 
residuall  lack of comparability between the unitage 
derivedd even from calibrating to international stan-
dards.. The wide variation in the laboratory cut-offs 
expressedd in standardized units has been noted before 
p] .. We also found a substantial difference in the 
unitagee of the rubella standard dilution series. Some 
off  this variation may lie within normal test variation, 
butt  this does not account for  all the observed 
difference.. This suggests that direct inter-country 
comparisonss of EIA results based purely on an 
internationall  standard need to be made cautiously. 
Wee now have a working tool for  the comparison of 
MM RR EIA results. This will play a key role in 
comparingg the results of the serological surveys 
collectedd as part of this project. A further  panel of sera 
containingg MM R in one serum is currently under 
collection.. This will enable this method to continue to 
bee used within these ongoing collaborative projects. 
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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. 

Keywords:Keywords: Rubella; Measles; Mumps 

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 
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^^ 30% -

20%% -
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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 

•5-9 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. 

60 0 

http://do.se


]]  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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SUMMARY Y 

Thee European Regional Office of WHO has targeted measles for elimination from the region in 
2007.. Large national, age and sex stratified serological surveys of measles antibody were 
conductedd in seven Western European countries from 1994-8 as part of the European Sero-
epidemiologyy Network. Three patterns were observed in the country-specific measles 
seroprofiles,, ranging from (very) low susceptibility (four countries) to high susceptibility (one 
country).. Susceptibility levels amongst 2-4-year-olds ranged from 2-9 to 29-8 %, in 5-9-year-
oldss from 2-5 to 25% and 10-19-year-olds from 21% to 13-9%. A country's susceptibility 
profilee was highly associated with vaccine coverage for the first dose. First dose coverage 
rangedd from 91 to 97-5% for low susceptibility countries, 75 to 85% for intermediate 
susceptibilityy countries and 55% for the high susceptibility country. Only the high susceptibility 
countryy still reports epidemic measles. In low susceptibility countries, which have achieved or 
aree very close to measles ehmination, the priority will be to maintain high MMR vaccine 
coveragee in all geopolitical units for both vaccine doses. In moderate susceptibility countries 
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theree is still some endemic transmission, but also risk of outbreaks as pools of susceptibles 
accumulate.. In the high susceptibility country the priority will be to increase infant vaccine 
coveragee and reduce regional variation in coverage levels. 

I N T R O D U C T I ON N 

Measless is an acute viral infection of very high 
transmissibility,, which resulted in almost universal 
infectionn during early childhood in the pre-
immunizationn era [I] . Due to the availability of a 
highlyy efficacious vaccine for over 30 years, the 
implementationn of measles control programmes has 
beenn a very cost-effective intervention in both 
developingg and developed countries [2] and many 
countriess have now moved from a control to an 
eliminationn phase [3]. The WHO Regional Office has 
targetedd measles for elimination from Europe by year 
200?? [4]. 

AA variety of vaccination strategies have and are 
beingg used in an attempt to interrupt transmission, 
includingg two-dose vaccination programmes and a 
one-dosee programme with catch-up campaigns [5]. 
Thee success of a vaccine programme, especially 
movingg from the control to the elimination phase, 
requiress the identification of susceptible age groups. 
Thiss depends upon high quality measles surveillance 
data,, including accurate age-specific incidence data 
andd measles vaccine coverage levels. Population-based 
serologicall  surveys measure the population suscep-
tibilit yy profile, providing a more direct measure of a 
vaccinationn programme's impact. The age-group 
specificc susceptibility levels needed to achieve measles 
controll  in Europe have now been established [6]. 

Too determine if these susceptibility targets have 
beenn reached, comparability of serosurvey results is 
essential.. Internationally, a variety of serological 
methodss have been used to collect sera and measure 
measless antibody levels. The European Sero-Epi-
demiologyy Network (ESEN) was established to co-
ordinatee and harmonize the serological surveillance of 
immunityy to several vaccine preventable diseases 
includingg measles [7]. We present the standardized 
resultss of national serological surveys from seven 
Westernn European countries performed with com-
parablee designs, providing a unique opportunity not 
onlyy to compare the serological and epidemiological 
impactt of a variety of measles vaccination schedules 
andd coverage levels, but also to assess progress 
towardss measles control and elimination in Western 
Europe. . 

M E T H O DS S 

Serumm survey collection 

.. Seven of the member countries of ESEN undertook 
collectionn and testing of several thousand sera 
specimenss between 1994 and 1998 (Denmark, England 
andd Wales, Finland, France, Germany, Italy, The 
Netherlands).. In Denmark, sera collection for those 
lesss than 6 years was undertaken in 1997-8, those aged 
6-166 years was performed in 1994. The minimum 
numberr of sera to collect per age group was 
determinedd from power calculations using age specific 
estimatess of seroprevalence of antibody to various 
vaccinee preventable infections. The number of sera 
collectedd per country ranged from 2766-8303. 

Thee sources of sera used have been described 
previouslyy [8], Two methods of sampling were used: 
populationn based random sampling and use of 
residuall  sera collected during routine laboratory 
testing.. In both cases, samples were collected from a 
varietyy of geographical locations within each country 
too provide a reasonably representative estimate of the 
generall  population immunity. For each specimen, the 
age,, sex and year of collection were gathered plus 
somee regional data in Italy (North and South) and 
Germanyy (East and West). The sole exclusion criterion 
wass sera collected from individuals with known 
immunee deficiencies. 

Standardization::  panel distributio n and testing 

Too achieve quantitative comparability of assay results 
betweenn countries, the results of measles antibody 
testingg were standardized using a methodology de-
velopedd as part of the ESEN project This has been 
describedd in detail previously [9]. Briefly, the process 
involvedd the distribution of a panel of 150 negative, 
loww positive and positive sera for measles antibody by 
aa reference laboratory (Statens Serum Institut, 
Copenhagen,, Denmark) to the national laboratory in 
eachh participating country. The panel was tested in 
eachh national laboratory by their usual quantitative 
enzymee immunoassay (EIA). Standardization 
equationss were calculated by regressing the local 
resultss of panel testing in these countries against those 
off  the reference laboratory. 
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Tablee 1. Age-specific percentage of seronegativity for measles antibody in seven countries of ESEN and WHO 
target target 

Country y 

WHOWHO  Target 

Loww susceptibility 
Fl l 
NL L 
UK K 
FR R 

Intermediatee susceptibility 
DK K 
DE E 

Highh susceptibility 

rr r 

2-44 years 

<< 15% 

2-99 % 
4-00 % 

14% % 
10-3% % 

24-2% % 
23-1% % 

2*8% % 

5-99 years 

<< 10% 

2-5% % 
4-7% % 
8-8% % 
9-9% % 

10-5% % 
9-11 % 

25-0% % 

10-199 years 

< 5% % 

2-1% % 
5 1% % 
4-7% % 

.. 5-0% 

4-7% % 
7-5% % 

13-9% % 

20-399 years 

< 5% % 

1-4% % 
18% % 
511 % 
1-2% % 

0-5% % 
2-0% % 

4-3% % 

>> = 40 years 

< 5% % 

0-3% % 
0-1% % 
3-3% % 
0-2% % 

0-5% % 
0-5% % 

1-3% % 

Mainn serum surrey testing 

Thee main national serum survey was tested using the 
samee validated assay method. The country-specific 
standardizationn equations were used to convert the 
locall  quantitative results of the serum survey into 
standardizedd reference laboratory unitage. The ref-
erencee laboratory cut-ofT range (the EIA of Bearing 
assay)) was used to classify these standardized quan-
titativ ee results as positive, low positive or  negative 
(negativee <150mIU; low positive 150-350 ml U; 
positivee > 350 ml U). Unless otherwise stated, the 
loww positives were reclassified as positive. 

Ass detailed in a paper  describing the standardiza-
tionn process, these values are at variance with the 
unitagcss produced by other  EIA s [9], thus the 
resultss reported in this paper  may differ  slightly 
fromm percentages reported elsewhere by individual 
countries. . 

individuall  level to estimate the proportion of indi-
vidualss of a given age who have been vaccinated and 
thee proportion infected with each of the three viruses. 
Byy assuming that seroconversion to each of the three 
antigenss is independent within an individual and that 
thee viruses circulate independently of each other  (so 
thee chances of being infected are independent), then 
thee probabilit y of an individual of a given age being in 
anyy of the eight mutually exclusive serological groups 
(rangingg from positive to all three to negative to ail 
three)) can be described in terms of vaccine coverage 
(inn that cohort), vaccine efficacy for  each of the three 
componentss of the vaccine, and the cumulative 
infectionn rates. These parameters are then estimated 
usingg maximum likelihood. Estimates of monovalent 
measless vaccine coverage prior  to the introduction of 
MM RR were made from official statistics or  by 
questionnairee distributed to the ESEN country co-
ordinator ss [5]. 

Vaccfoee programme structure and coverage 

AA questionnaire was distributed to all participatin g 
countriess to gather  data on measles vaccine pro-
grammee organisation, historical vaccine coverage and 
age-specificc incidence of measles. Some of these results 
havee previously been reported [5]. 

Coveragee estimation 

AA number  of countries had inadequate or  incomplete 
coveragee data on their  vaccination programmes. 
Estimatess of the level of MM R vaccine coverage in 
eachh country were derived from the ESEN serological 
dataa [10]. This method utilises serological data at the 

RESULT S S 

Threee patterns were observed in the country-specific 
measless seroprofiles based on the WHO Regional 
Officee for  Europe age-specific susceptibility levels 
recommendedd to interrup t measles transmission 
(Tablee 1; Appendix). These patterns ranged from low 
susceptibilityy to high susceptibility. In none of the 
sevenn countries was a significant sex difference 
observedd in the proportion seronegative in any of the 
agee groups (data not shown). For  all countries, the 
proportio nn of low positives was highest in those age-
cohortss in whom a large proportion were vaccinated 
att  least a few years ago (Fig. 1). 
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Loww susceptibility countries 

Thee group with low susceptibility includes Finland, 
Thee Netherlands, France and England and Wales. 

Tablee 1 shows that for  Finland and The 
Netherlands,, the age-specific susceptibility levels are 
welll  below the WHO target levels, further  illustrated 
byy their  respective age specific population seroprofiles 
(Fig.. 1). These figures show the proportion in each age 
classs with measles antibody (seropositive and equivo-
cal)) and the proportion estimated to have vaccine 
derivedd immunity . Below the figure the vaccine 
programmee in place for  each age-cohort is shown. In 
bothh countries, the proportion seronegative in any 
agegroupp (particularl y in 1-20-year-olds) does not 
exceedd 5% (except 51 % for  10-19-year-olds in The 
Netherlands).. In Finland, the proportion seronegative 
iss even lower  than in The Netherlands (Table 1). 
Virtuall yy all those seropositive for  measles antibody 
underr  20 years of age are estimated to have vaccine 
derivedd immunity (Fig. 1). This is a reflection of the 
introductio nn of measles vaccine approximately 25 
yearss ago, followed by a two-dose MM R programmes 
withh very high coverage in both countries in the early 
1980s.. Reported vaccine coverage has been slightly 
higherr  (97 % for  both doses) in Finland compared to 
Thee Netherlands (94 % for  the first dose and estimated 
too be similar  for  the second dose). Finland in addition 
undertookk a catch-up campaign targeted at 2-6-year-
olds,, when the MM R programme was initiall y 
introduced.. Both countries from the serosurvey seem 
too be apparently near  the elimination of measles. In 
Finlandd and until recently The Netherlands (see tater), 
theree has been an extremely low reported incidence of 
confirmedd clinical cases (Fig. 2). 

Thee United Kingdom and France have recently 
joinedd the low susceptibility countries. The population 
susceptibilityy levels are higher  then those in The 
Netherlandss and Finland and only just within the 
WHOO recommended targets (Table 1). The majorit y 
off  seropositives under  the age of 18 years at the time 
off  the serosurvey in the United Kingdom are estimated 
too have vaccine-derived immunity (Fig. 1). This is a 
reflectionn of the vaccination programme history: 
singlee dose MM R vaccine was introduced in 1988, 
withh reported vaccine coverage increasing from 80 % 
too around 90% only recently. However, a mass 

measles-rubellaa catch-up campaign was conducted in 
Novemberr  1994 targeted at 5-16-year-olds (with 
reportedd 92% coverage), and a second dose of MM R 
introducedd at the end of 1996 for  4-year-olds. The 
reportedd incidence of clinical measles felt below 
10/1000000 in 1996 (Fig. 2), although only a small 
proportio nn (10%) of these rash-illness cases are 
laboratoryy confirmed as measles cases (11]. 

Forr  France, the serological profil e resembles that of 
the**  United Kingdom. The seronegativity level 
amongstt  2-9-year-olds is about 10% and 5% for 
10-19-year-oldss (Table 1). France introduced a single 
dosee MM R vaccination in 1983. A second dose was 
introducedd in 1996 initiall y for  11-13-year-olds and 
thenn changed to 3-6-year-olds the following year  (Fig. 
1).. Measles epidemic cycles have been interrupted in 
Francee since 1987. The incidence rate of measles 
estimatedd from a network of sentinel GFs, had levelled 
att  approximately 100/100000 inhabitants between 
19933 and 1997, and has fallen down to 32/100000 
populationn in 1998 (Fig. 2). 

Intermediatee susceptibility countries 

Thee group with intermediate susceptibility includes 
Denmarkk and Germany, as in both these countries, 
susceptibilityy levels are not within the WHO targets. 

Inn Denmark, no measles vaccination (either  with 
MM RR or  single antigen measles vaccine) occurred 
unti ll  1987. A two-dose MM R vaccination programme 
wass introduced in this year  (at age 15 months and 12 
years).. A catch-up targeted at children aged 2-10 
yearss was also conducted at this time. From the 
serologicall  survey, 24% of 2-4-year-olds remain 
seronegativee and 10% of 5-9-year-olds (Table 1). 
Thiss falls to below 5 % for  10-19-years-olds. Virtuall y 
alll  those who are seropositive under  5 years of age, 
probablyy acquired immunity through vaccination 
(Fig.. 1). A large proportion of 5-12-year-olds were 
naturall yy infected, with an increase in the proportion 
withh vaccine derived immunity at 13 years of age with 
thee second dose of MMR . We do not know what 
proportio nn of these had already experienced natural 
infectionn earlier  in life. Epidemic transmission has 
beenn interrupted and the reported measles incidence 
hass been below 3/100000 since 1992 (Fig. 2). 

Germanyy is the other  intermediate susceptibility 

Fig.. 1, Seroprevalence of measles antibody for  each ESEN member country (  antibody positive, O low antibody positive), 
thee estimated proportion of each age-group vaccinated (—) and their  vaccine history by age-group (in years). Age-group 
vaccinee history denned below each figure: measles, MMR1 (single dose mass infant vaccination programme), MMR2 (second 
dosee mass vaccination programme), catch-up (one-off targeted vaccination programme). 
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Fig.. 2. Reported incidence of measles infection per 100000 population in six ESEN countries. 

countryy (Table 1). The serological survey shows that 
aa high proportion of 2-4-year-olds are seronegative 
andd a higher proportion of 10-19-year-olds compared 
too Denmark (Table 1). There is also a significant 
differencee in the age-specific seropositivity between 
seraa taken from former East and West Germany (Fig. 
1).. The vaccination programme history differs be-
tweenn the Eastern and Western parts of the country. 
Inn West Germany, recommendations for measles 
vaccinationn were introduced in 1975, followed by 
singlee dose MMR vaccination in 1980. In East 
Germany,, compulsory infant monovalent measles 
vaccinationn was started in 1970, followed by a 
monovalentt two-dose strategy in 1986. The reported 
coveragee in the former GDR was > 95 %, whereas the 
estimatedd coverage in West . Germany was only 
60-80%.. After re-unification in 1991, a two-dose 
MM RR vaccination programme was recommended 
throughoutt Germany, with the second dose for 6-
year-olds.. No data are available on the incidence of 
measless infection in Germany. 

Highh susceptibility countries 

Italyy is the only country belonging to the high 
susceptibilityy group. The proportion seronegative 
amongstt 2-^t-year-olds and 5-9-year-olds is approxi-
matelyy 30 and 15% in 10-19-year-olds, considerably 
higherr than the low and intermediate susceptibility 
countriess (Table 1). Fifty percent of children aged 2-6 
yearss were estimated to have vaccine derived im-
munityy in 1996, although a large proportion even in 

thee younger age-classes probably acquired immunity 
throughh exposure to wild virus (Fig. 1). Voluntary 
vaccinationn with one dose of MMR was introduced in 
19799 and there are large reported regional differences 
inn coverage (ranging from 26-88 % from the South to 
North)) [12], although there was no significant 
differencee in the seroprofile by region (data not 
shown).. Indeed, measles still remains epidemic in 
Italy,, with regular 4-yearly epidemic cycles reported 
(Fig.. 2). 

DISCUSSION N 

ESENN is the first study to our knowledge to present 
comparablee results of population-based measles sero-
surveillancee studies from several countries, with all 
participantss having undertaken collections of large 
sampless of sera, tested with standardized method-
ology. . 

Thee study confirms that high vaccine coverage is the 
mostt important factor needed to interrupt and control 
measless transmission. A country's susceptibility 
profilee was highly associated with vaccine coverage 
forr the first dose. With the exception of Denmark, the 
susceptibilityy level was directly associated with the 
reportedd incidence of measles [5]. Both Finland and 
Thee Netherlands have had high vaccine coverage for 
overr 10 years, with an interruption of epidemic 
measles,, so virtually no immunity in the younger age 
groupss is naturally acquired and all is vaccine derived. 
Finlandd has moved from the control to the elimination 
phasee with no serologically confirmed measles cases 
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identifiedd since 1996 [13, 14]. In The Netherlands the 
annuall  number  of notified measles cases has decreased 
fromm 472 (31/100000) to 57 (0-37/100000) over  the 
periodd 1992-6 [15]. Factors besides the slightly lower 
vaccinee coverage to explain this continued measles 
circulationn in The Netherlands could include the more 
elaboratee catch-up conducted in Fintand, more im-
portationn of measles virus in The Netherlands and 
circulationn of wild virus in the clusters of religious 
groupss who refuse vaccination. Indeed, in 1999-2000, 
ann outbreak of measles occurred in The Netherlands 
withh almost 3000 cases and 3 measles related deaths. 
Thee outbreak started in a school where most children 
weree not vaccinated for  religious reasons, and spread 
too religious groups around the country who refrain 
fromm vaccination [16]. 

Otherr  countries, such as the United Kingdom and 
France,, have recently undertaken specific inter-
ventionss to improve vaccine programme performance 
andd thus move from the intermediate to the low 
susceptibilityy group. In the United Kingdom, coverage 
withh single-dose monovalent measles vaccine prior  to 
19888 was only adequate to reduce the incidence of 
measless infection, but not to immunize all of each 
birt hh cohort. After , a period of time, susceptibles had 
accumulatedd amongst older  age groups. With pre-
dictionss of a measles epidemic, a national catch-up 
campaignn was conducted in November  1994 targeted 
att  5-16-year-olds [17], followed by the introduction of 
aa second dose of MM R in 1996. Unfortunately, 
routin ee vaccine coverage levels in the United Kingdom 
havee not been maintained due to some public concern 
overr  vaccine safety. In France, modelling undertaken 
throughh the ESEN project showed the likelihood of a 
largee outbreak of measles in the younger  age-groups 
withoutt  an increase in vaccination coverage or  a 
catch-upp campaign. Thus the low susceptibility 
observedd in the 2-4-year-olds most likely reflects this 
recentt  catch-up following a media campaign in mid-
19977 together  with a simultaneous lowering of the age 
off  the second dose to between 3 and 6 years. However, 
availablee data show that routine vaccination coverage 
off  children under  2 years of age has not increased. 
Thuss France's position as a low susceptibility country 
iss also a littl e misleading, as current levels of vaccine 
coveragee will result in a re-accumulation of 
susceptibles. . 

Thee intermediate susceptibility countries include 
Denmarkk and Germany. The low incidence of notified 
measless in Denmark compared to the relatively high 
levell  of susceptibility in under-10-year-olds suggests a 

honeymoonn phase (or  alternatively important under-
notification).. This term describes the period after  the 
introductio nn of mass vaccination with moderate 
coveragee during which disease incidence is low. As 
coveragee levels are only moderate, there is an 
accumulationn of susceptibles over  time, until the 
epidemicc threshold is surpassed and an outbreak 
occurs.. A catch-up campaign in conjunction with 
improvedd coverage of both the first  and second doses 
would**  prevent this phenomenon. In Germany, the 
graduall  decrease in seronegativity observed between 
thee age of 2 and 5 years is probably due to several 
factors::  the impact of second dose MM R introduced 
inn 1991; closing vaccination gaps during the legal 
medicall  examination before school entry of 6-year-old 
childrenn and natural infection as occurred during the 
epidemicc outbreak in 1996 [10,18]. Unfortunately, the 
tackk of corroborating evidence regarding coverage 
andd the absence of measles surveillance data hampers 
furtherr  investigation. 

