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Pesrome

BBenenne. Crneunduueckas npopuIakTHKa KOPH, KpPacHYXd U
AMUIEMUYECKOTO MApOTUTA SBUJACh TJIABHOW MPEANOCHUIKON paguKaibHOIO
CHIDKEHHS 4acTOThl 3TUX uH(pekimii B Poccuiickoit @enepanuu. Habmonaromuiics
B IIOCJIEHUE TOJbl POCT JOJIA CEPOHETATUBHBIX JUI NPHUBEI K YBEIUYECHHUIO
3a00JIEBAEMOCTH KOPBIO, YTO HAIPSIMYIO CBS3aHO C HM3KUM IOIMYJISLIMOHHBIM
UMMYHHUTETOM, KOTOPBIA 0OECIEeUMBAET 3alIUTy HACEJICHHs TOJBKO B YCIOBHSX
BBICOKOH IJIOTHOCTH UMMYHHM3UPOBAaHHBIX JIUI U UX PABHOMEPHOT'O PacpeeIICHUs
B nonyyisuud. OLEHUTh YUCIIO UMMYHU3UPOBAHHBIX JIMI] BO3MOXHO JIMIIb IPU
IPOBENCHUH  CEPO3MUAEMHOJOTHYECKONO  MOHHUTOPHHIA  IOMYJIALIMOHHOI'O
UMMYHHTETA.

Heap ucciaegoBanus. M3ydeHue ypoBHsA NONYJIALMOHHOTO UMMYHHTETA
HaceseHus: Cankr-IletepOypra u JleHuHrpaackoil obimacTh K BHpycaM KOpH,
KpPacHyXH U MapoTUTa.

Martepuaasl m Meroabl. B unccnegoBanuu ydactBoBasin 6774 Kutens
peruoHa (BoJIOHTEPHI) B Bo3pacTe OT 1-ro roga go 70+ netr. Penmpe3eHTaTUBHOCTH
oOcienyemMoii KOropTel obecrneunBaiach BeO-npunoxeHueM «MOHUTOPUHT
NOMYJISILHOHHOTO UMMYHUTETA COLIMAJIBHO 3HAYUMBIX UH(pEKIUn»,
UCIIOJIb30BAHHOTO Ha CTaJIMM PETUCTpAIllMU BOJIOHTEPOB MYyTEM PAHIOMU3ALMH U
perynupoBaHusi 00bEMa BBIOOPKH B BO3PACTHBIX Ipymmax. B xone uccrienoBanus
YYaCTHUKH 3aIOJHSIN aHKETY M CAaBaJId MPOOBI BEHO3HOU KPOBH JJISl OIIPEEIICHUS
IgG aHTHMTEN K BHpycaM KOpH, KpacHyxu U mnapotuta metogom MDA ¢
UCIIOJIb30BaHUEM TecT-cucTeM npon3BojictBa AO Bekrop-bect, PO.

Pesyabtatbl. B centsaope 2023 r. B Cankr-IlerepOypre u JleHuHrpaackoit
o0JacTy MOMYJSIIUOHHBI HMMMYHHUTET HACEJIEHUSI COOTBETCTBOBAJ KPHUTEPHUIO
AMUIEMHUOJIOTMYECKOr0 OJIaronoiayyusi TOJIBKO B OTHOIIEHUH KPaCHYXH — BO BCEX
BO3PACTHBIX TpYyINax JO0Jii CEPOHETraTMBHBIX JHI[ He mnpeBbimana 15%,
OOJBIIMHCTBO BOJOHTEPOB MMENM BBICOKUNA YPOBEHb aHTUTEN Kak IMOCIe
3a00J€BaHusA, TaK W TMOcjie BakiuHauu. JlJis KOpH M TMapoTUTa KPUTEpUEM