Thee low vaccine coverage in Italy has reduced, but 
nott  completely stopped viral circulation amongst 
infants,, resulting in the accumulation of a pool of 
susceptibless amongst older  children and adults com-
paredd to the prcvaccination era. By the age of 10 
years,, 20 % of the population are still seronegative, 
considerablyy more than the 8% observed in the 
prevaccinationn era [19]. Vaccination has thus resulted 
inn a shift in the mean age of infection - with 13-18 % 
off  measles cases over  10 years of age during the 1970s 
comparedd to 40-50 % in recent years [20]. A later  age 
off  infection is associated with more severe compli-
cationss [21]. 

Routinelyy collected data from the United Kingdom 
showw that those who receive a first  dose are more 
likelyy to receive a second compared to those who are 
unvaccinated.. If this pattern is repeated elsewhere in 
Europe,, the initia l priorit y in measles control is to 
achievee high first  dose coverage. Once control is 
achieved,, a second dose and/or  catch-up can be 
introducedd to immunize primar y vaccine failures and 
thosee who have failed to receive their  first  dose (22, 
23). . 

Thee proportion of low antibody positives for  all 
countriess was highest in the vaccinated age groups 
andd lowest in the age groups > 30 years and partly in 
thee age-groups of recently vaccinated children (1-3 or 
4-years-old).. This difference is probably explained by 
lowerr  antibody titr e after  vaccination (or  more rapid 
antibodyy loss) than after  natural infection [24]. A 
cohortt  study in Finland demonstrated that vaccine 
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inducedd measles antibodies declined more rapidly in 
thee absence of natural boosting than expected [25]. It 
wil ll  be important to both monitor the level and 
qualityy of vaccine-induced antibodies in the popu-
lationn and continue epidemiological surveillance in a 
periodd of decreasing opportunity for natural boosting. 
Furthermore,, with vaccinated mothers living in a time 
off  decreased opportunity for natural boosting, there is 
aa need to monitor the persistence of maternal 
antibodiess in infants, as this may influence the age of 
firstt vaccination. Variability observed in the pro-
portionn of seropositive infants in ESEN is partially a 
reflectionn of inter-country differences in the age (in 
months)) of sampling, information that was not 
routinelyy collected as part of the project, thus limiting 
anyy interpretations. 

Thee study also enabled an observation of the effect 
off  the second dose of MM R on population immunity 
levelss in some countries. The effect could not be 
studiedd in United Kingdom due to the narrow time 
framee between data collection and the introduction of 
thee second dose and in Italy no second dose is given. 
However,, in Finland and The Netherlands, no 
significantt reduction was observed in the proportion 
seronegativee in those cohorts eligible for a second 
dosee compared to those receiving one. This ob-
servationn could be due to the very high first dose 
coverage.. However, a 12-year follow-up study con-
ductedd in Finland, found that after a brief increase in 
IgGG antibody titre after the second dose, population 
antibodyy levels declined to pre-booster dose levels 
[26],, suggesting that population serosurveillance may 
bee limited in monitoring the impact of a second dose 
off  MMR. 

Wee can conclude that low' susceptibility countries 
havee achieved or are very close to measles elimination. 
Theirr continuing priority is to monitor coverage, 
strengthenn disease surveillance with laboratory con-
firmationn of suspect cases and to maintain high 
vaccinee coverage in all geopolitical units for both 
vaccinee doses. In moderate susceptibility countries, 
successs in measles control is being achieved, but there 
iss still endemic transmission and/or the risk of 
outbreakss as pools of susceptibles accumulate. Vac-
cinee coverage assessment and disease surveillance may 
needd to be strengthened (or introduced) and catch up 
campaignss may be needed to fill  population sus-
ceptibilityy gaps. In the high susceptibility 
country-thee priority is to increase infant vaccine 
coveragee and reduce regional variation in coverage 
levels.. Introduction of a second dose is only recom-

mendedd once a coverage of > 80% is reached. 
Serosurveillancee can provide an important tool to 
supportt the evaluation of country vaccination pro-
grammes.. The utilization of this data in mathematical 
modelss allows a quantitative evaluation of alternatives 
too determine the most appropriate vaccination strat-
egy.. Using these tools, the WHO European regional 
targett of eliminating measles from the region by the 
yearr 2007 can still be achieved. 
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Appendix:: Measles antibody serological results by 
ageage class in seven ESEN countries 
1.. Denmark (collected 1994-8) 

Positive e 

23 3 
46 6 
74 4 
74 4 
53 3 
37 7 
98 8 
87 7 
86 6 
80 0 
82 2 
86 6 
91 1 
95 5 
92 2 
99 9 
94 4 
38 8 
46 6 
53 3 

196 6 
199 9 
198 8 
201 1 
207 7 
200 0 
198 8 

2833 3 

Total l 

38 8 
96 6 
97 7 

101 1 
71 1 
48 8 

112 2 
100 0 
99 9 
98 8 

100 0 
100 0 
99 9 
99 9 
99 9 

100 0 
100 0 
39 9 
47 7 
54 4 

199 9 
201 1 
199 9 
201 1 
208 8 
201 1 
200 0 

3106 6 

Age e 

0 0 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20-24 4 
25-29 9 
30-34 4 
35-39 9 
40-49 9 
50-59 9 
600 + 
Total l 

Negi i 

14 4 
48 8 
23 3 
25 5 
17 7 
8 8 

10 0 
7 7 
9 9 

14 4 
12 2 
9 9 
6 6 
3 3 
2 2 
1 1 
5 5 

1 1 

1 1 
2 2 
1 1 

1 1 
219 9 

74 4 



2.. England and Wales (collected 1996) 3.. Finland (collected 1997-8) continued 

Age e Negative e 
Low w 
positive e Positivee Total Age e Negative e 

Low w 
positive e Positivee Total 

0 0 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20-24 4 
25-29 9 
30-34 4 
35-39 9 
40-49 9 
50-59 9 
60+ + 
Total l 

0 0 
12 2 
11 1 
14 4 
8 8 
6 6 
5 5 
4 4 

13 3 
6 6 
2 2 
1 1 
2 2 
5 5 
6 6 
5 5 
2 2 
2 2 
7 7 
7 7 

15 5 
9 9 

I t t 
2 2 
4 4 
3 3 

11 1 
173 3 

0 0 
2 2 
6 6 
4 4 
8 8 
12 2 
9 9 
12 2 
16 6 
20 0 
20 0 
6 6 
9 9 
12 2 
6 6 
9 9 
14 4 
16 6 
10 0 
11 1 
22 2 
17 7 
4 4 
6 6 
7 7 
2 2 
1 1 

261 1 

0 0 
20 0 
57 7 
62 2 
66 6 
57 7 
57 7 
54 4 
60 0 
55 5 
69 9 
56 6 
58 8 
56 6 
77 7 
66 6 
66 6 
69 9 
83 3 
82 2 
146 6 
153 3 
167 7 
172 2 
170 0 
181 1 
173 3 
2332 2 

3.. Finland (collected 1997-8) 

Age e Negative e 

0 0 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

to o 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20-24 4 

74 4 
59 9 
2 2 
3 3 
2 2 
1 1 
2 2 
4 4 
1 1 
2 2 
2 2 
1 1 
1 1 
0 0 
2 2 
2 2 
3 3 
2 2 
2 2 
3 3 
3 3 

Low w 
positive e 

4 4 
0 0 
I I 
1 1 
1 1 
2 2 
1 1 
1 1 
1 1 
2 2 
9 9 
4 4 
2 2 
1 1 
6 6 
9 9 
7 7 
6 6 
1 1 
4 4 

11 1 

Posit t 

4 4 
<60 0 
77 7 
71 1 
80 0 
86 6 
72 2 
67 7 
63 3 
92 2 
74 4 
94 4 
55 5 
59 9 
56 6 
76 6 
88 8 
93 3 
99 9 
98 8 

183 3 

0 0 
34 4 
74 4 
80 0 
82 2 
75 5 
71 1 
70 0 
89 9 
81 1 
91 1 
63 3 
69 9 
73 3 
89 9 
80 0 
82 2 
87 7 
100 0 
100 0 
183 3 
179 9 
182 2 
180 0 
181 1 
186 6 
185 5 
2766 6 

Total l 

82 2 
119 9 
80 0 
75 5 
83 3 
89 9 
75 5 
72 2 
65 5 
96 6 
85 5 
99 9 
58 8 
60 0 
64 4 
87 7 
98 8 
101 1 
102 2 
105 5 
197 7 

25-29 9 
30-34 4 
35-39 9 
40-49 9 
50-59 9 
6 0 -^ ^ 
Totaf f 

4 4 
2 2 
2 2 
2 2 
0 0 
0 0 

181 1 

1 1 
0 0 
1 1 
0 0 
1 1 
0 0 

77 7 

194 4 
199 9 
199 9 
200 0 
199 9 
203 3 
.841 1 

199 9 
201 1 
202 2 
202 2 
200 0 
203 3 

3099 9 

4.. France (collected 1998) 

Age e Negative e 
Low w 
positive e Positive e 

0 0 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20-24 4 
25-29 9 
30-34 4 
35-39 9 
40-49 9 
50-59 9 
600 + 
Totai i 

34 4 
27 7 
11 1 
5 5 
4 4 
8 8 
5 5 
6 6 
7 7 
3 3 
3 3 
5 5 
3 3 
2 2 
3 3 
7 7 
4 4 
1 1 
3 3 
1 1 
3 3 
3 3 
3 3 
0 0 
0 0 
0 0 
2 2 

153 3 

5.. Netherlands (collected 1995-6) 

Age e Negative e 
Low w 
positive e 

388 8 
113 3 

5 5 
12 2 
6 6 
3 3 
5 5 
5 5 

94 4 
2 2 
2 2 
5 5 
7 7 
9 9 

12 2 
11 1 

Total l 

1 1 
2 2 
2 2 
0 0 
6 6 
5 5 
5 5 
6 6 
8 8 
5 5 
6 6 
7 7 
4 4 
4 4 
5 5 
2 2 
4 4 
0 0 
1 1 
4 4 
7 7 
6 6 
3 3 
3 3 
2 2 
1 1 
2 2 

>] ] 

9 9 
36 6 
48 8 
61 1 
57 7 
55 5 
49 9 
42 2 
40 0 
50 0 
49 9 
44 4 
41 1 
49 9 
49 9 
57 7 
57 7 
74 4 
76 6 
73 3 

185 5 
186 6 
189 9 
185 5 
231 1 
223 3 
410 0 

2625 5 

44 4 
65 5 
61 1 
66 6 
67 7 
68 8 
59 9 
54 4 
55 5 
58 8 
58 8 
56 6 
48 8 
55 5 
57 7 
66 6 
65 5 
75 5 
80 0 
78 8 

195 5 
195 5 
195 5 
188 8 
233 3 
224 4 
414 4 

2879 9 

Positivee Total 

141 1 
135 5 
181 1 
211 1 
143 3 
94 4 

107 7 
86 6 

623 3 
250 0 
188 8 
228 8 
156 6 
106 6 
124 4 
102 2 

75 5 



5.. Netherlands (collected 1995-6) Continued 7.. Germany (collected 1996) 

Age e Negative e 
Low w 
positive e Positive e Total l Age e Negative e 

Low w 
positive e Positive e Total l 

8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20-24 4 
25-29 9 
30-34 4 
35-39 9 
40-49 9 
50-59 9 
60+ + 
Total l 

8 8 
5 5 
2 2 
4 4 
4 4 
5 5 
7 7 
6 6 
3 3 
7 7 
6 6 
9 9 
20 0 
2 2 
7 7 

2 2 
2 2 
1 1 

637 7 

13 3 
10 0 
16 6 
10 0 
19 9 
31 1 
15 5 
20 0 
14 4 
10 0 
15 5 
15 5 
40 0 
7 7 
4 4 
5 5 

20 0 
11 1 
22 2 

439 9 

109 9 
82 2 
97 7 
98 8 

102 2 
91 1 
80 0 
82 2 
79 9 
85 5 
61 1 
43 3 

280 0 
368 8 
423 3 
497 7 
927 7 
982 2 

1643 3 
7227 7 

6.. Ital y (collected 1996-7) 

Age e Negative e 
Low w 
positive e Positive e 

0 0 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20-24 4 
25-29 9 
30-34 4 
35-39 9 
40-49 9 
50-59 9 
600 + 
Total l 

48 8 
72 2 
34 4 
35 5 
32 2 
40 0 
26 6 
28 8 
20 0 
21 1 
18 8 
15 5 
20 0 
14 4 
14 4 
14 4 
16 6 
13 3 
13 3 
8 8 
14 4 
9 9 
8 8 
5 5 
1 1 
2 2 
5 5 

545 5 

3 3 
2 2 
3 3 
2 2 
2 2 
7 7 
8 8 
6 6 
6 6 
0 0 
4 4 
1 1 
0 0 
2 2 
0 0 
1 1 
1 1 
1 1 
3 3 
0 0 
3 3 
0 0 
1 1 
1 1 
1 1 

0 0 
0 0 

58 8 

37 7 
25 5 
71 1 
75 5 
85 5 
64 4 
73 3 
73 3 
84 4 
85 5 
86 6 
86 6 
90 0 
83 3 
87 7 
90 0 
85 5 
90 0 
98 8 
92 2 

234 4 
188 8 
179 9 
193 3 
203 3 
209 9 
199 9 

2964 4 

130 0 
97 7 

115 5 
112 2 
125 5 
127 7 
102 2 
108 8 
96 6 

102 2 
82 2 
67 7 

340 0 
377 7 
434 4 
502 2 
949 9 
995 5 

1666 6 
8303 3 

Total l 

99 9 
108 8 
112 2 
119 9 
ill l 
107 7 
107 7 
110 0 
106 6 
108 8 
102 2 
110 0 
99 9 
101 1 
105 5 
102 2 
104 4 
114 4 
100 0 
251 1 
197 7 
188 8 
199 9 
205 5 
211 1 
204 4 
3567 7 

0 0 
1 1 
2 2 
3 3 
4 4 

,, 5 
**  6 

7 7 
8 8 
9 9 

10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20-24 4 
25-29 9 
30-34 4 
35-39 9 
4049 9 
50-59 9 
600 + 
Total l 

133 3 
163 3 
56 6 
48 8 
24 4 
22 2 
18 8 
19 9 
17 7 
20 0 
9 9 

19 9 
25 5 
11 1 
13 3 
16 6 
9 9 
6 6 
6 6 
4 4 

13 3 
4 4 
1 1 
2 2 
2 2 
2 2 
0 0 

660 0 

17 7 
1 1 
2 2 
3 3 
3 3 
1 1 
5 5 
7 7 
18 8 
14 4 
11 1 
5 5 
11 1 
10 0 
8 8 
9 9 
10 0 
4 4 
1 1 
6 6 
8 8 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

154 4 

103 3 
45 5 
117 7 
136 6 
165 5 
192 2 
194 4 
189 9 
177 7 
160 0 
162 2 
145 5 
143 3 
138 8 
132 2 
147 7 
147 7 
127 7 
120 0 
112 2 
247 7 
211 1 
206 6 
192 2 
213 3 
193 3 
225 5 
4338 8 

253 3 
209 9 
175 5 
187 7 
192 2 
215 5 
217 7 
215 5 
212 2 
194 4 
182 2 
169 9 
179 9 
159 9 
153 3 
172 2 
166 6 
137 7 
127 7 
122 2 
266 6 
215 5 
207 7 
194 4 
215 5 
195 5 
225 5 
5152 2 
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SUMMAR Y Y 

Mostt  of the countries in western Europe have now implemented mass infant rubella 
immunizationn programmes, instead of or  in addition to selective vaccination in order  to 
achievee the elimination of congenital rubella syndrome. 

Thee European countries Denmark, England and Wales, Finland, France, Germany, Italy and 
thee Netherlands undertook large, national serological surveys collecting several thousand serum 
specimenss during 1994-8. Antibodies against rubella virus were detected by a variety of enzyme 
immuno-assays.. Comparability of the assay results was achieved by a standardized 
methodology.. The age- and sex-stratified serological results were related to the schedules, 
coveragee of rubella vaccination and the incidence in these countries. 

Thee results show widely differin g levels of immunity to rubella both in the general 
populationn and in the specific age groups of males and females. A tow rate (< 5%) of 
susceptibless in childhood and adolescents of both sexes was obtained only in Finland and the 
Netherlands. . 

Countriess such as Italy with only moderate coverage for  the infant immunization programme 
currentl yy have both high susceptibility levels in the general population and in the at-risk 
population.. The likelihood is of continued epidemics of rubella with cases of congenital rubella 
syndrome.. The continued implementation of selective vaccination will help to offset the impact 
off  this ongoing transmission and to protect women on reaching childbearing age. 

**  Author  for  correspondence: Immunisation Division, PHLS Communicable Disease Surveillance Centre, London NW9 5EQ, UK. 
Onn behalf of the ESEN project. 
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I N T R O D U C T I ON N 

Rubellaa was mainly an infection of childhood in the 
pre-vaccinationn era, resulting in a mild, febrile 
exanthemaa usually of littl e clinical significance, with 
10-15%% of adults remaining susceptible. The po-
tentiall  devastating consequences of infection became 
apparentt with the realization that infection of gravid 
women,, particularly in the first trimester of pregnancy, 
resultedd in miscarriage or serious foetal anomaly in a 
largee proportion of cases [1]. These anomalies were 
collectivelyy termed the congenital rubella syndrome 
(CRS)) and included sensi-neural deafness, mental 
retardation,, heart defects and ocular abnormalities. 
Thee public health importance of CRS became ap-
parentt following the global rubella pandemic in 
1962-5,, with 20000 cases of CRS in the USA alone 
[2]--

Thee control and elimination of CRS became 
possiblee with the licensing of several live, attenuated 
rubellaa vaccines in many industrial countries in the 
earlyy 1970s. Two main vaccination strategies (or a 
combinationn of the two) have been used to protect the 
at-riskk population. Selective vaccination of adult 
and/orr adolescent women (providing direct protec-
tion)) or mass infant vaccination designed to interrupt 
rubellaa transmission and providing indirect protection 
too pregnant women regardless of vaccination status as 
welll  as direct protection to the vaccinated cohorts. 
However,, a reliance on infant vaccination can 
theoreticallyy cause an increase in cases of CRS as 
intermediatee or low levels of coverage allow continued 
viruss circulation, with an increase of the average age 
att infection towards the at-risk age groups [3]. 

Mostt European countries initially adopted a selec-
tivee vaccination policy for fear of waning vaccine-
derivedd immunity. However, even with high levels of 
coverage,, selective vaccination can still result in a 
smalll  number of cases of CRS due to primary vaccine 
failuree and the difficulties in achieving universal 
coveragee in muciparous women. Thus, with the 
availabilityy of the combined measles, mumps and 
rubellaa (MMR) vaccine in the 1980s, and a general 
overalll  improvement in vaccination coverage, most 
westernn European countries introduced mass child-
hoodd vaccination strategies [4-6], in place of, or in 
additionn to, their selective programme. This was in an 
attemptt to achieve control through elimination of 
rubellaa circulation. 

Thee WHO Regional Committee for Europe has 
establishedd a target that all countries in the region 

shouldd have a CRS incidence level below 001 per 1000 
livee births by the year 2010 [7]. The operational targets 
havee been defined as vaccination coverage for mass 
infantt immunization of at least 90%, supplemented 
withh effective rubella and CRS surveillance. Incidence 
data,, however, can be difficult to collate and compare 
betweenn countries as the quality of CRS and postnatal 
rubellaa surveillance data varies and a substantial 
proportionn of infection remains sub-clinical [8]. 
Seroepidemiologicall  studies have attempted to over-
comee these problems as this approach directly 
describess the pattern of immunity to rubella in 
differentt populations. Unfortunately, study compara-
bilit yy is often limited as a variety of methodologies 
havee been used to collect and test surveys [9]. Two 
typess of survey have generally been undertaken: 
serologicall  surveys of women of childbearing age to 
determinee the risk of infection of pregnant women 
andd age-stratified serosurveys which enable the pre-
dictionn of the effect of various vaccination strategies 
[8]. . 

Thee European Seroepidemiology Network (ESEN) 
[10]]  was established in 1996 to undertake 
standardized,, comparable serosurveys for a variety of 
vaccinee preventable infections within several 
Europeann countries. The project has involved the 
gathering,, and testing of large banks of sera, the 
standardizationn of their results and the collection of 
dataa on vaccination programme structure and his-
toricall  case notifications. This article describes the 
currentt and past epidemiology and control of rubella 
inn western Europe and identifies the optimal 
approachess to achieving the WHO target of elim-
inationn of CRS. 

METHODS S 

Seraa collection 

Betweenn 1994 and 1998 seven countries undertook the 
collectionn of several thousand sera specimens rep-
resentativee of general population: in Denmark, 
France,, Italy, Finland, Germany, the Netherlands 
andd the UK. The minimum number of sera to collect 
perr age group was determined from power calcu-
lationss using age-specific estimates of antibody sero-
prevalence.. The proposed number of sera to collect 
wass 100 from each yearly age class from 0 to 19 years, 
2000 from each five yearly age class from 20 to 39 years, 
2000 sera from each 10-yearly age class from 40 to 59 
yearss and 200 sera from those 60 years of age or 
greater.. The total proposed number of sera was 
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thereforee 3400. The actual total number of sera 
collectedd varied between 2766 and 8306. 

Thee method of sampling used by each country has 
beenn described previously [11]. Two sources of sera 
weree used: population based random sampling or 
residuall  sera collected during routine laboratory 
testing.. The only exclusion criterion for samples was 
seraa from individuals with known immune deficiency. 
Sampless were collected from a variety of geographical 
locationss within each country to provide a reasonably 
representativee estimate of the general population. For 
eachh specimen, the age, sex, year of collection and 
somee regional data were gathered. In the following 
analysiss results from the former East and West 
Germanyy were divided as they had different vac-
cinationn histories. Because of previous reports of 
regionall  variation in vaccine coverage in Italy, data 
wass split into North (comprising Lazio and all regions 
Northh of this) and South (consisting of Abruzzi and 
alll  regions South of Lazio including Sardegna). 

Standardizationn and panel testing 

Sevenn countries undertook rubella antibody testing in 
aa designated national laboratory with their usual 
enzymee immuno-assay (EIA)[12], Denmark, Finland, 
France,, Germany and Italy used Behring 
(Enzygnost*),, the Netherlands an inhouse assay and 
thee UK, Microgen. To achieve quantitative compara-
bilityy of assay results between countries, the results 
weree standardized using a methodology developed as 
partt of the ESEN project. This has been described in 
detaill  previously [12]. Briefly, the process involved the 
distributionn of a panel of more than 100 negative, low 
positivee and positive sera by the reference laboratory 
(Prestonn Public Health Laboratory, UK) for testing in 
thee national laboratories of the other participating 
countries.. The local results of panel testing in these 
countriess were regressed against those of the reference 
laboratoryy to develop standardization equations. 

Mainn serosurrey testing 

Thee main serosurveys were tested using the same 
validatedd EIA assays as the reference panel. The 
standardizationn equations were used to convert the 
locall  quantitative results of testing the main sero-
surveyss into standardized reference laboratory units. 
Thee reference laboratory cut-off range was used to 
classifyy all countries standardized quantitative values 
intoo qualitative results (negative < 4 IU, low positive 

4-100 IU, positive > 10 IU). Unless otherwise stated, 
loww positives were reclassified as positive. As detailed 
inn a paper describing the standardization process, 
thesee values are at variance with the unitages produced 
byy other EIAs, thus the results reported in this paper 
mayy differ slightly from percentages reported by 
individuall  countries elsewhere. 

Coveragee estimation 

AA number of countries had inadequate or incomplete 
coveragee data for both the selective and mass (infant) 
programmes.. However, the serological results allowed 
estimatess of coverage for selective vaccination and 
MM RR vaccination to be made [13]. This method 
utilizedd serological data at the individual level to 
estimatee the proportion of individuals of a given age 
whoo have been vaccinated as well as the proportion 
infectedd with each of the three viruses. By assuming 
thatt seroconversion to each of the three antigens is 
independentt within an individual and that the viruses 
circulatee independently of each other (so the chances 
off  being infected are independent), then the prob-
abilityy of an individual of a given age being in any of 
thee eight mutually exclusive serological groups 
(rangingg from positive to all three to negative to all 
three)) can be described in terms of vaccine coverage 
(inn that cohort), vaccine efficacy for each of the three 
componentss of the vaccine, and the cumulative 
infectionn rates. These parameters are then estimated 
usingg maximum likelihood. 

Thee proportion of girls who have received selective 
rubellaa vaccination can be estimated from aggregated 
serologicall  data, which is separated by sex (that is, 
unlikee the above technique it is not necessary to have 
individuall  level data). Assuming males and females of 
aa given age mix equally with each other and that there 
aree no intrinsic sex differences in response to infection 
orr vaccination implies that any observed sex difference 
inn prevalence of antibodies is due to the selective 
programme.. This allows an estimation of the past 
coveragee level of any selective programme, using the 
followingg formula: 

wheree the C, is the estimated effective coverage in each 
agee cohort / and Qff and Qim are the proportion of 
femaless and males in age group i who are seronegative. 
Thee mean coverage for the selective campaign can be 
obtainedd from the average of the C,s. For instance, if 
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theree is serological evidence of a significant difference 
inn antibody prevalence in 13-23 year old females 
comparedd to males, this suggests that a selective 
programmee of 13 year old girls had been in place for 
100 years. Alternative explanations are possible, for 
examplee a recent one-off campaign targeted at 13-23 
yearr old females. We used the official coverage data 
andd recommendations to determine the most likely 
scenario.. If there was any doubt, we assumed that 
successivee cohorts had been vaccinated, rather than 
widerr age-bands over a shorter time period. 

Notee that if any boys in the target age cohorts had 
beenn vaccinated then the proportion of girls immu-
nizedd in the selective programme will be under-
estimatedd using the above technique. 

Vaccinee programme structure and coverage 

Ass part of the project, a questionnaire was completed 
byy each participating country on country-specific 
informationn on rubella vaccine programme structure, 
historicall  vaccine coverage and reported incidence of 
rubellaa infection and cases of CRS (see also [14]). 

R E S U L TS S 

AHH seven countries have now implemented national 
masss infant immunization programmes, with only 
one,, Italy, also maintaining a 'mass' selective school-
girll  programme (Table 1). We divided these countries 
intoo three groups according to the proportion of the 
populationn susceptible to rubella infection amongst 
adolescentt females (Fig. 1 b). This was related to each 
country'ss vaccination programme. Finland, the 
Netherlandss and England and Wales were in the low 
susceptibilityy group (proportion susceptible to rubella 
<< 5%); Denmark and Germany in the moderate 
susceptibilityy group (proportion 5-10 %); France and 
Italyy in the high susceptibility group (> 10 %). The 
populationn age-specific seroprofile for rubella anti-
bodyy seropositivity and the estimated proportion 
vaccinatedd for each country is shown in Figure 2. 

Finland d 

Inn Finland, the serological survey was conducted in 
1997-8.. Selective vaccination was introduced in the 
earlyy 1970s and then stopped in 1989 after the 
introductionn of infant mass vaccination in 1982 (Table 
1).. The seroprofile shows very low levels of sus-
ceptibilityy in all age groups over the age of one year 

(Fig.. 2), reflecting the relatively long history of rubella 
vaccinationn in Finland with high levels of coverage 
[14,15].. For the older age groups (more than 35 
years),, seropositivity largely corresponds to naturally 
acquiredd infection from the pre-vaccination era. With 
thee interruption of endemic rubella transmission (the 
annuall  reported incidence of rubella has been below 
1/1000000 since 1992) (Fig. 3), the vast majority of 
thosee between the age of 1 and 25 years, have vaccine-
inducedd protection. This may account for the rela-
tivelyy high proportion of low-positives observed in the 
adolescentt age classes - comparing the Finnish sero-
profilee with those from other countries (Fig. 2). The 
higherr proportion of women with antibodies to rubella 
agedd 20-39 years (99 %) compared with males in the 
samee age group (96%) is a historic reflection of 
selectivee vaccination (Fig. 1). 

Thee Netherlands 

Thee seroprofile was undertaken in 1995-6, approxi-
matelyy 8 years after two-dose MM R vaccination 
replacedd selective vaccination of pre-adolescent girls 
inn the Netherlands (Fig. 2). The high levels of coverage 
achievedd with both these strategies has resulted in a 
loww proportion of the population being seronegative, 
withh over 95% of those above one year of age 
estimatedd to be seropositive and approaching 100% 
inn teenagers. Laboratory confirmed cases of rubella 
continuee to occur in the Netherlands (Fig. 3), though 
att low levels. Thus the majority of those under the age 
off  about 17 years are likely to have vaccine derived, 
ratherr than naturally acquired protection (Fig. 2). 
Mostt of those above 35 years of age are likely to have 
naturallyy acquired immunity. A very low proportion 
off  females of childbearing age are susceptible: 5/455 
off  those aged 15-19 years and 2 % of those aged 20-39 
yearss were estimated to lack antibody to the rubella 
viruss (Fig. 1). For children over the age of 2 years, the 
proportionn seropositive exceeds the estimated pro-
portionn vaccinated. This may be due to chance, or be 
indicativee of natural infection, though the proportion 
withh natural immunity is likely to be extremely small. 
Ann alternative explanation is that those who were 
vaccinatedd were more likely to participate in the 
population-basedd serosurvey. 

Englandd and Wales 

Thee results of the serosurvey, undertaken in 1996, 9 
yearss after the introduction of mass MMR vaccination 
andd 2 years after the MR campaign targeted at 5-16 
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Tablee 1. Evolution of monovalent rubella vaccination programmes in seven 

countriescountries participating in the ESEN-project from introduction to current 

status status 

Country y 

Denmark k 
Englandd and Wales 
Finland d 
Formerr East Germany 
Formerr West Germany 
France e 
Italy y 
Thee Netherlands 

Adolescent t 
schoolgirl l 
programme e 

No o 
1970-93 3 
1975-89 9 
1991-7 7 
1975-97 7 
1970-83 3 
1973--
1974-87 7 

Targett female 
population n 
(agee in years) 

11-14 4 
13 3 
11-15 5 
11-15 5 
11-13 3 
Adolescent t 
11 1 

Currentt antenatal 
screening g 
programme e 

Yes s 
No* * 
Yes s 
Yes s 
Yes s 
Yes s 
No o 

**  Ended 4 years ago. 

(a)) Males 

10tol44 15-19 

Agee group 

(b)) Females 

2to44 5to9 10tol4 15-19 
Agee group 

Fig.. 1. Percentage of population seronegative for rubella antibodies by age-group and sex in countries involved in the ESEN 
project. . 
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Englandd & Wales 

Westt Germany 

Fig.. 2. For legend see facing page. 

yearr olds, show that in England and Wales the 
prevalencee of rubella antibodies was above 90% in all 
agee groups greater than 3 years of age (Fig. 2). The 
proportionn of females of childbearing age estimated to 
bee seronegative to rubella was low at 2% aged 15-19 
yearss and 2 % in those aged 20-39 years (Fig. 1). This 
comparess with a relatively high proportion of sero-

negativee males in these age groups (12% and 8% 
respectively).. In 1996, 2776 laboratory confirmed 
casess of rubella were reported in England and Wales, 
95%% of which occurred in individuals older than 14 
yearss of age, of whom the majority were male [16] 
(Fig.. 3). The incidence rate of infection in pregnant 
womenn in this year was 5/100000 pregnancies. 
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2MMR R 
rubella a 

1MMR R 

Fig.. 2. SeroprevaJence of rubella antibody for each ESEN 
memberr country, and estimated proportion of each age-
groupp vaccinated (—). ( • , positive;\Q, low positive) and 
theirr vaccine history; (Age-group vaccine history defined 
beloww each figure; rubella (adolescent/adult female selective 
vaccinationn programme), MMR1 (single dose mass infant 
vaccinationn programme), MMR2 (second dose mass vac
cinationn programme), catch-up (one-off targeted vacci
nationn programme)). 

Denmark k 

Denmarkk first introduced rubella vaccination (as a 
two-dosee MMR programme) in 1987 along with a 
catch-upp campaign for adolescent girls. The samples 
inn Denmark were collected at two points in time, 
complicatingg the interpretation of the serological 
profilee (Fig. 2). Those under the age of 7 years were 
sampledd in 1998, all other age groups were sampled 
duringg 1994-5. Nevertheless, it is evident that during 
1994-55 there was a significant trough in the proportion 
withh serum antibodies to rubella in the 9-11 year age 
groupp (the second dose of MMR is given at 12 years 
off age). Although epidemics have ceased to occur, 
wildd virus still circulates in Denmark (Fig. 3). The 
reportedd incidence of rubella remained above 
1/1000000 in 1993 and from 1994-6, 13 cases of 
infectionn amongst pregnant women have been 
reportedd (5 cases/100000 pregnancies/year [17]). 

Germany y 

Theree are historical differences in rubella vaccination 
historyy between the former East and Western parts of 
thee country. In West Germany, selective rubella 
vaccinationn was introduced in 1975, followed by the 
additionn of mass infant single dose MMR programme 
inn 1980. However, prior to reunification rubella 
vaccinationn was not routinely offered in East Germany 
(onlyy to seronegative women working in kinder-
gardenss and children's hospitals). In 1991, a two-dose 
MMRR programme was introduced in the whole 
country,, with the second dose targeted at 6 year olds. 
Sincee 1998 vaccination of teenage girls is only 
recommendedd for those without documentary evi
dencee of two previous doses of MMR. 

Thee serological survey was undertaken in 1995. In 
bothh East and West Germany, coverage of the first 
dosee of MMR has been relatively high (reaching 
aroundd 80%), but uptake appears to be spread over 
thee first 4-5 years of life (Fig. 2). Uptake of the second 
dosee at 6 years of age appears to be low [13]. The 
comparativelyy slow uptake of MMR accounts for the 
comparativelyy slow rise in those with serological 
evidencee of immunity to rubella over the first few 
yearss of age when compared with the other countries. 
Thee lower levels of coverage, both current and 
historical,, results in a larger proportion of individuals 
beingg seronegative for rubella antibodies as compared 
withh the previously discussed countries. In West 
Germany,, roughly 25% of children aged 5-13 years 
aree estimated to be seronegative to rubella. The 
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Fig.. 3. Reported incidence of rubella case notifications per 100000 population in five countries involved in the ESEN-project. 

graduall  rise in seropositivity in adolescents and young 
adultss is evidence of probable continued viral cir-
culationn in these age groups (Fig. 2). It is likely that 
casess still arise in pregnant women as roughly 8 % of 
15-199 year old and 3 % of 20-39 year old women were 
seronegativee for rubella antibodies. This compares to 
thee higher levels of 20 % and 8 % respectively of men 
inn the same age groups. This difference is a historical 
reflectionn of the protection afforded by selective 
vaccination.. As in other countries, there is a tendency 
forr those age cohorts which have experienced low (or 
zero)) coverage levels to have a smaller proportion of 
loww positives (with the exception of the elderly) (Fig. 
2).. This demonstrates the higher antibody titres 
associatedd with naturally acquired immunity. 

Inn East Germany, most of those with antibodies to 
rubellaa would have acquired these via natural in-
fection,, with the exception of children 2-6 years of 

age.. Levels of susceptibility in school-aged children 
aree similar in the former East Germany to the western 
partt of the country (Fig. 2). The proportion of women 
agedd 15-19 years who were seronegative was 7% and 
55 % for women age 20-39 years. A similar proportion 
too males of the same age group (8% and 5% 
respectively)) and a reflection of the lack of a selective 
vaccinationn programme. 

France e 

Thee serological survey was undertaken in 1998 (Fig. 
2).. Selective rubella vaccination was introduced in 
1970,, targeted at adolescent girls (Table 1). With the 
introductionn of single dose MMR vaccination in 1983 
forr infants, vaccination of unimmunized teenage girls 
andd women of childbearing age was kept in the 
immunizationn schedule. The selective vaccination of 
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alll  girls at 11-13 yearss was replaced by vaccination of 
bothh sexes with a second dose of MMR introduced in 
1996.. The age of the second dose was shifted to 3-6 
yearss in 1998, a catch-up for all unimmuni2ed children 
agedd 11-13 was maintained, and also for unimmu-
nizedd women above this age. 

Althoughh the prevalence of rubella antibodies was 
greaterr than 80% for children aged 3-6 years, 
consistentt with recent higher vaccination coverage, 
forr those aged 7-13 years, seropositivity remains only 
aroundd 80%. Seropositivity only rises above 90%% by 
thee age of 18 years. Worryingly, it can be seen (Fig. I), 
thatt there is still a substantial pool of susceptible 
teenagee girls (17% of 10-14 year olds and 12% of 
15-199 year olds) and boys (14% and 21% respect-
ively).. With the cessation of selective vaccination and 
thee shift in the age of the second dose to 3-6 years of 
age,, and reliance on screening for unimmunized 
women,, this pool of susceptibles potentially remains 
att risk of infection. 

Thee number of reported cases of rubella in 
pregnancyy in France has declined from 309 cases in 
19844 to 28 in 1992, although there are still regular 
peakss (the last in 1997, with 84 infections) indicating 
thatt wild virus continues to circulate (the last figure 
correspondingg to a risk of 10-8 per 100000 
pregnancies). . 

Ital y y 

Selectivee rubella vaccination of adolescent females 
wass introduced in 1973 and still remains in place. 
Singlee dose MMR vaccination for infants was intro-
ducedd in 1979 with coverage by region varying greatly 
fromm 26 to 88% in 1998 [18]. 

Thee serosurvey collected in 1996-7, suggests that 
theree are relatively high levels of susceptibility in Italy 
inn all but the oldest age groups (Fig. 2). This is 
consistentt with the low levels of coverage achieved in 
Italyy compared with the other countries and the 
apparentt lower force of infection in Italy than in many 
otherr countries [19]. The higher level of infant MMR 
coveragee in Northern Italy results in somewhat higher 
levelss of seropositivity in children under the age of 10 
yearss compared with the South. Likewise the selective 
vaccinationn programme (which appeared to have 
negligiblee levels of coverage in the South until the 
earlyy 1980s (Fig. 1) may have contributed to the lower 
levell  of susceptibility in women of childbearing age in 
thee North compared with the South. Nevertheless a 
largee proportion of women of childbearing age remain 

unprotectedd from rubella infection (6 % of 15-39 year 
oldss in the North and 12% of 15-39 year olds in the 
South,, which compares with 13% and 18% re-
spectively,, of men of the same age). The continuing 
risee in seropositivity in these at-risk age groups is 
evidencee of continued infection in adults. Indeed, 
endemicc rubella transmission continues in Italy, with 
epidemicss every 6-7 years (the last in 1993) (Fig. 3) 
withh concomitant increases in the number of reported 
casess of CRS. 

DISCUSSION N 

Seroepidemiologyy can play an important role in 
evaluatingg the impact of rubella vaccination 
programmes;; both rubella and CRS notification data 
havee well described limitations. They can be unreliable 
duee to both underdiagnoses (up to 50% of acute cases 
aree estimated to be sub-clinical) and under-reporting 
off  clinically apparent cases. However, to undertake a 
formall  comparison of the serological surveys from 
differentt countries requires the development of stan-
dardd methods: large, finely age-stratified samples, 
similarr assay methods and standardization of the 
resultss against a reference panel using the same cut-off 
levels.. The subsequent serological profiles can thus 
providee a comparable estimate of susceptibility levels 
bothh in the general population and the at-risk 
group-womenn of childbearing age. The 
standardizationn of these parameters has enabled a 
directt evaluation of the impact of the rubella 
vaccinationn programmes in each of the ESEN 
countries. . 

Thee current population susceptibility levels seem to 
bee influenced by a number of factors: the year of 
introductionn of the vaccination programme, the target 
population,, the age at vaccination, the number of 
dosess given, the level of vaccine coverage and exposure 
too wild virus. All countries (except Denmark and East 
Germany)) initially introduced selective vaccination 
programmess targeted at adolescent girls during the 
1970s.. These were implemented with varying degrees 
off  success, reflected by the proportion of women of 
childbearingg age currently susceptible to rubella, 
varyingg from 1 to 6% amongst women aged 20-39 
yearss and from 1 to 12% amongst teenagers aged 
15-199 years. Rubella virus continued to circulate 
amongstt children and CRS cases occurred at an 
unacceptablyy high rate [20]. Thus with the devel-
opmentt of MMR vaccine, Finland in 1982, followed 
byy the remaining ESEN countries, introduced mass 
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childhoodd vaccination aiming to interrupt rubella 
viruss circulation and eventually achieve CRS elim-
ination.. Success however has been mixed. 