AMUIEMUOJIOTMYECKOTO OJIaronojiyuusi cuMrTaercs Haiuuue He Oonee 7%



CEpOHETaTUBHBIX JHII. Jl0CTaTOYHBIA YPOBEHb CEPONPEBATIEHTHOCTU K BUPYCY KOpHU
BBISIBJIEH TOJIBKO B CTApIIMX BO3PacTHBIX rpynnax (60 et u crapiie), a K BUpycy
NapoTUTa HE BBISIBJIEH HU B OJHOM Bo3pacTtHOM rpymme. CpenHuil ypoBeHb
ceponpeBasieHTHOCTH Hacenenus Cankr-IlerepOypra u Jlenunrpaackoii o6mactu K
BUpyCaM KOpH, KpacHyxu H mnaporura coctaBuinl 81.4%, 95.5% u 78.4%
COOTBETCTBEHHO.  [IpoOneMHBIMM  BO3pAaCTHBIMU  TpYININaMH C  HU3KOU
CEpONPEBAJIEHTHOCTHIO K BUpYCYy Kopu (62,4-74,3%) okazanuck noapoctku (12-17
jeT) u moJioawie B3pocibie (18-39 iser). BoJBIIMHCTBO CEPONMO3UTHBHBIX JIMII,
BaKIIMHUPOBAHHBIX OT KOPH, UMEIH HU3ZKHUE YPOBHM AHTHUTEI, BHICOKHE YpPOBHU
OTMEUYEHBI IPEUMYILIECTBEHHO Y JIMI] CTapILIEro BO3pacTa, MepeOOoIEBIINX KOPBIO.
Huskas ceponpeBaleHTHOCTh K BHUPYCY MapoOTUTa daile Haliojanach Cpenu
B3pocibix (okono 70%) B Bo3pacte or 18-t go 49-tu ner. Pacnpenenenue
CEpOIPEBAJICHTHOCTH B 3aBUCUMOCTH OT pOJa 3aHATHI ObUIO CpPaBHUTEILHO
OJTHOPOJHBIM C HEKOTOPHIM  MpeoOJiaJaHueM  CEPOMO3UTHUBHOCTH  CpPEIu
NEHCUOHEPOB U IIKOJIbHUKOB.

3akiwydenue. Mcnonb3yemas B PO cucrema crienuduyeckoit mpopuaakTUKU
BaKIIMHOYTIPABJISIEMbIX BUPYCHBIX HH(PEKIUH [TOKa3alia BEICOKYIO 3 (HEKTUBHOCTH U
crioco0cTBOBajIa POPMUPOBAHUIO OMYJISIIMOHHOTO UMMYHHUTETA, TTO3BOJIMBIIETO B
TEYCHHE MHOTHX JIeT JO MHHHMAJIbHOTO YPOBHSI CHH3UTH PHUCK IOSBICHHS Kak
CIOpaJMYeCKUX, TaK W TPYyNNoBbIX 3a0osieBaHuil. B Hacrosmiee Bpems
ceporpeBajgeHTHOCTh HaceneHus: Cankt-IlerepOypra u JleHunrpaackoi obmactu K
BUpyCaM KOpU M BIUJAEMUYECKOro MapoTUTa HENOCTAaTOYHA Mg oOecreueHus
AMHUIEMUOJIOTMYECKOTO OJIaronoyiyduss U TpeOyeT MPUHATUS COOTBETCTBYIOIIMX
YIPaBICHYECKUX PEIICHUN W MPOBEICHUS JOMOJHUTENBHBIX MPO(PUIAKTUIECKUX
MEpPOMPUITHIA, HAMPaABICHHBIX HA TOBBIIICHHE MOMYJISLUOHHOIO MMMYHHUTETa K

TUM UHPEKIHIM.

KiroueBbie cJIoBa: Bakuunoympasisiembie WH(pEKINH,

NOMYJSIIUOHHBI MMMYHUTET, KOpb, KpacHyXa, MapOTHUT, CEPONPEBAJICHTHOCTb,



antutena, Cankt-lIlerepOypr, Jlenunrpanckas o6nacTb, HacejleHUE, KOTOPTHOE

HCCICAOBAHUC.