Thee very low susceptibility countries, Finland and 
thee Netherlands, both introduced two-dose MMR 
programmess with high vaccine coverage during the 
earlyy 1980s. This has had a dramatic effect on 
populationn seroprofile. In Finland, during the pre-
vaccinationn era, only by the age of 15 years were over 
90%% of the population immune. The introduction of 
thee two-dose MM R programme with over 95% 
coveragee in 1982 has resulted in excess of 90% of 
thosee over the age of 1 year being immune, in-
terruptingg viral transmission. Furthermore, suscep-
tibilit yy levels amongst adult women were also very 
low,, a reflection of the selective vaccination pro-
grammee stopped in the 1980s. In the Netherlands, a 
smalll  number of cases of rubella infection still occur 
eachh year, including infections of pregnant women. 
Thiss disparity compared to Finland could be related 
too a higher rate of importation in the Netherlands into 
geographicc clusters of unvaccinated individuals. Out-
breakss of rubella have been documented amongst 
religiouss groups previously, such as the Amish in the 
USAA (20, 21], 

Successs was less marked in those countries, which 
initiall yy introduced single dose MM R programmes at 
lowerr coverage levels. Some continued their ado-
lescentt rubella vaccination programme (England and 
Wales)) in a mixed policy, others (France) relied on the 
infantt programme and stopped the adolescent pro-
gramme,, and others had no selective programme 
(Denmark).. Thus in England and Wales, only a large 
pooll  of teenage males remained susceptible until the 
introductionn of the MR campaign in 1994, whereas in 
Francee and Denmark both teenage girls and boys 
remainn susceptible. There remains a continued po-
tentiall  for rubella epidemics amongst these groups. 
Indeedd in France, outbreaks of rubella amongst adults 
off  both sexes with cases of CRS have already been 
documentedd [22]. This mirrors the experience in 
Greece,, where the introduction of infant immu-
nizationn with inadequate coverage, with the lack of a 
policyy for vaccinating adolescent females, was fol-
lowedd by a major rubella epidemic. This affected 
womenn of child-bearing age at higher rates than 
previouslyy recorded [23]. 

Inn Italy, there has been continued rubella trans-
mission,, as childhood vaccination coverage levels 
havee been inadequate to interrupt transmission. 
Furthermore,, there is substantial regional variation in 
susceptibilityy levels between North and South 

amongstt adult women aged 15-35 years, reflecting 
regionall  variations in vaccine coverage. The current 
moderate/loww coverage for infant rubella immu-
nizationn has also resulted in an upward shift in the 
averagee age of infection [24]. Fortunately, Italy has 
continuedd a policy of selective adolescent vaccination, 
whichh will have provided some protection. 

Thee age distribution of low positives suggests a 
concentrationn in cohorts with vaccine derived im-
munity.. In low susceptibility countries with littl e or no 
naturall  boosting, there is evidence of an increasing 
proportionn of low positives in the vaccinated cohorts 
withh increasing age. This may indicate waning vaccine 
inducedd antibody litres compared with naturally 
acquiredd immunity. The biological significance of this 
observationn in terms of protection is unclear, as other 
parameterss such as cell-derived immunity, also prob-
ablyy play an essential role in providing protection. 
Previouss studies have generally concluded that 
vaccine-derivedd protection is lifelong [25,26], 
althoughh occasional cases of CRS have been reported 
duee to secondary vaccine failure [27]. In those 
countriess near to the elimination of rubella, with a 
consequentt reduction in natural boosting of 
vaccinatedd cohorts, continued monitoring of popu-
lationn susceptibility levels will be important. 

Inn conclusion, several countries with well-organized 
vaccinationn programmes have achieved the popu-
lationn susceptibility levels required to interrupt trans-
missionn and reach the CRS incidence targets es-
tablishedd by the WHO. With the closure of population 
immunityy gaps, many have now stopped their school-
girll  immunization programmes and reliance has been 
placedd on the two-dose MMR programmes. The 
priorityy wil l be to maintain high coverage levels for 
thesee programmes, supported by high quality, sen-
sitivee laboratory surveillance. Regular serosurveys 
wil ll  be needed to detect any potential immunity gaps 
orr evidence of waning immunity. Some of the 
moderatee susceptibility countries despite implemen-
tingg mass vaccination with one or two dose pro-
grammess still have large pools of susceptibles. It is 
importantt to ensure immunization strategies are in 
placee to protect women of childbearing age, whether 
throughh one-off campaign or routine 'selective' 
vaccinationn with or without routine antenatal 
screening.. Countries such as Italy with only moderate 
coveragee for the infant immunization programme 
currentlyy have both high susceptibility levels in the 
generall  population and in the at-risk groups, with 
widee regional variation in susceptibility levels. Con-
tinuedd transmission of rubella with cases of CRS is 
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inevitable.. The continued implementation of selective 
vaccinationn helps to offset the impact of this ongoing 
transmission.. An increase in MM R coverage in all 
regionss is required, in addition to maintaining the 
selectivee schoolgirl vaccination programme and/or 
antenatall  screening to continue to protect women on 
reachingg childbearing age. 
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SUMMAR Y Y 

Highh litres of pertussis toxin (PT) antibody have been shown to be predictive of recent infection 
withh Bordetella pertussis. The seroprevalence of standardized anti-PT antibody was determined in 
sixx Western European countries between 1994 and 1998 and related to historical surveillance and 
vaccinee programme data. Standardized anti-PT titres were calculated for a series of whole-cell and 
aceUularr pertussis vaccine trials. For the serological surveys, high-titre sera (> 125 units/ml) were 
distributedd throughout all age groups in both high- (>90%) and low-coverage (<90%) countries. 
High-titree sera were more likely in infants in countries using high-titre-producing vaccines in their 
primaryy programme (Italy, 11-5 %; Western Germany, 13-3 %; France, 4-3 %; Eastern Germany, 
4-0%)) compared to other countries (The Netherlands, 0-5%; Finland, 0%). Recent infection was 
significantlyy more likely in adolescents (10-19 years old) and adults in high-coverage countries 
(Finland,, The Netherlands, France, East Germany), whereas infection was more likely in children 
(3-99 years old) than adolescents in low-coverage (<90%; Italy, West Germany, United Kingdom) 
countries.. The impact and role of programmatic changes introduced after these surveys aimed at 
protectingg infants from severe disease by accelerating the primary schedule or vaccinating older 
childrenn and adolescents with booster doses can be evaluated with this approach. 

INTRODUCTIO NN health problem in many European countries; circu-
latingg widely in countries with low vaccine coverage 

Despitee the availability of effective vaccines for and reportedly re-emerging in other highly vaccinated 
severall  decades, pertussis continues to be a public populations [1-6]. 

**  Author for correspondence: Dr R. G. Pebody. Immunisation Department, Communicable Disease Surveillance Centre, Health Protection 
Agency,, 61 Colindale Avenue, London, UK. (Email: Richard.Pcbody&hpa.org.uk) 
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Inn the pre-vaccination era, the majority of the 
populationn was infected before 10 years of age, with 
significantt morbidity and mortality particularly in in-
fantss and young children [7]. Most European countries 
introducedd universal infant vaccination with whole-
celll  pertussis vaccines during the 1950s. By the 1970s, 
withh concerns about vaccine safety, several countries 
ceasedd their pertussis control programmes (e.g. 
Sweden,, West Germany), while others experienced a 
dramaticc decline in coverage (e.g. the United 
Kingdom)) [8]. These events stimulated the develop-
mentt of acellular vaccines, specific subcomponents of 
thee bacterium with a better side-effect profile [9], that 
severall  countries have now introduced [10, 11]. 

Thee current epidemiology of pertussis in Europe 
relatess to this historical diversity of control pro-
grammes.. There is a predictable, negative correlation 
betweenn vaccine coverage and reported incidence of 
pertussiss [8]. However, the reasons for the reappear-
ancee of pertussis in highly vaccinated populations 
(suchh as the United States, Finland and The 
Netherlands)) [1-4] are less clear. Reported cases have 
oftenn been in adolescents and adults who have been 
previouslyy immunized or infected [1, 12, 13] and who 
presentt with atypical or mild clinical features. Two 
explanationss have been put forward. First, that vac-
cinationn protects against disease, but less well against 
infectionn and transmission and that pertussis con-
tinuess to circulate widely and 'silently' amongst adults 
inn highly vaccinated populations [7, 14], with cyclical 
epidemicss every 3-4 years as in the pre-vaccination era 
[15,, 16], The recent re-emergence of pertussis is thus 
explainedd by improved case ascertainment due to 
betterr diagnosis of disease in adults and reporting [13, 
14].. An alternative explanation is provided by a more 
recentt analysis which found an increase in the ob-
servedd inter-epidemic period following mass vacci-
nation,, suggesting a reduction in transmission and a 
resultantt increase in age of infection [16]. Other fac-
tors,, which could contribute to the re-emergence of 
pertussiss in older populations, are waning protection 
afterr vaccination or infection [17] and to a lesser ex-
tentt the emergence of antigenic variants of Bordetella 
pertussis,pertussis, resulting in increased susceptibility amongst 
previouslyy vaccinated individuals [2, 3]. 

Whateverr the explanation, infection in older per-
sonss does seem to be of public health importance. 
Thee extent of infection and the potential disease bur-
denn in these older age groups remains inadequately 
describedd and it is suggested that children and teen-
agerss can be involved in the spread of pertussis to 

unprotectedd or partially protected infants resulting in 
significantt morbidity [18-22]. Several countries have 
thuss recently introduced acellular pertussis booster 
dosess in an attempt to reduce pertussis circulation in 
olderr age groups [11, 23] and indirectly reduce trans-
missionn to infants. Others have accelerated their vac-
cinationn schedules by delivering the primary schedule 
att an earlier age in infancy to provide direct protec-
tionn [24]. 

Surveillancee tools are critical to monitor the impact 
off  these interventions. However, routine pertussis 
surveillancee data has well-recognized limitations re-
latedd to variations in clinical and surveillance practice 
andd a lack of sufficiently sensitive diagnostic methods. 
Theree is a need for alternative, standardized tools to 
evaluatee the effectiveness of new prevention strategies. 
Recently,, de Melker and colleagues demonstrated 
thatt high titres of antibody to pertussis toxin (PT) can 
bee a sensitive and specific indicator of recent infection 
[25].. In a longitudinal cohort of Dutch patients with 
clinicallyy confirmed pertussis infection, the mean time 
off  persistence of immunoglobulin-G (IgG) PT>100 
Dutchh units/ml amounted to 4.5 months. Antibody 
titress declined to <100 Dutch units in almost all 
patientss after a period of 12 months, independent of 
agee and vaccination status. Monitoring the distri-
butionn of high-titre sera as a marker for the incidence 
off  infection in the general population could be a tool 
too understand the impact of vaccination and to po-
tentiallyy evaluate programme performance. However, 
thee age-specific distribution of high-titre sera depends 
uponn exposure to both natural pertussis infection 
andd pertussis immunization; these two factors can 
onlyy be disentangled through knowledge of the anti-
PTT IgG antibody response to both vaccination and 
infection. . 

Inn this paper, we document the prevalence of high 
titress of anti-PT IgG antibody in large, comparable 
serologicall  surveys from six Western Europe countries 
withh various pertussis immunization programmes. 
Thee anti-PT antibody results from each country have 
beenn statistically standardized against a reference 
laboratoryy [26] and the results interpreted together 
withh standardized immunogenicity data from a variety 
off  vaccine trials, with knowledge of the country-
specificc historical vaccine schedules, the types of vac-
ciness used and the reported vaccine coverage. This 
providess a unique opportunity to better understand 
thee true extent of infection across the population in 
eachh country and to compare the impact of a variety 
off  intervention strategies. 
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METHOD S S 

Vaccinee programme history and performance 

AA questionnaire was distributed to the participating 
countriess in the European Sero-Epidemiology Net-
workk (ESEN) in 1997 to gather data on pertussis 
vaccinee programmes (including type of vaccine, num-
berr of doses and age of administration). Surveillance 
practicee including pertussis case definitions, historical 
vaccinee coverage and the number of pertussis cases 
reportedd by age group were collected. Some results 
havee previously been reported [10]. Countries were 
dividedd into two groups [*  high coverage' (> 90 %) and 
'loww coverage' (<90%)] based on mean reported 
coveragee in the 15~20 years prior to the serosurvey. 

Pertussiss incidence rates were calculated based on 
officiall  notifications of pertussis infection and annual 
populationn data. Secular trends in pertussis incidence 
weree examined to identify epidemic years and to esti-
matee the inter-epidemic period. The proportion of 
reportedd cases older than 10 years of age in each epi-
demicc year was calculated. 

Serumm survey collection 

Sixx countries (England & Wales, Finland. France, 
Germany,, Italy, The Netherlands) undertook collec-
tionn and testing of large serum banks for anti-PT IgG 
antibodyy between 1994 and 1998. Details of the 
sourcess of sera and methods of collection have been 
describedd previously [27]. A minimum number of sera 
too be collected in each age group was established, with 
equall  numbers by gender in each age group. The total 
numberss of sera tested by each country ranged from 
26066 to 7755 (see Appendix). Briefly, two sampling 
methodss were used: population-based sampling 
(Thee Netherlands) or residual sera submitted to 
laboratoriess for other purposes (the remaining five 
countries).. The sera were collected from geographi-
callyy diverse sites in each country to provide a reason-
ablyy representative estimate of the general population 
experience. . 

Informationn collected on each sample included: 
age,, gender, date of sampling and geographical infor-
mation.. The latter enabled the identification of sera 
fromm former East and West Germany. 

Standardization::  panel distributio n and testing 

Too achieve quantitative comparability of assay results 
betweenn countries, the results were standardized using 
aa previously described methodology [26]. Briefly, 

thee process involved the creation of a panel of 150 
samples:: 50 negative sera (<5 ESEN units/ml), 12 
loww positive (5-10 ESEN units/ml) and 88 positive 
(>100 ESEN units/ml) sera for PT IgG antibody 
byy the reference laboratory (University of Palermo, 
Italy).. Forty-two of these sera were considered to be 
high-titree positive (>125 ESEN units/ml). 

Thee reference panel was distributed to the national 
laboratoryy in each participating country, to be tested 
withh their usual quantitative method (enzyme im-
munoassay)) for serum anti-PT IgG antibody. All 
laboratoriess (except The Netherlands) used the US 
Foodd and Drug Administration (FDA) standard 
serumm (lot HRP3) as an external control to calibrate 
theirr test assays. The panels were tested twice: once 
beforee main serum bank testing to evaluate test per-
formancee and again during main serum bank testing. 
Country-specificc standardization equations were cal-
culatedd by regressing the local results of panel testing 
againstt those of the reference laboratory. 

Mainn serum survey testing 

Eachh main national serum survey was tested using the 
samee validated assay method as the reference panel. 
Thee country-specific standardization equations were 
usedd to convert local quantitative results of serum sur-
veyy into standardized reference laboratory unitage. 
Detailss of the country-specific assays and standardiz-
ationn methodology have been described recently [26]. 

Thee reference laboratory cut-offs were used to 
classifyy standardized results. The minimum limit of 
detectionn (MLD) was defined as 5 units/ml. The cut-
offf  chosen to indicate likelihood of recent infection 
wass 125+ ESEN units/ml (equivalent to 100 Dutch 
units/ml).. This has been shown to indicate with high 
probability,, infection from within 4 weeks of disease 
onsett up to 1 year after [25, 26]. A further cut-off of 
62-55 ESEN units (equivalent to 50 Dutch units) was 
alsoo used, which shows infection in the previous 12 
monthss with high probability [25, 26]. 

High-titr cc re-testing 

AA subsample of 100 high-titre sera (mostly >62-5 
ESENN units) was selected from the main serosurvey in 
eachh country for re-testing by the Italian reference 
laboratory.. These were used to validate the country-
specificc standardization equations obtained from 
testingg the main reference panel and to provide 
moree information for the quantitative inter-country 
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comparisons.. These results have been previously 
describedd {26]. In this paper, the German high-titre 
re-testss suggested the standardized Utres should have 
beenn even higher, and that the proportion of high-titre 
seraa described in the current paper are probably an 
underestimate. . 

PTT antibody levels post-vaccination 

Highh PT titres are produced by natural infection for 
whichh we use a cut-off of 125 ESEN units. To deter-
minee whether such high titres could be produced by 
vaccination,, we re-analysed data from four trials of 
aa variety of whole-cell and acellular vaccines in the 
Unitedd Kingdom and standardized the results into 
comparablee ESEN unitage [24, 28-30]. These allowed 
aa direct comparison with the results of the present 
serosurvey,, and thus, determine if anti-PT antibody 
levelss due to vaccination were similar to those due to 
naturall  infection. 

Inn a study by Miller [28], a phase 1Ï randomized 
clinicall  trial was undertaken to compare the immuno-
genicityy of three acellular vaccines [manufactured by 
Wyeth-Lederlee (Maidenhead, Berks, UK), Connaught 
(Willowdale,, ON, Canada), Aventis-Pasteur (Maiden-
head,, Berks, UK)] and a whole cell vaccine (Well-
come).. Sera were sampled 4-6 weeks and 12-18 
monthss after completion of a three-dose primary 
coursee in infancy. In a second study by Bell [29], the 
immunogenirityy of a whole-cell vaccine (Pasteur-
Mérieux,, Wellcome, Beckenham, Kent, UK) was 
measuredd in 146 infants, 4-6 weeks following immu-
nization.. In a third study by Miller [30], the immuno-
genicityy of a booster dose of whole-cell vaccine 
rWellcome)) was measured in 96 children, aged 4-5 
years,, 6 weeks after vaccination. In a final study by 
Mille rr [24], the immunogenicity of a pre-school booster 
off  four acellular vaccines was measured in 330 
(Aventis-Pasteur),, 134 (SmithKline Beecham, Welwyn 
Gardenn City, Herts, UK), 381 (Chiron Biocine CA, 
USA)) and 116 (Wyeth-Lederle) children, aged 4 5 
yearss with samples taken 4-6 weeks after vaccination. 

Thee Centre for Applied Microbiology and 
Researchh (CAMR), UK, assayed the sera from the 
fourr trials for anti-PT IgG antibodies, using enzyme-
linkedd immunosorbent assay. A two-step standardiz-
ationn process was used. First, to convert CAMR units 
too UK units, a total of 387 sera were tested by both 
CAMRR and the Central Public Health Laboratory 
(2411 samples taken from the general population and 
1466 from individuals presenting with cough illness). 

Thee standardization equation was derived using 
thee technique described above (details available on 
request).. Secondly the UK results were converted into 
ESENN equivalent units using the UK standardization 
equationn derived from reference panel testing as part 
off  the ESEN project [26]. 

Statistics s 

Alll  data were entered and managed in Microsoft 
Excell  (Version 7). Statistical analysis was undertaken 
inn Epi-Info, version 6.04b (CDC, Atlanta, GA, USA) 
andd STATA, version 7.0 (StataCorp, TX, USA). Pro-
portionss were compared using the *̂  test or Fisher's 
exactt test as appropriate. For inter-country com-
parisonss across age groups, direct standardization 
wass undertaken using the European standard popu-
lationn [31]. 

RESULTS S 

Vaccinee programme history 

Alll  six ESEN countries introduced pertussis vacci-
nationn with whole-cell vaccine during the 1950s and 
1960ss (Table 1). A variety of whole-cell vaccines were 
used:: some produced by national centres (Finland, 
Thee Netherlands and East Germany until 1989), the 
remainderr by a variety of commercial manufacturers. 

Ai ll  six countries had three-dose primary pro-
grammess at the time of the serosurvey: Finland, The 
Netherlandss and Germany had a 3, 4, 5 months 
schedule;; Italy a 3, 5, 7 months schedule; France and 
Englandd & Wales, an accelerated schedule delivered 
att 2, 3, 4 months. Two countries (England & Wales, 
Italy)) had no booster dose in their routine pro-
gramme.. The four remaining countries had a booster 
dosee administered ranging from the age of 11 months 
(Thee Netherlands), 12-15 months (Germany), 18 
monthss (France) to 24 months (Finland). France 
introducedd a second booster dose for the 11-13 years 
agee group in 1998, the year of the serosurvey. 

Forr the primary course at the time of the sero-
survey,, four countries (Finland, England & Wales, 
France,, The Netherlands) used solely whole-cell 
vaccine.. In Finland and The Netherlands, the vac-
cinee was produced by national manufacturers; in 
Englandd & Wales by a variety of commercial manu-
facturerss (including Aventis-Pasteur, Wellcome-Evans 
andd SmithKline Beecham) and in France by Aventis-
Pasteur.. The two other countries (Italy, Germany) 
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Tablee 1. History of pertussis vaccination programme programme in six ESEN countries 

Country y 

Finland d 

France e 

Wesii  Germany 
Eastt Germany 
Germany y 

Italy y 

Thee Netherlands 

Unitedd Kingdom 

Typee of 
pertussis-containing g 
vaccine e 

DTPP whole cell 

DTPP whole cell 
DTaPP acellular 

DTPP whole cell 
DTPP whole cell 
DTPP whole cell 
DTaPP acellular 
DTaPP acellular* 

DTPP whole cell 
DTaPP acellular 
DTaPP acellular* 

DTPP whole cell 
DTPP whole cell* 
DTaPP acellular* 

DTPP whole cell 
DTPP whole cell 
DTaPP acellular* 

Yearr of 
introduction n 
andd cessation 

1957--

Ï959--
1998--

t964-76 6 
1963-90 0 
1991-97 7 
1995--
2000--

1964--
1995-99 9 
1999--

1952-99 9 
1999--
2001--

1957-91 1 
1991--
2001 1 

Agee of 
primary y 
course e 

3,, 4, 5 mo. 

2,, 3,4 mo. 

3,, 4, 5 mo. 
3,, 4, 5 mo. 
3,, 4, 5 mo. 
3,, 4, 5 mo. 

3,, 5,7 rno. 
3,, 5, 7 mo. 
3,, 5, 11 mo. 

3,, 4, 5 mo. 
2,, 3, 4 mo. 

3,5.. 10 mo. 
2,, 3, 4 mo. 

Agee of 
boosterr doses 

244 mo. 

16-188 mo. until 1998 
188 mo., 11-13 yr 

12-155 mo. 
3yr r 
122 15 mo. 
12-155 mo. 
l l~18yr r 

5-66 yr 

111 mo. 
1!!  mo. 
4yr r 

4-55 yr 

**  Introduced into the national programme after the serosurvey was conducted. 

hadd introduced commercially produced acellular 
vacciness for the primary schedule (Lederle and Smith-
Klinee Beecham in Germany; Chiron and SmithKline 
Beechamm in Italy). Germany was also still using 
whole-celll  vaccine produced by Chiron and Aventis-
Pasteurr at the time of the serosurvey. 

Forr the booster doses, Finland and The Nether-
landss used nationally produced whole-cell vaccines. 
Germanyy and France used commercially produced 
acellularr vaccines (Lederle and SmithKline Beecham 
inn Germany; Aventis-Pasteur and SmithKline Beech-
amm in France). 

Reportedd vaccine coverage levels 

Reportedd vaccine coverage levels for the third dose 
off  pertussis vaccine (DPT3) measured between 12 
andd 24 months of age varied dramatically over time 
andd between country (Figs 1 and 2, Table 2). High 
(>90%)) coverage levels have been maintained for 
moree than 20 years in Finland, The Netherlands, 
Francee and East Germany until reunification in 1990 
(Tablee 2). 

Inn West Germany and England & Wales, coverage 
levelss dropped substantially during the 1970s and 
1980ss [32] (Fig. 2). The programme was ceased in 
Westt Germany in 1975 and only recommenced fol-
lowingg reunification in 1990. Coverage levels in the 

Unitedd Kingdom recovered steadily during the 1990s 
too reach 94% by 1995, the year of the serosurvey. In 
Italy,, reported coverage was low with considerable 
regionall  variation in uptake (8-71% in 1991), but 
withh a recent increase of up to 88% by 1996 [33]. 

Reportedd incidence of pertussis 

Thee inter-epidemic period and the age distribution of 
casess each epidemic year are outlined in Table 2. 
Finland,, France and Italy had epidemic years in the 
122 months before the survey was conducted, unlike 
Thee Netherlands or United Kingdom. No recent dis-
easee surveillance data was available from united 
Germany. . 

Inn two of the four historically high-coverage 
countriess (Finland and the former East Germany), 
duringg the 1970s and early 1980s, a long inter-
epidemicc period was observed (up to 10 years) 
(Tablee 2). During the 1990s, regular epidemics were 
observedd in France, Finland and The Netherlands at 
4—55 yearly intervals. In Finland nearly 60% of 
reportedd cases were older than 10 years of age, as were 
244 % of reported cases in The Netherlands. 

Inn the two historically low-coverage countries 
(Englandd & Wales, Italy) for which surveillance data 
iss available, the inter-epidemic period remained at 4-5 
yearlyy intervals over the past three decades. In both 
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Thee Netherlands Eastt Germany 

Agee group (years) 

Finland d 

100 0 

«0 0 

60 0 

41) ) 

20 0 
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Fig.. 1. Age-specific distribution of PT high IgG titrcs and historical reported DTP3 coverage in four high coverage ESEN 
countries.. D, >125 units/ml; B, 62 5 125 units/ml;-»-, vaccinated. 

countries,, the proportion of cases older than 10 years 
off  age increased from 6-9% in the period from 1970 
too the 1980s to > 14% in the 1990s. 

PTT antibody levels post-vaccination 

Inn infancy, 4-6 weeks after the primary course of the 
twoo whole-cell and all three acellular vaccines, the 
standardizedd geometric mean titres (GMTs) were 
welll  below the 125 ESEN units/ml cut-off (Table 3). 
However,, for the whole-cell and the acellular vaccines 
producedd by Aventis-Pasteur, the estimated pro-
portionn of vaccinees with GMTs above 125 units/ml 
wass 26% and 11 % respectively. Twelve to eighteen 
monthss after vaccination, the proportion of vaccinees 
estimatedd to have titres > 125 units/ml had declined 
too > 2% for all four vaccines examined. 

Att age 4-5 years, 4 6 weeks after a booster dose of 
thee Wellcome whole-cell vaccine, the estimated pro-
portionn of vaccinees with titres above 125 units/ml 
wass 1 %. For the four acellular vaccines, the estimated 
proportionn of vaccinees with high-titre antibody 

levelss ranged from 4 % (Wyeth-Lederle) to over 30 % 
(Chironn Biocine). 

Prevalencee of anti-PT titre by age 

Figuress 1 and 2 show the distribution of anti-PT titres 
byy age group, together with the reported DPT3 
coveragee and the vaccine exposure of each age cohort 
inn the 12 months prior to the serosurvey. Several 
pointss can be noted: first, high titres of anti-PT anti-
bodyy (both >62-5and > 125 units/ml)(Figs 1 3)were 
foundd in all age groups and in each country. 

Second,, the three countries using high-titre-
producingg vaccines (Chiron acellular vaccine or 
Aventis-Pasteurr whole-cell vaccine) in their primary 
schedulee had a significantly higher proportion of 
high-litree sera (125 units/ml) in infants (Italy, 11-5%; 
Westt Germany, 13-3%; East Germany, 4%; France, 
4-3%)) compared to the two high-coverage countries 
usingg other whole-cell vaccines (reference Italy): The 
Netherlandss (0-5%, P<0-001), Finland (0%, ƒ> = 
0007). . 
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Englandd & Wales 

OO V) o 
—— -H CS IN 

Agee group (years) 

Westt Germany 

22 5 5 * 

Agee group (years) 

Fig.. 2. Age-specific distribution of PT high IgG titres and 
historicall  reported DTP3 coverage in three low coverage 
ESENN countries. Q. > 125 units/ml; B, 62.5—125 units/ml; 
-*- ,, vaccinated. 

Third,, children and adolescents (<20 years of age) 

weree more likely to have high anti-PT litres lhan 

adults.. The standardized relative prevalence of high-

titree sera in each country for those <20 years old 

comparedd to those > 20 years was 1-4 for The 

Netherlands.. 1-5 for Finland, 1-7 for East Germany, 

2-33 for France, 30 for West Germany, 50 for United 

Kingdomm and 6-5 for Italy. 

Fourth,, the age-standardized proportion of high-

titree sera occurring in age groups older than 10 years 

wass higher in high-coverage countries compared to 
low.. Thus, Finland (92 % of all high-titre sera), The 
Netherlandss (89 % ), France (84%) and East Germany 
(72%)) were higher than United Kingdom (65%), 
Westt Germany (60%) and Italy (55%). 

Fifth,, the prevalence of high-titre sera was higher in 
adolescentss (10-19 years) compared to children (3-9 
years)) in the high-coverage countries. Thus in Finland 
(711 % in adolescents vs. 2-4% in children, ,P<0001), 
Francee ( 4 8% vs. 1-3%, /><0001), The Netherlands 
(1-7%% v*. 0-9%, P=Q09). East Germany (5-8% vs. 
2-7%,, Fisher's exact P = 0-4). The reverse trend was 
observedd in the low-coverage countries: England & 
Waless (2-6% in adolescents vs. 3-2% in children, 
PP = 0-54). West Germany (3 % vs. 4-8 %, P = 0 0 9) and 
Italyy (5-7% vs. 8-8%, P = 002). 

Finally,, there were a significantly larger proportion 
off  high-titre sera in the age-standardized total popu-
lationn in those countries undertaking serosurveys in 
thee 12 months following an epidemic year compared 
too those countries with no recent epidemic. The stan-
dardizedd prevalence of high-titre sera in countries 
withh recent epidemics was 2-1 % in France, 3-2% in 
Italyy and 3-4% in Finland compared to 0-9% in the 
non-epidemicc Netherlands and 1-2% in the United 
Kingdom.. No surveillance data was available from 
Germanyy to determine the epidemic year. 

D I S C U S S I ON N 

Thiss article is the first to compare the seroepidemi-
ologyy of pertussis infection in several European 
countries.. The approach outlined allows the quantifi-
cationn and comparison of the extent of pertussis 
infectionn in a variety of populations with very differ-
entt historical exposure to both vaccine and infection. 
Thee results show that overall there are significant le-
velss of high titres of anti-PT antibody in all age 
groupss in all the study populations, but with evidence 
off  both age- and country-specific differences. By col-
latingg data on coverage levels, vaccine types and 
schedules,, a better understanding of the reasons be-
hindd these inter- and intra-country differences can be 
developed. . 

Onee of the main objectives of thee ESEN project was 
too standardize the methodology for serum bank col-
lectionn and testing [34]. Each country continued to use 
theirr usual ELISA method to detect PT antibody, 
whichh have been shown to differ in several aspects 
resultingg in potential problems of comparison [26). 
Thee distribution and testing of a reference panel of 
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Tablee 2, Vaccination programme performance, inter-epidemic period by decade and % of reported cases > 10 years 
ofof age in six ESEN countries 

Meann primary 
DPT3**  coverage 
byy decade 

1970-1979 9 
1980-1989 9 
1990-1999 9 

Inter-epidemicc period 
andd % of cases 
>> 10 years old 
1970-1979 9 
1980-1989 9 
1990-1999 9 

Groupp 1: 

Finland d 

n.a. . 
- 9 9% % 

99% % 

High-coverage e 

>10yr(n.a.) ) 
77 yr (n.a.) 
4-55 yi (59%) ) 

France e 

n.a. . 
- 8 5% % 

95% % 

4yr r 
44 yr 
4yr r 

countries s 

'n.a a 
[n.a a 
(n.a a 

East t 
Germany y 

- 9 5% % 
- 9 5% % 

85% % 

.)) 4 yr (n.a. 

.)) >IOyr(n.a. 

.)) n.a. 

The e 
Netherlands s 

96% % 
97% % 
97% % 

)n.a. . 
)n.a. . 

4yr r (24%) ) 

Groupp 2: Low-coverage countries 

England d 
&&  Wales 

59% % 
62% % 
92% % 

4yr (8%) ) 
4yr (8%) ) 
5yr (18% % 

West West 
Germanyy Italy 

n.a. . 
0% % 

85% % 

n.a. . 
n.a. . 
n.a. . 

16% % 
22% % 
53% % 

4yr (9%) ) 
4yr (6%) ) 
4yr(14%) ) 

**  Mean reported coverage of three doses of diphtheria-tetanus-pertussis (DPT) vaccine by 12-24 months of age. 
n.a.,, Not available. 

Tablee 3. Post-vaccination PT IgG litres in ESEN units* for a variety ofacelluiar and whole-cell vaccines and 
estimatedestimated proportion of vaccines with PT IgG litres >125 ESEN units (adapted from Miller et ai, Belt et at. 
[24,[24, 28 30]). 

Typee of 
vaccine e 

Wholee cell 
Wholee cell 
Wholee cell 
Acellular r 

Acellular r 
Acellular r 
Acellular r 
Acellular r 
Acellular r 

Manufacturer r 

Wellcome e 
Pasteur-Merieux x 
Wellcome e 
Pasteur-Merieuxx (now 
Avenn Us-Pasteur) 

Connaught t 
Lederle e 
SmithKlinee Beech am 
Chironn Biocine 
Wyeth-Lederle e 

Primary y 

Age e 
(mo.) ) 

2 ,3,4 4 
2,3,4 4 
3,5,9 9 
2,3,4 4 

2,3,4 4 
3,5,9 9 
2,, 3, 4 
2,3,4 4 
2 ,3 ,4 4 

course e 

PTT GMT after 
4-66 weeks 
(estimatedd % 
>> 125 units) 

0-88 (0-9%) [28] 
35-44 (261%) [29] 

33-99 (11 %) [28] 

25-00 (1-8%) [28] 
3-9(1-7%)) [28] 

PTT GMT after 
12-188 mo. 
(estimatedd % 
>> 125 units) 

0-33 (0%) [28] 

— — 
211 (0-3%) [28] 

0-7(0%)) [28] 
0-22 (1-6%) [28] 

Booster r 

Age e 
(yr) ) 

4-5 5 
4-5 5 

4-5 5 
4-5 5 
4-5 5 

course e 

PTGMT T 
afterr 4-6 weeks 
(estimatedd % 
>1255 units) 

51(1%)) [30] 
28-1(10-3%)) [24] 

20-99 (8-8%) [24] 
83-88 (36-7%) [24] 
11-11 (4-3%) [24] 

**  All assay results measured in arbitrary units by the Centre for Applied Microbiology and Research (CAMR). These were 
convertedd to ESEN units. 

seraa allowed a process of statistical standardization 
intoo a common unitage. As outlined earlier, standard-
izationn was noted to be problematical for two part-
nerss (The Netherlands, Germany). This suggests that 
thee levels of high titre presented in this paper may 
representt an underestimate of the true situation for 
thesee two countries and these results should be inter-
pretedd cautiously [26]. Bearing in mind these caveats. 

onn interpreting the data in relation to other data 
sources,, observed differences in the age-specific distri-
butionn of titres do seem to represent real epidemi-
ologicall  differences. 

AA high titre of anti-PT IgG antibody (> 125 ESEN 
units/ml)) may be due to either recent infection and/or 
exposuree to a specific vaccine. The standardized 
resultss from the clinical trials of a variety of acellular 
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Fig.. 3. Age-specific distribution of PT IgG high titres (> 125 
ESENN units) in (a) four high-coverage and (b) three low-
coveragee ESEN countries. 

andd whole-cell vaccines showed that in all cases 12-18 
monthss after the primary course (and in 3 out of 
55 vaccines at the peak anti-PT antibody response by 
4-66 weeks), the estimated proportion of vaccinees 
withh titres > 125 units/ml was <2%. Between4and 6 
weekss after a booster dose of the whole-cell vaccine 
att 4-5 years of age, the estimated proportion of vac-
cineess with titres > 125 units was 1%, but much 
higherr for all four examined acellular vaccines. It 
seemss probable that the proportion with titres above 
1255 units/ml will have declined to very low levels after 
1-22 years. Several countries had a booster dose in the 
routinee immunization programme in the second year 
off  life at the time of the serosurvey, but none had a 
furtherr booster dose for older age groups (the ado-
lescentt acellular booster in France only had an esti-
matedd coverage of only 3 %). Thus the observation of 
high-litree sera in age cohorts older than 2 years can be 
consideredd with high probability to indicate infection 
withh pertussis in the previous 12 months. As demon-
stratedd by de Melker, a significant proportion of these 
individualss will have had mild or asymptomatic 
infectionn compared to classical clinical symptoms of 

pertussiss [25]. For those under 2 years the situation 
iss more complex, particularly in the case of those 
countriess delivering acellular vaccines known to lead 
too high anti-PT titres (France, Germany, Italy). High-
titree sera in these age groups could thus represent 
eitherr recent infection or vaccination. 

Thee observation that high-titre sera are more likely 
inn older age groups in those countries with a history of 
highh immunization coverage compared to low cover-
agee correlates with the age distribution of clinical 
casess reported by the routine surveillance systems. 
Thiss suggests that a more sensitive surveillance system 
duee to improved diagnostic tools does not provide the 
solee explanation for the recent observed increase in 
reportedd pertussis cases in adolescents and adults in 
highlyy vaccinated populations. Rather this represents 
aa real epidemiological observation, reflecting partly a 
reductionn in transmission due to increasing vaccine 
coveragee of age cohorts and partly waning immunity. 

Indeed,, the finding of widespread circulation of 
pertussiss in the various populations has several ex-
planations.. One is a failure to achieve adequate levels 
off  coverage with the primary schedule, while others 
aree primary vaccine failure (PVF) and secondary 
vaccinee failure (SVF). 

Rolee of low coverage 

Italyy and Germany had the highest proportion in the 
0-22 years age group with high-titre sera compared to 
thee other countries. Both countries had just intro-
ducedd acellular vaccines into their routine program-
mes,, some of which produce a high anti-PT litre 
complicatingg the seroprofile interpretation. It is thus 
impossiblee to disentangle the proportion of high-titre 
seraa due to recent infection and the proportion due to 
recentt vaccination in this age group. However, older 
childrenn were more likely to have high-titre sera 
comparedd to adolescents, which corresponds to the 
observedd age distribution of cases in low-coverage 
countries.. This suggests that the priority in these 
countriess should be to strengthen delivery of the pri-
maryy vaccination programme, rather than introduce 
additionall  booster doses. 

Rolee of PVF 

Ongoingg circulation in highly vaccinated populations 
cann occur due to vaccine failure - which may be pri-
maryy or secondary. PVF represents a failure of initial 
seroconversion.. Factors of relevance for pertussis 
vaccinee PVF include the type of vaccine, the number 
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off  doses (with three doses more immunogenic than 
two)) and age at vaccination [35]. It is possible to 
comparee the impact of accelerated and non-
acceleratedd programmes. Both Finland and The 
Netherlandss had achieved very high historical vacci-
nationn coverage levels with a non-accelerated whole-
celll  primary vaccine programme and a booster dose 
forr < 2-year-olds. Both had the lowest observed pro-
portionn of high-titre sera in < 2-year-olds compared 
too other countries. The protection imparted by the 
non-acceleratedd programme in The Netherlands is 
difficul tt  to evaluate, as an epidemic occurred after the 
serosurveyy was completed, however, the serosurvey 
wass conducted in Finland following an epidemic year 
andd minimal high-titre sera were evident in those 
<22 years of age. Two counties had an accelerated 
programmee (United Kingdom, France). In France, 
high-titree sera were observed in infants, however as 
outlinedd a proportion may be vaccine-induced. In the 
Unitedd Kingdom, although the serosurvey took place 
afterr a prolonged non-epidemic period, high-titre sera 
(2%)) were observed in those 1-2 years of age, with no 
dataa available for those under 12 months old. This 
suggestss thai an accelerated programme may be less 
effectivee than a non-accelerated programme (due 
perhapss to a higher PVF rate). Comparisons of the 
impactt of accelerated and non-accelerated primary 
scheduless need to be further explored. 

RoieofSVF F 

SVFF represents waning immunity after initial docu-
mentedd seroconversion and could explain the recent 
observationss of a resurgence of pertussis in the highly 
vaccinatedd populations of The Netherlands and 
Finland.. Indeed our study confirms published evi-
dencee that vaccinated persons become increasingly 
susceptiblee to infection 5-10 years following vacci-
nationn [17, 36]. In Finland there has been high vaccine 
coveragee with whole-cell vaccine for over 20 years, 
withh a large reduction in reported incidence, and 
decreasedd opportunity for natural boosting. Our 
studyy demonstrates that a large proportion of teen-
agerss and adults in Finland were recently infected 
withh pertussis; an observation matched by the clinical 
surveillancee system. Similar observations were also 
seenn in France and East Germany - other countries 
thatt have had high pertussis vaccine coverage for 
severall  decades. 

Inn the highly vaccinated Netherlands, although the 
majorityy of high-titre sera occurred in those older 

thann 10 years of age, the extent of observed circu-
lationn of pertussis in the population was considerably 
lesss than in Finland. The observed high-titre sero-
profilee represents the circulation of pertussis in only 
thee previous 12 months, rather than the susceptibility 
off  the population. The population immunity was 
presumablyy low, as a large pertussis outbreak did 
occurr in The Netherlands in the months after the 
serosurveyy was completed, with high attack rates 
particularlyy in infants [2]. One explanation proposed 
forr the outbreak was the emergence of antigenic 
changess in circulating strains [2, 3], such that protec-
tionn induced by the Dutch whole-cell vaccine was 
reduced.. Alternatively, anti-PT antibody levels have 
recentlyy been shown to correlate with partial protec-
tionn against clinically typical pertussis infection [37, 
38].. Indeed, the serosurvey demonstrates that the 
highestt proportion of those < 2 years of age sero-
negativee for anti-PT amongst all countries was in The 
Netherlands,, suggesting reduced protection against 
clinicallyy typical infection in the Dutch population. 
Variationn in vaccine effectiveness for locally produced 
vacciness (particularly whole-cell vaccine) has been 
reportedd [39-41], 

Thee present study also provides evidence of waning 
protectionn after natural infection, as all countries 
showedd evidence of recent infection in those older 
thann 40 years of age; a group most likely to have 
acquiredd natural immunity during childhood. This 
observationn agrees with previous studies in non-
vaccinatedd populations, suggesting that adults can be 
susceptiblee to symptomatic re-infection approxi-
matelyy 20 years after the first pertussis episode [13]. 