Abstract

Specific measles, mumps, and rubella prevention has been the main
prerequisite for a striking decline in the incidence of such infections in Russia. An
increase in the percentage of seronegative individuals observed in recent years
resulted in higher measles incidence being directly related to low herd immunity that
accounts for a population protection solely under conditions of a high density of
immunized individuals and their uniform distribution in the population. The number
of immunized individuals may be estimated only while conducting
seroepidemiological monitoring of herd immunity. Objective of the study: to assess
a level of herd immunity in the St. Petersburg and Leningrad Region population
against measles, mumps, and rubella viruses. Materials and methods. There were
enrolled 6,774 residents into the study: volunteers aged from 1 to 70+ years. The
representativeness of the surveyed cohort was ensured by using the Web application
"Monitoring of herd immunity against socially significant infections", used at the
stage of volunteer enroliment, by randomization and regulation of the sample size in
age groups. Participants filled out a questionnaire and agreed to provide venous
blood samples to assess IgG antibody levels against measles, mumps, and rubella
viruses by using ELISA. Results. In September 2023, in St. Petersburg and the
Leningrad Region, herd immunity met the criterion for epidemiological well-being
only with respect to rubella. In all age groups, the proportion of seronegative
individuals did not exceed 15%, and most volunteers had high Ab levels, both after
iliness and vaccination. For measles and mumps, the criterion for epidemiological
well-being is considered not to exceed more than 7% seronegative individuals. A
sufficient level of measles seroprevalence was detected only in older age groups
(>60 years old). Sufficient mumps seroprevalence was not detected in any age group.
The average population (St. Petersburg, Leningrad Region) seroprevalence
magnitude for measles, rubella, and mumps viruses were 81.4%, 95.5%, and 78.4%,
respectively. The problematic age groups with low measles seroprevalence (62.4—
74.3%) were adolescents (12-17 yrs) and young adults (18-39 yrs). Most
seropositive individuals vaccinated against measles had low Ab levels; high levels



were noted mainly in older measles convalescent individuals. Low mumps
seroprevalence (~70%) was more often observed among adults aged 18 to 49 years.
The distribution of seroprevalence in various occupational group was relatively
uniform, with some predominance of seropositivity among pensioners and
schoolchildren. Conclusion. The system of specific prophylaxis for vaccine-
preventable viral infections used in Russia has shown high efficacy and contributed
to the formation of herd immunity, which for many years allowed to lower a risk of
both sporadic and group infections to minimal levels. Currently, measles and mumps
seroprevalence in the local population is maintained at insufficient level to ensure
epidemiological well-being. This necessitates making appropriate management
decisions and conducting additional preventive measures aimed at enhancing

relevant herd immunity.

Keywords: vaccine-preventable infections, herd immunity, measles, rubella,
mumps, seroprevalence, antibodies, St. Petersburg, Leningrad Region, population,
cohort study.
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1 Introduction

Acute infectious diseases accompany an individual person throughout
their life. Most often, they manifest as sporadic cases. Less often, local outbreaks in
groups or limited areas occur. A sudden increase in the number of cases above the
predicted level among the population of a certain area or region is classified as an
‘epidemic’, and if the population of large regions or continents is involved, it is
customary to use the term 'pandemic' [50, 56]. A striking example of the evolution
of the epidemic process is COVID-19, which began in 2020, soon developing into a
pandemic that affected most countries globally. As of 06/04/2024, more than 775
million cases have been registered [68]. Currently, COVID-19 has transformed into
a typical seasonal respiratory infection [47]. One of the reasons for this
transformation has been the formation of herd immunity, and the use of a wide range
of vaccines played a role.