Burdenn of infection and role in transmission 

Wee are unable to determine the clinical severity of 
thesee infections in this study. From a disease burden 
perspective,, recent studies find that the majority of 
casess of adult infection result in mildly symptomatic 
diseasee [25], However, infection in adults has been 
suggestedd to be of relevance in terms of transmission 
too younger age groups [42], particularly in areas with 
highh vaccine coverage [21]. We were unable to esti-
matee from this study the contribution of older in-
dividualss with high titre to disease transmission. 
However,, we did find that although all high-coverage 
countriess had evidence of adult and adolescent infec-
tion,, in only one country (France) was a high pro-
portionn of high-titre sera found in infancy (and a large 
proportionn of this may be due to the immunogenic 
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vaccine).. Further comparative work, for example with 
hospitalizationn data, needs to be undertaken to better 
describee the burden of disease in infancy over time 
andd the rote of adults and adolescents in disease 
transmission. . 

Recentt  programmatic changes 

Duee to concerns about the reappearance of pertussis, 
programmee changes have been implemented in many 
off  the countries since the serosurveys were completed. 
Too provide direct protection to infants at a younger 
agee and narrow the window of risk, The Netherlands 
{i nn addition to France and the United Kingdom) 
introducedd an accelerated schedule in 1999. In an at-
temptt to tackle the perceived role of older children 
andd adolescents in transmission of pertussis to younger 
agee groups, several countries have introduced acellular 
boosterr doses for older age groups: four at pre-
schooll  age (Finland, Italy, The Netherlands, United 
Kingdom)) and in adolescents in Germany. The 
methodologyy used in this paper will be a useful tool to 
comparee the impact of these alternative vaccination 
strategiess on pertussis circulation in the population. 

Inn conclusion, this study demonstrates a novel 
approachh to explore the epidemiology of pertussis 
infectionn and to evaluate the impact of a variety of 
interventions.. The study found evidence of significant 
circulationn of pertussis in all age groups in a wide 
selectionn of populations (from poorly to highly 

vaccinated).. There were large differences in the 
apparentt effectiveness of national programmes with 
evidencee of more circulation in older age groups in 
highlyy vaccinated populations. Programme effective-
nesss in higher coverage countries seems to be depen-
dentt on several factors including type of vaccine used, 
agee of first vaccination and the presence of booster 
doses.. It is unclear what will be the impact of the 
introductionn of booster doses in older groups on 
transmissionn to younger at-risk age groups. These 
interventionss will need to be evaluated closely and 
comparedd carefully with strategies that attempt to 
providee direct protection to the highest risk popu-
lationn • the young infant. 
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APPENDIX .. Number  of sera tested per  country, year  of testing and % of sera >125 units 

Age e 
(years) ) 

<1 1 
<2 2 
<3 3 

3-9 9 
10-14 4 
15-19 9 
20-24 4 
25-34 4 
35-44 4 
45-<S4 4 
65+ + 

Finland d 
1996 6 

No. . 
of f 
sera a 

100 0 
100 0 
81 1 

674 4 
497 7 
471 1 
200 0 
400 0 
352 2 
388 8 
ff IS 

% % 
>125 5 
units s 

0 0 
0 0 
1-2 2 
2-4 4 
6-4 4 
7-9 9 
4 4 
3-3 3 
2 2 
3-3 3 
2-5 5 

France e 
1998 8 

No. . 
of f 
sera a 

70 0 
86 6 
88 8 

600 0 
386 6 
469 9 
265 5 
403 3 
312 2 
494 4 
279 9 

% % 
>125 5 
units s 

4-3 3 
1-2 2 
8 8 
1-3 3 
6-5 5 
3-4 4 
4-2 2 
1-7 7 
1-6 6 
1 1 
0-7 7 

West West 
Germany y 
1995 5 

No. . 
of f 
sera a 

45 5 
56 6 
58 8 

587 7 
396 6 
428 8 
201 1 
380 0 
286 6 
346 6 
156 6 

% % 
>125 5 
units s 

13-3 3 
21 1 
8-6 6 
4-8 8 
2-5 5 
3-5 5 
5 5 
2-9 9 
2-4 4 
0-3 3 
0-6 6 

East t 
Germany y 
1995 5 

No. . 
of f 
sera a 

50 0 
50 0 
31 1 

111 1 
103 3 
69 9 
42 2 
42 2 
19 9 
17 7 
2 2 

% % 
>> 125 
units s 

4 4 
10 0 
0 0 
2-7 7 
2-9 9 

101 1 
4-8 8 
0 0 
0 0 
0 0 
0 0 

Italy y 
1996 6 

No. . 
of f 
sera a 

78 8 
89 9 
89 9 

628 8 
476 6 
509 9 
243 3 
367 7 
302 2 
399 9 
96 6 

% % 
>125 5 
units s 

11-5 5 
19-1 1 
101 1 
8-8 8 
6-5 5 
51 1 
3-7 7 
1-1 1 
0-7 7 
0-5 5 
21 1 

The e 
Netherlands s 
1995 5 

No. . 
of f 
sera a 

202 2 
192 2 
158 8 
921 1 
578 8 
453 3 
339 9 
810 0 
981 1 

2009 9 
1112 2 

% % 
>125 5 
units s 

0-5 5 
0 0 
0 0 
0 9 9 
2-4 4 
0-9 9 
1-2 2 
1-2 2 
0-5 5 
0-8 8 
0-5 5 

England d 
&& Wales 
1996 6 

No. . 
of f 
sera a 

0 0 
90 0 
87 7 

682 2 
449 9 
155 5 
27 7 

239 9 
360 0 
358 8 
192 2 

% % 
>125 5 
units s 

2-2 2 
2-3 3 
3-2 2 
2-7 7 
2-6 6 
0 0 
0-4 4 
0-6 6 
0-3 3 
1-6 6 
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Objectives:: To describe the seraepicfemiology of herpes simplex virus (HSV) types 1 and 2 in the general 
populationss of eight European countries to better understand recent reported changes in disease 

Methodss Belgium, Bulgaria, Czech Republic, England and Wales, Finland, Germany, Netherlands, and 
Sloveniaa cerauded notional cross sedionol serological surveys for HSV-1 and HSV-2 between 1989 and 
2000.. Survey sizes ranged from 3000 to 7166 sera. External quality control was ensured through 
referencee panel testing. 
Resufcs:: Large intercountry and intracourdiy differences in HSV-1 and HSV-2 seroprevalence were 
observed.. Age standardised HSV-1 seroprevalence ranged from 52% in Finland, to 57% in the 
Netherlands,, 67% in Belgium, 8 1 % in Czech Republic, and 84% in Bulgaria. Age standardised 
| > 1 22 yean) HSV-2 seroprevalence ranged from 24% in Bulgaria, to 14% in Germany, 13% in Finland, 
11%% in Belgium, 9% in Netherlands, 6% in Czech Republic, and 4% in England and Wales. In o l countries, 
probabilityy of seropositivity for both infections increased with age. A large proportion of teenagers and 
youngg adults remain HSV-1 susceptible particularly in northern Euiope. Women were significantly more 
likelyy to be HSV-2 seropositive in six of seven (p<0.05) countries and HSV-1 seropositive in four or seven 
(p<0.05)) countries, particularly in northern Europe. No significant evidence of a protective role of HSV-1 
forr HSV-2 infection was found adjusting for age and sex (p<0.05). 

Conclusions:: There is large variation in the seroepidemiology of HSV-1 and HSV-2 aero» Europe. The 
observationn that a significant proportion of adolescents are now HSV-1 susceptible may have implications 
forr transmission and dirtical presentation of HSV-1 and HSV-2. 

H erpess simplex virus types 1 and 2 (HSV-1 and HSV-2) 
arcc among the commonest human viral infections.' 
Transmissionn is usually through intimate contact, with 

HSV-22 transmitted predominantly sexually and HSV-1 
mainlyy horizontal in childhood.1 Exposure to HSV before or 
duringg birt h through primar y infection or  reactivation can 
resultt  in severe systemic neonatal infection.'  * 

HSV-22 is of public health importance as one of the 
commonestt  causes of genital ulceration worldwide and 
implicatedd as an important co-factor  for  HIV infection.' 
HSV-11 was associated predominantly with orolabial ulcera-
tion;;  however, recent changes in HSV-1 and HSV-2 epide-
miologyy have been reported, with aa increase in genital*"" 1 

andd neonatal herpes particularl y caused by HSV-1.'*-" 
However,, routine surveillance is hindered as many of those 
infectedd remain asymptomatic or  fail to present to health 
services.''  The recent commercial development of type specific 
enzymee immunoassays (ELISA) that reliably distinguish 
betweenn antibodies to HSV-1 and HSV-2, enable serological 
studiess which can measure both symptomatic and asympto-
maticc infection. Subsequently, a small number  of population 
basedd seroprevalence studies have been reported' ,MP; some 
documentt  recent changes in the seroepidemiology of HSV-1 
andd HSV-2, with an increase in HSV-2 seroprevalence in 
somee countries' "  "  "  and a decline in others."  A decline in 
HSV-11 infection in childhood has been reported,"  with an 
increasingg proportion of adolescents susceptible. However, 
somee suggest these differences arc the result of methodolo-
gicall  variations.1* 

Withh several HSV candidate vaccines in clinical tria l and 
antivira ll  therapy available,1'  a clear  understanding of the 
epidemiologyy of HSV in different populations is required to 
developp the most appropriate prevention and control strate-
gics.. The aim of this study was to describe seroepidemiology 
off  HSV-1 and HSV-2 in the general populations of a variety of 
Europeann countries using comparable methodology. 

METHODS S 
Nationall  cross sectional seroprevalence surveys for  HSV-1 
andd HSV-2 were undertaken in eight European countries: 
Belgium,, Bulgaria, Czech Republic, England and Wales, 
Finland,, Germany, Netherlands, and Slovenia. The England 
andd Wales data have previously been reported." 

Collect ionn of serum banks 
Samplee size calculations by age group and sex were based on 
estimatedd antibody prevalence. For  HSV-1, interest focused 
primaril yy on younger  age groups, where the majorit y of 
transmissionn occurs. The total number  needed was estimated 
too be 4000 age stratified sera per  country (200 sera per  2 year 
agee strata from age 1-24 years and 200 sera per  5 year  age 
strataa from age 25-65 years with equal numbers in each 
stratumm by sex). With these sample sizes, differences of 15% 
too 20% between age and sex subgroups in different 
populationss should be demonstrated. 

Abbreviations:: CDSC, Communicable Disease Surveillance Centre; 
EUSA,, enzyme linked immunosorbent assays; HSV, herpes simplex virus 
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Samplingg aimed to provide an est imate of immunity in the 
generall  population at a national level and was undertaken 
eitherr by population based random sampling {four countries) 
orr through unlinked, anonymous, residual sera submitted to 
laboratoriess for routine diagnostic purposes (four countries) 
{tablee 1). Details of the collection of these serological surveys 
havee been previously reported." ^2T In brief, samples were 
obtainedd from a variety of geographical locations stratified by 
agee and sex within each country to provide a reasonably 
representativee estimate of the general population experience. 
Eachh specimen had a unique identifier plus sex and age in 
completedd years, the year the specimen was collected. The 
solee exclusion criterion was sera collected from individuals 
wit hh known immune deficiencies. Sera were stored at less 
thann - 2 0 ^ until tested. 

I nn Belgium, the serum bank was residual sera from private 
andd hospital laboratories in Flanders (five of 10 Belgian 
provinces—thatt is, 57% of the Belgian population). For the 
hospitall  samples, sera were from children and adults 
admit tedd to general surgery, traumatology, orthopaedic, and 
emergencyy units. For the private laboratories, samples were 
takenn for screening or insurance purposes." In Slovenia, the 
serumm bank was from the national, unlinked, anonymous 
HIVV prevalence survey in pregnant women.2' In Finland, the 
serumm bank was residual sera submitted from primary and 
secondaryy care to the two main microbiology laboratories in 
thee country. In Bulgaria, the senim samples were from a 
populat ionn based survey in healthy children attending 
daycaree centres or kindergartens; schoolchildren and stu-
dentss in colleges and universities, and working adults.26 In 
thee Czech Republic, in a population based survey, 10 districts 
weree selected at random from all 80 districts with 750 
sampless per district obtained across all age groups (males and 
femaless equally). From each district, 20 paediatricians or 
generall  practitioners were selected at random to identify 
individualss of varying ages of either sex. Individuals wi t h 
knownn infection, antibiotic treatment, or immunodeficiency 
weree excluded " . 

Thee total number of sera collected by each country ranged 
fromm 3000 to 7166. Collection took place between 1989 and 
20000 (table 1). 

Validationn and standardisation of laboratory methods 
Too validate main serum bank testing, the Central Public 
Healthh Laboratory (CPHL), London, United Kingdom, created 
andd distributed a panel of reference sera to each laboratory. 
Thee panel had been previously tested wi t h an in-house 
referencee HSV type specific blocking assay.x The panel 

consistedd of 88 sera including HSV-1 and HSV-2 negative, 
equivocal,, and positive specimens. Panel testing was under-
takenn before and during main serum bank testing. Al l testing 
wass undertaken blindly. Qualitative and quantitative results 
off  reference panel testing were returned to CPHL. 

Al ll  primary testing of reference panels was undertaken 
usingg the commercial indirect HSV-1 (gGl) and HSV-2 (gG2) 
antibodyy assay, HerpcsSelect {Focus Technologies, Cypress, 
CA,, USA). The assays have previously been shown to be 
sensitivee and specific," and approved by the US Food and 
Drugg Administration (FDA). Assay kits from one manufac-
turingg batch were bulk purchased and distributed by CPHL to 
alll  laboratories for tesdng the main serum banks and the 
referencee panel. 

Al ll  laboratories met kit validation criteria testing the 
referencee panel, achieving >90% specificity and sensitivity 
forr both rounds compared to the consensus results for all 
laboratoriess and the reference assay results.'0 

Mainn serosurvey testing strategy 
Primaryy testing of specimens from national scrosurvcys was 
conductedd in the seven national laboratories (excluding 
Englandd and Wales) with the kits as described. England 
andd Wales tested with the in-house type specific binding 
ELISAA assay.1*  Sera from children <12 years were tested only 
wit hh die Focus HSV-1 antibody assay, and sera from 
s*I22 year olds were tested with both the Focus HSV-1 and 
HSV-22 assays. All equivocal sera (for HSV-1 or HSV-2) and a 
randomm 5% sample of double (HSV-1 and HSV-2) negative 
seraa from each main scrum bank, were retested at CPHL 
usingg the in-house type specific binding ELISA assay." •* In 
total,, 1272 {range 12-396 per country) equivocal and 76 
(rangee 0-22 per country) double negative sera were retested. 

Statisticall analysis 
Dataa entry and analysis were undertaken using Microsoft 
Excell (version 9.0), Epi-Info 6.04, and Stata 6.0 software. 
Recordss of sera with missing variables were excluded. 
Remainingg equivocals were reclassified as negative. For 
intercountryy comparisons across age classes, direct standar
disationn was undertaken using the European standard 
population.. For further intercountry comparison, the median 
agee of acquisition was calculated for HSV-1 (age group at 
whichh 50% of population were HSV-1 seropositive). 

Withinn each country, univariable logistic regression was 
usedd to investigate the unadjusted effects of age group {0-4, 
5-9,, 10-14, 15-19, 20-24, 25-29, 30-34, 35-39, 40+) and sex 
onn HSV-1 and HSV-2 status. The relation between HSV-I and 

Tablee 1 ionall serum surveys for eight participating countries: 

totall Ag* oSirnbuiion of s«ro 
numberr of — — — • 

V,.. :-.'.:'/ 

Veoroff : 
ooiJedton n collectedd ',0-9 ]MKS 10-19 ywifi 

••-- ' — — — — — ; —— /'[Sert sex:
 «SsHbuSpfi: SowPpftof. 

;; 20-39 years > 3  years) * - ;-- :- :-J .• sera 

9888 (25%) 988 [25%) 49] %:SQ.9% ReskW iero " M a f W ^ o P • 
Ï25ÖÖ 13?W *?.7%:5&3% Population DOMSO* Gctfdwa «t of* ; 

Bariumm 1SW-2Q06; 

Bulgcwóó t99? 
GvxhGvxh 1989 
Republic c 
Finlandd 1997-8 
Germon// 19.97 
Netherlandss 1994 

Slwer.it.. V993 

l a n dd .1994 

38922 909123%) 1007(24%) 
3200:•':/:: 450(14%) 486(15%) 
40000 902(23%) 1060(27*1 

33444 7 7 9 R 3 * ! 7*7.(24*1 -
37922 0(0%) 244 (6%| 
716** 1212(17%) 979(14%1 

30000 • OtOSÏ 444122») 
-lOQjieora}} flÓï-19 years) 

49488 1000(20*) 1000 P W 

10WW [32%) 
,, 1037:(24%| Kónn based Kriz et a f 

8700 (26*1 
1471(4.1*) ) 

'15622 (22*) 

2336(78*, , 
20r>ëori) ) 
1842(37*) ) 

1ÖOO(Ï5*)) 4?,9*t50,l% 

900(27%)) : 53 4%r46.6% Residual sera NA • 
1977152%):: 50.3%:4?.7% Population bosedt Thefelderof" 
3413148%)) 47 .4 * 52.o* .Population based De Melker 
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HSV-22 was also investigated In an unadjusted analysis. 
Countryy specific multivariabl e logistic regression was used to 
estimatee the effect of sex adjusted for  age group on HSV-l 
andd HSV-2 status and also to examine the interaction 
betweenn age and sex. The relation between HSV-l and 
HSV-22 was also investigated after  adjusting for  age and sex in 
eachh country. Significance was taken at the 5% level. 

RESULTS S 
HSV-22 «eroprevalence 
Fourr  key points were noted. Firstly , HSV-2 seropositivity was 
widelyy distributed across the general populations »\2 years 
off  age in the various countries by age group and sex (fig I) . 

Secondly,, large intercountry differences in the scroepide» 
iniologyy of HSV-2 were seen (fig 1); with the highest age 
standardisedd scroprevalencc in Bulgaria (23.9%) and the 
lowestt  in England and Wales (4.2%) (in > 14 year  otds). 
Germanyy (13.9%) (in >18year  olds). Finland (13.4%), 
Belgiumm (U.1%), Netherlands (8.8%), and the Czech 
Republicc (6.0%) fell between. 

Thirdly ,, women generally had a higher  seroprevaience 
(andd thus earlier  age of acquisition) than men (fig 1). In six 

off  seven countries, (with the exception of the Czech 
Republic),, women were significantly more likely to bc HSV-
22 seropositive compared to males after  adjusting for  age 
groupp (table 2). 

Finally,, from adolescence onwards an increasing propor-
tionn in each country was HSV-2 seropositive with increasing 
age,, with a decline in the older  age groups in some countries 
(figg 1). Indeed, in the multivariabl e analysis for  each country, 
almostt  all age groups were significantly more likely to be 
HSV-22 seropositive compared to the youngest (tabic 2, data 
nott  shown) adjusted for  sex. 

HSV-ll seroprevaience 
AA further  four  key issues were highlighted. Firstly, large 
differencess in HSV-l seroprevaience were observed in the 
generall  populations of the participatin g countries across age 
groupp and sex (fig 2). The highest age standardised HSV-l 
seroprevaiencee in each country was observed in Bulgaria 
(83.9%)) and the Czech Republic (80.6%); the lowest in 
Finlandd (52.4%). The Netherlands (56.7%) and Belgium 
(67.4%)) fell between. 

Englandd and Wales Figuree I Age and sex specific HSV-2 
teroprevalencee in eight European 
counlrimm with 95% Q. 
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Tablee 2 Odd* ratioss for HSV-2 seroposifivity 
(F:MOR;; adjusted-for age group, 95% O) in 
sevenn European 

Ccmkr Ccmkr 

Seigiumm . 

Czedii Republic 

Netherlands s 

:: fir&wd 

Sulgana a 

: .. <3*nflany 

Unitedd Kingdom 

countries s 

* KK -

1.59(1.244 to 2.04) 
p<0.000 0 
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Secondly,, in all countries, a steady increase in the 
proportionn HSV-1 seropositive occurred with age group 
(figg 2). in multivariable analysis for each country, almost 
alll  age groups were significantly more likely to be HSV-l 
seropositivee compared to the youngest, adjusting for sex 
(tablee 3; data not shown). Furthermore, marked intercountry 
variationn in the median age of HSV-1 acquisition was 
observedd (table 4): ranging from 5-9 years in Bulgaria and 
thee Czech Republic to >25 years in Finland, Netherlands, 
andd England and Wales, Thus, young adults in northern 
Europeann countries were more likely to be HSV-1 seronega-
tivee compared to the remaining countries (table 4). 

Thirdly,, in four (northern European) countries (Finland, 
Netherlands,, United Kingdom, and Germany), women were 
significantlyy more likely to be HSV-1 seropositive than men 
afterr adjusting for age group (tabic 3). 

Finally,, males were more likely to be seronegative than 
femaless as young adults in some countries (table 4). In the 
multivariablee analysis, the sex-age group interaction was 
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Figuree 2 Age and sex specific HSV-1 
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Tablee 3 Odds ratios for HSV-1 seroposifivity 
(FiMM OR; adjusted for age group, 95% Q) in 
sevenn European 

;; Countiy'.,. • 
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countries s 

5"* . . 

1.144 (0.99 la 1.32) 
p»0;06 6 
1.15(0.988 l o l 35). 
p»e.oa5 5 
1.244 (1.12 to 1.38) 
p^Q,000 0 
1.288 11.0» to 1:50) 
p-0.002 2 
WJ2lO<»l t»1J8>-- '' .'• •—. 
p-0.277 •'..'..:::--

i jyiUoio^.o o 
'•• V |X<}.000 ' 
.. 1.29(1.11 to 1.51( 
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significantt (LR test p<0.05) in Bulgaria, Czech Republic, and 
Englandd and Wales (table 3). 

Relationn between HSV-1 and H5V-2 
AA crude comparison of the relation between HSV-1 and HSV-
22 showed a positive association in four of the seven countries 
(tablee 5). After adjusting for age and sex, this association 
disappearedd suggesting that HSV-1 and HSV-2 are both 
independentlyy related to age and sex, so an unadjusted 
analysiss gives the false impression of a relation between HSV-
11 and HSV-2 positivity. 

DISCUSSION N 
Thiss paper is the first to our knowledge to present the 
comparativee scroepidemiology of HSV-1 and HSV-2 in 
Europe.. To directly compare serological surveys, standardised 
testingg and scrum sampling are required. Standardised 
testingg in this study was achieved through use of the same 
batchbatch of kits and distribution of a reference panel to ensure 
externall  quality assurance.™ Sampling was cither population 
basedd or through collection of residual sera. The latter 
methodd of convenience sampling has been shown to provide 
aa good estimate of the population exposure for ubiquitous 
virall  infections, such as measles compared to population 
basedd sampling providing sera are representative in terms of 
geography,, age, and sex."" However, residual sera are 
obtainedd from individuals in contact with health services, 
whichh creates a potential selection bias for a sexually 
transmittedd infection such as HSV-2. Furthermore, serum 
bankss were collected over a 10 yeaj period, introducing a 
potentiall  confounding effect of time. Bearing these caveats in 
mind,, a number of conclusions can be drawn. 

HSV-11 seroposifivity 

Firstlyy large intercountry and intracountry differences in 
HSV-22 seroprevalence were observed (from 4% to 24% 
overall,, to 40% in some age groups), with no clear pattern 
accordingg to the method of sampling or time. These figures 
aree consistent with and in some cases exceed previous 
studies:: HSV-2 seroprevalence in the United States has 
rangedd from 2% in teenagers to >25% in adults" "; in the 
Unitedd Kingdom from 2-10%" "; in Germany from 9% in 
pregnantt women" to 13%"; in the general population and in 
Swedenn from 2% at age 15 years to 25% at 30 years." 
Acquisitionn of HSV-2 is frequently cited as a behavioural 
marker,""  with HSV-2 antibody status correlated to previous 
sexuall  activity," " The differences by geography and age, we 
observedd presumably reflect historical differences in sexual 
behaviour.. The age effect is consistent with other studies and 
correlatess with cumulative "sexual exposure."" The decline 
inn seroprevalence in the oldest age groups could reflect an 
age-cohortt effect, with older age groups having fewer lifetime 
partners,""  or waning HSV-2 antibody levels." Whichever, 
asymptomaticc genital shedding of HSV-2 virus plays an 
importantt part in transmission. Appropriate and effective 
preventionn and control programmes will need to be designed 
too take into account these large pools of potentially infectious 
people. . 

Secondly,, we demonstrated females had a consistently 
higherr risk of HSV-2 infection compared to males in almost 
allall  countries, agreeing with previous studies.7 *  u " " This 
mayy reflect the differential role of gender on clinical 
presentation,, with men more likeiy to have asymptomatic 
HSV-22 infection,7 which may impact differentially on sub-
sequentt sexual behaviour and could result in higher rates of 
malee to female transmission. 

Thirdly,, we observed large intercountry differences in the 
scroepidemiologyy of HSV-1. Risk of HSV-1 acquisition has 
beenn linked to sociodemographic status.' which our study 
partlyy supports with a nonh-south/east gradient. Indeed, 
theree is an inverse correlation between the age standardised 
seroprevalencee of HSV-1 and the national gross domestic 
productt (correlation =-0.93). Thus a large proportion of 
adolescentss remain HSV-1 susceptible in northern Europe, 
suggestingg the age dependent force (or risk) of infection for 
HSV-11 is higher in southern and eastern Europe than the 
north.. These differences in HSV-1 epidemiology probably 
occurredd recently" and may reflect changes in socioeconomic 
statuss and family size. 

Fourthly,, in addition to high HSV-1 susceptibility in 
teenagee populations especially in northern Europe, the 
seroprofiless suggest significant HSV-1 acquisition among 
youngg adults. We were not able to estimate what proportion 
off  those infected as young adults acquired infection orally or 
sexually.. However, sexual transmission of HSV-1 is of 
increasingg importance particularly in northern Europe, with 
ann increase in the proportion of genital herpes caused by 
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Tablee 5 Odds ratio of HSV-JI posMvity for 
adjustedd for age ond sex, 95% 0) in seven 

Countryy ; 
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Netherlandss " 

...... Éinbocf ,; 
' : .. fltigario''.: 

Garmcwww -
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<*«<<• • 
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0*|B.«toT.1! ! 
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0.810.44 to fc3) 

HSV-22 posfivHy (OR; unadjusted ond 
Europeann countries 

'' , ORuntsdi 
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1.40|0.89fe239! ! 

"" 1.<S4 0.36 to 1.97) 
1.511 (l.lóte 1.98) 
1711 (122 te 2139) 
1.3211.022 to 1.711 
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'' Vldjusteclfor ag»endi«. , ^ 

HSV-1.77 " , > 6 " Recent changes in adolescent sexual beha-

viour,, particularly the practice of oral-genital sex may partly 

explainn this.' Indeed, HSV-Ï seropositivity in young adult 

populationss may increasingly be a marker of higher risk 

sexuall  behaviour.' * " w *" Similar observations may be seen 

i nn the future in central and Eastern Europe. 

Fifthly ,, we demonstrated women had a higher age specific 

HSV-11 seroprevalencc in adolescents and young adults 

comparedd to men. The earlier increase in HSV-1 scropreva-

lencee in women seen in this study reflects the higher risk of 

genitallyy acquired HSV-1 in young women,7 *  3"~" which may 

reflectt age specific mixing patterns, with women having male 

partnerss on average older than themselves,*  " An increase in 

genitallyy acquired HSV-1 may have important "knock-on" 

effects:: asymptomatic shedding caused by genital HSV-1 is 

reportedlyy less than HSV-2/ *2 and the recurrence rate lower 

forr genitally acquired HSV-1."','*  Any impact on vertical 

transmissionn is difficul t to predict: there may be an increase 

i nn neonatal herpes as a result of increased transmission of 

genitall  HSV-1 in young women, although vertical transmis-

sionn is lower for HSV-1 compared to HSV-2" and disease is 

milder.***  However, an increase in the proportion of neonatal 

herpess cases due to HSV-1 has been observed in the United 

Kingdomm and Netherlands.' '2 

Finally,, our cross sectional study found no evidence of a 

protectivee role of HSV-I for acquisition of HSV-2. Previous 

authorss have produced conflicting evidence that previous 

HSV-11 infection reduces the risk of acquiring HSV-2.1 

However,, previous HSV-1 infection does modify HSV-2 

clinicall  presentation47 and rate of subsequent recurrence.18 

Thus,, the observation of increased HSV-1 susceptibility could 

resultt in more severe disease manifestations caused by 

primaryy HSV-2 infection and potentially increasing vertical 

andd sexual transmission as a result of a higher rate of 

recurrence.. These hypotheses need to be formally addressed 

throughh modell ing or intervention studies. 
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Chapterr  8 

Discussion n 





8.11 Study Conclusions 

Severall  general conclusions can be made from the studies presented in this thesis. 

•• The collection, testing, standardisation and comparative analysis of serum banks for 

severall infections in a number of countries is an operationally feasible approach; 

•• International variation in the unitage derived by different national laboratories 

demonstratess the importance of a standardisation process involving the distribution 

andd testing of a reference panel; 

•• The sero-epidemiological results are congruent with available national data on 

vaccinee update and age-specific disease incidence suggesting the methodological 

approachh is reliable; 

•• In some cases, this sero-epidemiological data is the first occasion that reliable 

historicall epidemiological data is available from which population susceptibility 

profiless can be derived; 

•• The data allows for the first time a true international comparison of the 

epidemiologyy of a series of infectious diseases of public health importance in 

Europe.. The following key observations can be made: 

oo The level of control of measles and rubella ranges dramatically across the 

participatingg countries. A small number of member states are approaching 

measless elimination, but control remains poor in several with evidence of 

on-goingg disease transmission. Countries will need to undertake a number 

off interventions (see below) to achieve the WHO regional goal of measles 

eliminationn by 2010; 

oo Pertussis infection is widespread throughout the populations of Europe — 

i.e.. across all age-groups. Thus pertussis sero-epidemiology can potentially 

complementt more traditional disease surveillance and vaccine coverage 

methods; ; 

oo HSV —1 and —2 infection is common throughout the populations of 

Europe.. However, there is evidence of significant international differences 

inn disease epidemiology. In particular, HSV-1 susceptibility levels are high 

inn young adults in certain countries and HSV-2 age-specific prevalence in 

adultss ranges widely between countries. 
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•• These observed differences in the sero-epidemiology of measles, rubella, pertussis 

andd HSV reflect two main factors: 

oo Inherent inter-country differences in disease epidemiology e.g. rubella 

andd HSV. This variation presumably particularly reflects behavioural 

differencess in age- and gender-specific population mixing as has been 

shownn in work looking at the prevaccination epidemiology of rubella 

inn Europe (Edmunds 2000). Explanatory factors for this international 

variationn can include factors such as family size, attendance at day-care 

andd age of starting school. 

oo Historical differences in national disease control programmes and their 

performance.. These differences relate to the immunisation schedules and 

thee types of vaccines employed and also the vaccine coverage achieved. 

Thuss historical high coverage with two doses of measles vaccine was 

neededd to obtain a sero-epidemiological profile congruent with measles 

elimination. . 

8.22 Study limitation s 

Severall study limitations can be identified, particularly in relation to the standardisation 

process,, the use of residual sera for population serosurveys and the interpretation of sero-

profiles. . 

•• Overall the standardisation process (and the subsequent comparisons of the 

standardisedd seroprofiles) proved to be successful, occasional problems were 

highlightedd which had resulted in a sub-optimal standardisation. Assay drift was 

notedd on some occasions, highlighting the importance of maintaining internal 

qualityy control. 

•• Studies (Kelly 2002) have shown that use of residual sera can provide a good 

estimationn of the general population experience for ubiquitous infections. 

However,, residual sera are obtained from individuals in contact with health care 

services,, creating a potential selection bias for sexually transmitted infections such 

ass HSV-2. Interpretations should probably be made more cautiously in this case. 

•• Interpretation of sero-profiles using fixed cut-offs in highly vaccinated populations 

shouldd be undertaken cautiously. Waning of measles and rubella IgG antibody 

levelss in highly vaccinated populations is a well-documented phenomenon 
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(Davidkinn 1998, Davidkin 2000). However, low levels or even absence of measles/ 

rubellaa antibody does not necessarily correspond to lack of protection. Countries 

suchh as Finland that have documented such phenomena have not yet observed 

epidemiologicallyy significant measles outbreaks due to secondary vaccine failure. 

833 Recommendations for  research 

AA number of key recommendations can be made for future public health research: 

•• The use of alternative collection methods should be explored when undertaking 

studiess for infections where there may be concerns about the possible 

representativenesss of residual sera. Surveys using non-invasive oral fluid technology 

havee been shown to be an acceptable surveillance tool for population based surveys 

particularlyy amongst populations such as young children, who may be less likely to 

consentt to having blood taken (Vyse 2001, Morris-Cunnington 2004). Although 

muchh progress has been made in this area, the further application of oral fluid 

technologyy for population based surveys for a variety of infections in different 

settingss should be supported; 

•• Particularly in the light of waning IgG antibody levels in highly vaccinated 

populations,, the use of alternative approaches to fixed cut-offs to interpret sero-

profiless needs to be explored. Some work has been undertaken on the application 

off mixture modelling methods to interpret sero-profiles, whereby the age-specific 

distributionn of quantitative results are modelled as a mixture of positive and negative 

resultss using maximum-likelihood methods (Gay 1996). The routine application of 

thiss approach to interpreting seroprofiles needs to be explored further; 

•• The use of ELISA assays to detect IgG antibody in highly vaccinated populations 

doess lack sensitivity compared to other approaches, such as neutralisation assay. 

However,, the latter is particularly labour intensive (van den Hof 2003) and further 

workk is needed to identify appropriate serological markers of protection in highly 

vaccinatedd populations. IgG avidity testing provides a potential tool to disentangle 

primaryy and secondary vaccine failures and has been applied to documented 

measless vaccine failures (Pannuti 2004, Paunio 2003) in an attempt to quantify the 

importancee of waning immunity. However, it has not as yet been applied on a large 

scalee to population serosurveys. 
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8.44 Recommendations for  surveillance and publi c health 

Severall  over-arching recommendations can be made in relation to disease surveillance and 

publicc health: 

•• The success of the project highlights the importance of establishing a routine 

Europeann sero-epidemiology programme to inform the implementation and 

evaluationn of disease control programmes in Europe. The initial ESEN project 

(1997-2001)) involved eight European countries. One of the main outcomes of the 

projectt was a further EU project, ESEN2 (2002-2005). This extended die network 

too almost 20 European countries including a number of low-income states from 

Centrall and Eastern Europe. The project also covered other diseases of public 

healthh importance in particular hepatitis A, hepatitis B and Varicella zoster1; 

•• ESEN established a series of infection-specific reference laboratories with 

responsibilityy for activities such as creation of reference panels. Linked to this were 

thee national laboratories who undertook testing of the reference panels and the 

serumm banks. This network needs to be maintained and further developed - with 

activitiess such as the regular distribution and testing of reference panels; 

•• ESEN established a network of microbiologists, epidemiologists and mathematical 

modellerss with expertise in the area of vaccine preventable disease. Epidemiologists 

needd to continue to work closely with modellers and economists to maximise the 

valuee of this type of data. The ESEN serological surveys are a vital resource 

too develop and parameterise mathematical models that can predict the impact 

off alternative interventions and also compare the cost-effectiveness of those 

alternatives.. For example, the seroprevalence data from the ESEN study has been 

usedd to model: 

oo Measles (Wallinga 2001): to estimate the effective reproductive number 

andd to evaluate progress towards measles elimination in the European 

Region.. At least four of die eight countries evaluated had vaccine coverage 

levelss inadequate to achieve measles elimination; 

oo Rubella sero-prevalence data to assess progress towards CRS control 

inn Europe (Edmunds 2000). Modelling demonstrated that the infant 

programmess in four countries were adequate to interrupt rubella 

circulationn (as thus indirectly protect WCBA). However, in at least two 
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countries,, rubella transmission continues with potential for infection of 

WCBA.. This impact has been partially offset by the on-going (at that 

time),, adolescent girl selective programmes; 

oo Data from pertussis serological surveys can provide a tool to monitor 

thee age-specific incidence of pertussis infection. In response to the 

increasess in incidence of pertussis in pre-vaccination infants, a number of 

Europeann countries have introduced booster doses of acellular pertussis 

vaccinee for adolescents in an attempt to reduce transmission to this group 

andd enhance indirect protection. Pertussis seroepidemiology is a tool that 

cann thus used to evaluate the impact of these interventions. 

8.55 Recommendations for  policy-makers 

Thee findings of the study have been used to inform public health policy in Europe. In 

particularr policy needed to achieve measles elimination; the need (or not) for additional 

pertussiss vaccine booster doses and illustrating the importance of public health interventions 

too reduce the burden of HSV infection. Several policy recommendations can be made based 

onn the findings from these studies: 

•• Routine infant and childhood immunisation programmes (specifically MMR) need 

too be strengthened in a number of European countries, particularly if national and 

internationall disease control targets such as measles elimination are to be reached. 

•• In addition, if regional measles elimination and CRI control is to be achieved, 

then n 

oo Older susceptible cohorts need to be addressed with measles-rubella 

catch-upp campaigns both in the general population and in specific risk 

groupss particularly women of childbearing age. Data from the serosurveys 

cann provide a guide for those age groups that need to be targeted to reach 

measless elimination; 

•• To improve pertussis control in Europe, the effectiveness of potential interventions 

suchh as introduction of acellular pertussis vaccine booster doses for older persons 

needd to be formally evaluated. The methods employed here provide a potential 

evaluationn tool. 
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8.66 Recommendations for  child-health in low income settings 

Populationn sero-epidemiology is not new to the developing world as outlined in the 

introduction.. However, several recommendations can be made arising from this work. 

Seroepidemiologyy can provide a public health tool to: 

oo Measure disease burden in low-income settings to evaluate whether and 

howw a potential new vaccine programme can be introduced. For example, 

thee epidemiology of rubella (and burden of CRS) is poorly documented 

inn many parts of the developing world. This makes it very difficult 

forr decision-makers to make a propedy informed decision about the 

appropriatenesss of introducing rubella into the national immunisation 

programme; ; 

oo To plan optimal current intervention programmes to achieve national and 

internationall  targets. For example to achieve measles elimination in some 

settings,, it will be necessary to undertake catch-up campaigns of older 

age-groups.. Often reliable surveillance data is lacking, and seroprevalence 

dataa allows an accurate identification of potential target age groups and 

hencee an often more a focused measles catch-up campaign (that can be 

potentiallyy cost saving). 

Undertakingg seroepidemiology in low-income settings requires capacity building to 

ensuree it is undertaken in a reliable fashion. For this to happen, there needs to be access 

too relevant laboratory infrastructure, trained staff and to standardisation tools. The 

experiencee from the polio eradication programme has demonstrated how an initially 

verticall  control programme can provide indirect benefit to other control programmes 

e.g.. measles. 
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Summary y 

Thee ESEN (European Sero-Epidemiology Network) project was established to harmonise 

thee seroepidemiology for a variety of vaccine preventable infections including measles, 

mumps,, rubella and pertussis in eight European countries. Large national, age and sex 

stratifiedd serological surveys were conducted between 1994 and 1998. Serosurveys for 

herpess simplex virus were also undertaken as part of a linked initiative in a number of 

Europeann countries. 

Standardisingg the enzyme immunoassay results for  measles, mumps and rubella 

Thee ESEN project involved achieving comparability both in the assay results from testing in 

differentt centres and also sampling methodology. Standardisation of enzyme immunoassay 

resultss was achieved through the development of common panels of sera by designated 

referencee centres. The panels were tested at the reference laboratory and then distributed 

too each participating laboratory for testing using their routine methods. Standardisation 

equationss were calculated by regressing the quantitative results against those of the reference 

laboratory.. The study found large differences in unitage between participants, despite all 

countriess using an EIA method standardised against an international or local standard. 

Moreover,, our methodology adjusted for this difference. These standardisation equations 

weree then used to convert the results of main serosurvey testing into the reference country 

unitagee to ensure inter-country comparability in subsequent analysis. 

Immunogenicityy of second dose measles-mumps-rubella vaccine and implications 

forr  serosurveillance 

Measless and mumps, but not rubella, outbreaks have been reported amongst populations 

highlyy vaccinated with a single dose of measles-mumps-rubella (MMR) vaccine. Repeated 

experiencee has shown that a two-dose regime of measles vaccine is required to eliminate 

measles.. This paper reports the effect of the first and second MMR doses on specific antibody 

levelss in a variety of populations 2-4 years after receiving a first dose of MMR vaccine at 

agee 12-18 months. It was found that a large proportion of pre-school children had measles 

(19.5%)) and mumps (23.4%) IgG antibody below the putative level of protection. Only a 

smalll  proportion (4.6%) had rubella antibody below the putative protective level. A total 

off  41% had negative or equivocal levels to one or more antigens. The proportion measles 

antibodyy negative (but not rubella or mumps) was significantly higher in children vaccinated 

att 12 months of age than at 13-17 months. There was no evidence for correlation of 
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seropositivityy 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 

orr more antigens dropped to <4%. Examination of national serosurveillance data, found 

thatt following an MR vaccine campaign in cohorts that previously received MMR, both 

measless and rubella antibody levels were initially boosted but declined to pre-vaccination 

levelss within 3 years. 

Ourr study supports the policy of administering a second dose of MMR vaccine to all 

children.. However, continued monitoring of long-term population protection will be 

requiredd and this study suggests that in highly vaccinated populations, total measles (and 

rubella)) IgG antibody levels may not be an accurate reflection of protection. Further studies 

includingg qualitative measures, such as avidity, in different populations are merited and may 

contributee to the understanding of MMR population protection. 

Thee seroepidemiology of measles in Western Europe. 

Thee European Regional Office of WHO has targeted measles for elimination from the region 

inn 2010. Serological surveys of measles antibody were conducted in the general population 

off  seven Western European countries. Three patterns were observed in the country-specific 

measless seropro files, ranging from (very) low susceptibility (Finland, the Netherlands, UK 

andd France), moderate susceptibility (Denmark, Germany) and high susceptibility (Italy). 

Susceptibilityy levels amongst 2-4-year-olds ranged from 2.9 to 29.8%, in 5-9-year-olds 

fromm 2.5 to 25% and 10-19-year-olds from 2.1% to 13.9%. The four countries with low 

susceptibilityy had met the WHO age-specific measles susceptibility targets for elimination. A 

country'ss susceptibility profile was highly associated with historical vaccine coverage for the 

firstfirst dose. First dose coverage ranged from 91 to 97.5% for low susceptibility countries, 75 

too 85% for intermediate susceptibility countries and 55% for the high susceptibility country, 

Italy.. Only the high susceptibility country, Italy, still reported regular epidemic measles. 

Inn low susceptibility countries, which have achieved or are very close to measles elimination, 

thee priority will be to maintain high MMR vaccine coverage in all geopolitical units for both 

vaccinee doses. In moderate susceptibility countries there is still some endemic transmission, 

butt also risk of outbreaks as pools of susceptibles accumulate. To achieve elimination 

thesee older susceptible cohorts will need to be targeted as part of catch-up programmes. 

Inn the high susceptibility country the priority will be to both increase routine infant vaccine 

coveragee and address older susceptibles through catch-up campaigns. 
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Thee seroepidemiology of rubella in Western Europe. 

Mostt of the countries in Western Europe have now implemented mass infant rubella 

immunizationn programmes, instead of or in addition to selective vaccination in order to 

achievee the control of congenital rubella syndrome. Seven European countries undertook 

serologicall  surveys and tested for antibodies against rubella virus with a variety of enzyme 

immuno-assays.. Comparability of the assay results was achieved by the ESEN standardisation 

methodology.. The age- and sex-stratified serological results were related to the schedules, 

coveragee of rubella vaccination and rubella incidence in these countries. The results show 

widelyy differing levels of immunity to rubella both in the general population and in specific 

agee groups of males and females - particularly women of child-bearing age. A low rate 

(<< 5%) of susceptibles in childhood and adolescents of both sexes was obtained only in 

Finlandd and the Netherlands. Countries such as Italy with only moderate coverage for the 

infantt immunisation programme currently have both high susceptibility levels in the general 

populationn and in the at-risk population (women of child-bearing age). In this situation, the 

likelihoodd is of continued epidemics of rubella with cases of congenital rubella syndrome. 

Forr Italy, the continued implementation of selective vaccination will help to offset the impact 

off  this ongoing transmission and to protect women on reaching childbearing age, while 

thee routine childhood rubella programme is strengthened. For those countries seeking to 

eliminatee rubella, older susceptibles should be addressed as part of a catch-up campaign. 

Thee seroepidemiology of pertussis in Western Europe 

AA resurgence of pertussis has been observed in a number of industrialised countries — 

particularlyy in teenagers and young adults. It is unclear whether this increase represents a 

truee epidemiological observation or is an artefact of more sensitive surveillance methods. 

Highh titres of pertussis toxin (PT) antibody have been shown to be predictive of recent 

infectionn with Bordetella pertussis. The seroprevalence of standardized anti-PT antibody 

wass determined in six Western European countries between 1994 and 1998 and related 

too historical surveillance and vaccine programme data. Standardised anti-PT titres were 

calculatedd for a series of whole-cell and acellular pertussis vaccine trials. For the serological 

surveys,, high-titre sera (> 125 units/ml) were distributed throughout all age groups in both 

high-- (> 90%) and low-coverage (< 90%) countries. High-titre sera were more likely in 

infantss in countries using high-titre-producing vaccines in their primary programme (Italy, 

11.5%;; Western Germany, 13.3%; France, 4.3%; Eastern Germany, 4.0%) compared to other 

countriess (The Netherlands, 0.5%; Finland, 0%). Recent infection was significantly more 

likelyy in adolescents (10-19 years old) and adults in high-coverage countries (Finland, The 
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Netherlands,, France, East Germany), whereas recent infection was more likely in children 

(3-99 years old) than adolescents in low-coverage (< 90%; Italy, West Germany, United 

Kingdom)) countries. The impact and role of programmatic changes introduced after these 

surveyss aimed at protecting infants from severe disease by accelerating the primary schedule 

orr vaccinating preschool children and adolescents and adults with acellular pertussis booster 

dosess can be evaluated with this sero-epidemiological approach. 

Thee seroepidemiology of HSV1 and 2 in Europe 

Recentt changes in the epidemiology of herpes simplex virus (HSV) types 1 and 2 have been 

reportedd - with particular evidence of increasing sexual transmission of HSV-1 in young 

adults.. Eight European countries conducted national cross sectional serological surveys for 

HSV-11 and HSV-2 between 1989 and 2000. Survey sizes ranged from 3000 to 7166 sera. 

Externall  quality control was ensured through reference panel testing. Large intercountry 

andd intracountry differences in HSV-1 and HSV-2 seroprevalence were observed. Age 

standardisedd HSV-1 seroprevalence ranged from 52% in Finland, to 57% in the Netherlands, 

67%% in Belgium, 81% in Czech Republic, and 84% in Bulgaria. Age standardised (>12 years) 

HSV-22 seroprevalence ranged from 24% in Bulgaria, to 14% in Germany, 13% in Finland, 

11%% in Belgium, 9% in Netherlands, 6% in Czech Republic, and 4% in England and Wales. 

Inn all countries, the probability of seropositivity for both infections increased with age. A 

largee proportion of teenagers and young adults remain HSV-1 susceptible particularly in 

northernn Europe. Women were significantly more likely to be HSV-2 seropositive in six 

off  seven (p<0.05) countries and HSV-1 seropositive in four of seven (p<0.05) countries, 

particularlyy in northern Europe. No significant evidence of a protective role of HSV-1 for 

HSV-22 infection was found adjusting for age and sex (p<0.05). 

Theree is large variation in the seroepidemiology of HSV-1 and HSV-2 across Europe. The 

observationn that a significant proportion of adolescents are now HSV-1 susceptible may 

havee important future implications for the transmission and clinical presentation of HSV-1 

andd HSV-2 - particularly in relation to sexual and vertical transmission. Further work needs 

too be undertaken to predict the future epidemiology of HSV and to compare the impact 

andd cost-effectiveness of alternative control and prevention activities, such as vaccination. 
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Samenvatting g 

Inn Hoofstuk 1 presenteren we de achtergronden van de studies die in dit proefschrit zijn 

opgenomen.. Het ESEN (European Sero-Epidemiologie Network) project werd opgericht 

omm de sero-epidemiologie voor een aantal infectieziekten waartegen vaccins beschikbaar zijn, 

waaronderr mazelen, bof, rubella en kinkhoest, te harmoniseren in acht Europese landen. 

Grote,, nationale, naar leeftijd en geslacht gestratificeerde serologische surveys werden 

verrichtt tussen 1994 en 1998. In een aantal Europese landen werden ook serosurveys voor 

herpess simplex virus verricht als onderdeel van een geassocieerd initiatief. 

Hoofstukk 2 Standaardisatie van enzym immuno-assay uitslagen voor  bof, mazelen 

enn rubella 

Hett doel van het ESEN project was het bereiken van vergelijkbaarheid voor wat betreft 

test-- en steekproefmethoden tussen de verschillende centra. Standaardisatie van enzym 

immuno-assayy uitslagen werd bereikt door het ontwikkelen van sera-referentiepanels door 

aangewezenn referentiecentra. Deze panels werden getest in het referentielaboratorium en 

vervolgenss gedistribueerd naar ieder deelnemend laboratorium waar ze getest werden volgens 

lokalee routine methoden. Standaardisatievergelijkingen werden berekend door kwantitatieve 

resultatenn af te zetten tegen de resultaten van het referentielaboratorium. De studie vond 

grotee verschillen in eenheden tussen deelnemers, ondanks dat alle landen een EIA methode 

gebruiktenn die gestandaardiseerd was met een internationale of lokale standaard. Onze 

methodee corrigeerde voor dit verschil. De standaardisatievergelijkingen werden vervolgens 

gebruiktt om de resultaten van de belangrijkste serosurveys om te zetten naar de eenheid van 

hett referentieland, zodat de vergelijkbaarheid tussen landen in de daaropvolgende analyses 

gewaarborgdd werd. 

Hoofstukk 3 Immunogeniciteit van de tweede dosis bof-mazelen-rubella vaccin en 

implicatiess voor  serosurveillance 

Mazelen-- en bof-, maar niet rubella-, epidemieën zijn gemeld in populaties met een hoge 

vaccinatiegraadd voor bof-mazelen-rubella (BMR) vaccin. Het is herhaaldelijk aangetoond 

datt twee doses mazelen vaccin nodig zijn voor de eliminatie van mazelen. Om meer inzicht 

tee krijgen in de immunogeniciteit van BMR, werd het effect op specifieke antistofniveau's 

vann de eerste en tweede dosis BMR in verschillende populaties 2-4 jaar na een eerste dosis 

BMRR op de leeftijd van 12-18 maanden onderzocht Een groot deel van de kinderen jonger 

dann de schoolgaande leeftijd had mazelen (19.5%) en bof (23.4%) IgG antilichaam titers 
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onderr de veronderstelde protectiegrens. Slechts een klein deel (4.6%) had rubella antilichaam 

titerss onder het beschermende niveau. 41% had negatieve of dubieuze titers tegen één 

off  meerdere antigenen. De proportie die negatief was voor mazelen antilichamen was 

significantt hoger in kinderen die op 12 maanden gevaccineerd waren in vergelijking met 

kinderenn die op 13-17 maanden gevaccineerd waren; dit werd niet gevonden voor rubella 

off  bof. Er werd geen aanwijzing gevonden voor correlatie van seropositiviteit tegen de 

antigenen,, met uitzondering van een klein deel van de kinderen (1%) dat negatief was voor 

allee drie de antigenen. Na de tweede dosis BMR daalde het deel dat negatief was voor één 

off  meerdere antigenen tot <4%. Analyse van nationale serosurveillance data toonde aan dat 

naa een MR vaccinatie campagne in cohorten die in het verleden BMR hadden gehad, zowel 

mazelenn als rubella antilichaam titers aanvankelijk verhoogd waren, maar binnen 3 jaar naar 

pre-vaccinatiee niveau's daalden. 

Dezee bevinding bevestigt het beleid om een tweede dosis BMR aan alle kinderen aan te 

bieden,, en toont de noodzaak aan van het voortdurend monitoren van de lange termijn 

beschermingg van de populatie. Verder lijken mazelen (en rubella) IgG antistoftiters mogelijk 

niett een goede maat voor bescherming in populaties met een hoge vaccinatiegraad. Verder 

onderzoek,, onder andere naar kwalitatieve bepalingen, zoals aviditeit, in verschillende 

populatiess zijn nodig en zullen het inzicht vergroten in populatie bescherming door BMR. 

Hoofstukk 4 De sero-epidemiologie van mazelen in West-Europa 

Dee Europese afdeling van de WHO heeft de eliminatie van mazelen uit de Europese regio 

vóórr 2010 als doel gesteld. Serologische surveys voor mazelen immuniteit werden verricht 

inn zeven West-Europese landen. Drie patronen in de land-specifieke mazelen seroprofielen 

werdenn gevonden, variërend van (zeer) lage susceptibiliteit (Finland, Nederland, het 

Verenigdd Koninkrijk en Frankrijk), matige susceptibiliteit (Denemarken en Duitsland) 

enn een hoge mate van susceptibiliteit (Italië). Susceptibiliteitniveaus op 2-4 jarige leeftijd 

varieerdenn van 2.9% tot 29.8%, op 5-9 jarige leeftijd van 2.5% tot 25%, en op 10-19 jarige 

leeftijdd van 2.1% tot 13.9%. De vier landen met lage susceptibiliteit bereikten het WHO 

leeftijdspecifiekee doel voor eliminatie. Het susceptibiliteitsprofiel van de landen was in 

sterkee mate geassocieerd met historische vaccinatiegraad gegevens voor de eerste dosis. 

Dee vaccinatiegraad voor de eerste dosis varieerde van 91% tot 97.5% voor landen met een 

lagee susceptibiliteit, van 75% tot 85% voor landen met matige susceptibiliteit, tot 55% voor 

hett land met de hoge mate van susceptibiliteit, Italië. Alleen dit land met de hoge mate van 

susceptibiliteit,, Italië, meldde nog regelmatig mazelen-epidemieën. Landen met een lage 

susceptibiliteit,, welke mazelen eliminatie bereikt hebben, of hier dichtbij zijn, moeten een 

hogee BMR vaccinatiegraad voor beide vaccin doses blijven bereiken in alle geopolitieke regio's. 
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Landenn met een matige susceptibiliteit hebben nog steeds enige endemische transmissie, 

enn lopen het risico op uitbraken indien de populatie vatbaren in omvang toeneemt Om 

eliminatiee te bereiken zullen deze oudere cohorten gevaccineerd moeten worden tijdens 

inhaalprogramma's.. Het land met de hoge susceptibiliteit moet zowel de vaccinatiegraad 

vann de routine vaccinatie op kinderleeftijd verhogen, als ook het beschermen van oudere 

vatbarenn door inhaalcampagnes. 

Hoofstukk 5 De sero-epidemiologie van rubella in West-Europa. 

Dee meeste landen in West-Europa hebben universele rubellavaccinatie op kinderleeftijd 

geïmplementeerd,, in plaats van, of naast, selectieve vaccinatie ter preventie van congenitaal 

rubellaa syndroom. Dit is in overeenstemming met de huidige WHO strategie om rubella 

inn de Europese regio van de WHO te elimineren. Zeven Europese landen hebben 

serosurveyss ondernomen en getest voor antilichamen tegen rubellavirus met verschillende 

immuno-assays.. Vergelijkbaarheid van de test resultaten werd bereikt door de ESEN 

standaardisatiee methodologie. De leeftijd- en geslachtspecifieke resultaten werden 

gerelateerdd aan vaccinatieschema's, vaccinatiegraad en rubella-incidentie. De resultaten 

lietenn grote verschillen zien in immuniteitsniveau voor zowel de algemene populatie als 

voorr specifieke leeftijdsgroepen van mannen en vrouwen — met name voor vrouwen in de 

vruchtbaree leeftijd. Een klein deel (5%) vatbaren onder kinderen en adolescenten van beide 

geslachtenn werd gevonden in Finland en Nederland. Landen zoals Italië met een slechts 

matigee vaccinatiegraad voor het kindervaccinatieprogramma hebben nu hoge niveau's 

vann susceptibiliteit zowel in de algemene bevolking als in risicopopulaties (vrouwen van 

vruchtbaree leeftijd). In deze situatie bestaat er het risico op rubella-epidemieën met gevallen 

vann congenitaal rubella syndroom. Het voortzetten van selectieve vaccinatie in Italië zal de 

consequentiess van deze voortdurende transmissie tegengaan en vrouwen van vruchtbare 

leeftijdd beschermen terwijl de rubellavaccinatiegraad in kinderen wordt verbeterd. Landen 

diee rubella-eliminatie nastreven zouden vatbaren van oudere leeftijd moeten vaccineren met 

eenn inhaalcampagne. 

Hoofstukk 6 De sero-epidemiologie van pertussis in West-Europa 

Inn een aantal geïndustrialiseerde landen werd een toename van pertussis waargenomen - met 

namee in adolescenten en jong volwassenen. Het is niet duidelijk of deze toename een echte 

epidemiologischee waarneming is of berust op een artefact door sensitievere surveillance 

methoden.. Het is aangetoond dat hoge antistofüters tegen pertussis toxine (PT) wijzen op 

eenn recente infectie met Bordetellapertussis. De seroprevalentie van gestandaardiseerde anti-PT 
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antistoffenn werd bepaald in zes West-Europese landen tussen 1994 en 1998, en gerelateerd 

aann historische gegevens met betrekking tot surveillance en het vaccinatieprogramma. 

Gestandaardiseerdee anti-PT titers werden berekend voor een serie van heel-cel en acellulaire 

pertussiss vaccin onderzoeken. De serologische surveys toonden aan dat sera met een hoge 

titerr (>125units/ml) voorkwamen in alle leeftijdsgroepen in landen met een hoge (>90%) 

enn een lage (<90%) vaccinatiegraad. Hoge titer sera kwamen vaker voor onder kinderen 

inn landen waar vaccins in de primaire serie vaccinaties gebruikt worden die tot een hoge 

titerr leiden (Italië, 11.5%; West Duitsland, 13.3%; Frankrijk, 4.3%; Oost Duitsland, 4.0%) 

vergelekenn met andere landen (Nederland, 0.5%; Finland, 0%). Recente infectie kwam 

significantt vaker voor onder adolescenten (10-19 jaar oud) en volwassenen in landen met 

eenn hoge vaccinatiegraad (Finland, Nederland, Frankrijk en Oost Duitsland), terwijl in 

landenn met een lage vaccinatiegraad (<90%; Italië, West Duitsland, Verenigd Koninkrijk) 

recentee infectie vaker voorkwam in kinderen (3-9 jaar oud) dan onder adolescenten. De 

impactt en rol van veranderingen in het vaccinatieprogramma, die geïntroduceerd werden na 

dezee surveys met als doel kinderen te beschermen tegen ernstige ziekte door het versnellen 

vann het primaire schema of het vaccineren van kinderen voor de schoolgaande leeftijd, 

adolescentenn en volwassenen met een acellulaire kinkhoestvaccin booster, zouden met deze 

sero-epidemiologischee aanpak kunnen worden geëvalueerd. 

Hoofstukk 7 De sero-epidemiologie van HSV1 en 2 in Europa 

Recentee veranderingen in de epidemiologie van herpes simplex virus (HSV) types 1 en 2 zijn 

gerapporteerdd —met name het bewij s van toenemende seksuele transmissie van HSV-1 in jong 

volwassenen.. Acht Europese landen verrichtten landelijke transversale serologische surveys 

voorr HSV-1 en HSV-2 tussen 1989 en 2000. Externe kwaliteitscontrole werd gegarandeerd 

doorr het testen van een referentiepanel. Grote verschillen binnen en tussen landen voor 

watt betreft de seroprevalentie voor HSV-1 en HSV-2 werden gevonden. Leeftijdsgestan 

daardiseerdee HSV-1 seroprevalentie varieerde van 84% in Bulgarije tot 81% in Tsjechië, 

67%% in België, 57% in Nederland en 52% in Finland. De leeftijdsgestandaardiseerde (>12 

jaar)) HSV-2 seroprevalentie varieerde van 24% in Bulgarije, tot 14% in Duitsland, 13% in 

Finland,, 11% in België, 9% in Nederland, 6% in Tsjechië, en 4% in Engeland en Wales. In 

allee landen nam de kans op seropositiviteit toe met de leeftijd. Een groot deel van de tieners 

enn jong volwassenen waren nog vatbaar voor HSV-1, met name in Noord-Europa. Vrouwen 

warenn significant vaker HSV-2 seropositief in zes van de zeven (p<0.05) landen en HSV-1 

seropositieff  in vier van de zeven (p<0.05) landen, met name in Noord-Europa. Er werd 

geenn significant bewijs gevonden voor een beschermende rol van HSV-1 infectie voor HSV-

22 infectie, na standaardisatie voor leeftijd en geslacht (p<0.05). 
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Err is een grote variatie in de sero-epidemiologie van HSV-1 en HSV-2 binnen Europa. De 

bevindingg dat een significant deel van de adolescenten HSV-1 vatbaar is zou belangrijke 

gevolgenn kunnen hebben voor de toekomstige transmissie en klinische presentatie van 

HSV-11 en HSV-2 - met name voor wat betreft de seksuele en verticale transmissie. Verder 

onderzoekk is nodig om de toekomstige epidemiologie van HSV te voorspellen en de impact 

enn kosteneffectiviteit van verschillende beheersing- en preventiemaatregelen te kunnen 

vergelijken. . 

Inn Hoofstuk 8 vat de resultaten die in dit proefschrift uiteengezet worden samen en 

bediscussiertt de gevolgen die deze hebben. Samenvattend kan sero-epidemiologie een 

robuustee methode zijn om zowel de effecten van een vaccinatieprogramma te monitoren 

alss voor het plannen van toekomstige preventiemaatregelen. Dat laatste betreft zowel 

dee introductie van nieuwe vaccinatieprogramma's als het versterken van bestaande 

programma's. . 
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(Footnotes) ) 
11 ESEN2 involved eight vaccine-preventable infections including hepatitis A, hepatitis B and 
Varicella-zosterr infection. Countries participating in ESEN2 were Belgium, Czech republic, 
Englandd and Wales, Finland, Germany, Greece, Israel, Latvia, Lithuania, the Netherlands, 
Romania,, Slovenia, Spain, Sweden, 
22 Funded by EU grant DG XI 1 under project number PL95-1039 
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