Herd immunity as a protective factor for a susceptible population works
only in conditions of a high proportion of immunized individuals and their uniform
distribution in the population. Estimating the percentage of truly immune individuals
in a population (both as a result of infection or vaccination) is a complex task.
Analysis of morbidity based only on registration of laboratory-confirmed manifest
forms of illness does not allow for a reliable assessment of post-infectious immunity
in the population. The share of individuals with post-vaccination immunity may
differ significantly from official vaccination data due to several factors:
underestimation of actual population size (e.g., due to migratory processes);
ineffectiveness of individual vaccine batches (e.g., due to non-adherence to storage
or transportation conditions); or as a result of individuality in the formation of
immunological memory in specific individuals.

These factors necessitate monitoring of herd immunity in different age
groups living in all Russian administrative regions. The use of analytical methods
and laboratory systems in this work allows for the prompt analysis of a large array
of data. This provides a scientific basis for understanding the causes behind

evolution of the epidemiological situation with respect to specific infections. Such
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an approach can also clarify forecasts regarding expected epidemiological
conditions, events, and burdens. Vaccine-based prevention technologies have made
it possible to achieve outstanding success in reducing the spread of such highly
contagious infections as measles, mumps, and rubella. Nevertheless, monitoring of
ongoing, adequate implementation is a prerequisite for maintaining progress in
recent decades and reducing suffering.

Characteristic features of these infections are the airborne transmission
mechanism and an absence of pathogen-specific therapeutic choices. In global
practice, the trivalent vaccines M-M-P Il and Priorix are primarily used for specific
prevention, forming effective specific immunity simultaneously to measles, mumps,
and rubella [26, 41]. In Russia, the three-component vaccine Vactrivir is used for
this purpose [16].

Specific prevention has been the main prerequisite for a radical
reduction in the measles incidence in recent decades to sporadic cases, mainly of
imported origin. However, some periods have seen fluctuations in incidence, for
example from 2012 to 2018. According to Rospotrebnadzor, 6 measles cases were
registered in the Leningrad Region in 2022, with 1 case in St. Petersburg. The
favorable situation persisted until 2023, when the number of measles cases began to
increase rapidly, and currently continues to increase, in all Russian regions.

Moreover, most cases are no longer associated with importation, and
diseases and/or outbreaks occur, including among the vaccinated population. In
2023, there was a trend towards an increase in measles cases in eight regions of the
Northwestern Federal District (NWFD): St. Petersburg; Leningrad Region;
Arkhangelsk Region; Murmansk Region; Kaliningrad Region; VVologda Region; the
Komi Republic; and the Republic of Karelia.

As of September 2023, 271 verified measles cases were registered (2
per 100,000 pop.). In 70% of cases, the disease developed among unvaccinated
individuals, and 5% of patients could not confirm or deny a history of vaccination.
In 10% of cases, the disease developed among those vaccinated once. In 15%,

occurrence was after revaccination. Most illnesses were associated in some way with
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importation from other countries, mainly Tajikistan. In all cases, the measles virus
genotype D8 MeaNS 8248 was identified.

Rubella cases have not been registered in the Northwestern Federal
District since 2021, which can probably be explained by a high level of herd
immunity among the population.

Despite mumps vaccination within the framework of the national
schedule, manifest cases of this disease are still observed in the city and region. In
2022, 12 cases were detected (0.09 per 100,000 pop.), mainly in St. Petersburg, and
13 cases were already registered in the first 9 months of 2023. Mumps is often
observed in vaccinated individuals worldwide, which is apparently associated with
a decrease in the intensity of post-vaccination immunity according to time elapsed
after immunization [28, 34, 57]. Summarized data on the incidence of these
infections (measles, mumps, rubella), illustrating the information above, are shown
in Figure 1.

Thus, despite vaccination against these airborne transmissible
pathogens, cases of vaccine-preventable infections are still registered. The only
factor capable of preventing the spread of such pathogens is the formation of herd
specific immunity [2, 38, 53]. Clearly, progress in this area is impossible without an
assessment of the status and strength of herd immunity, including the possible
influences of age, region, and professional category [30, 40]. The aim of the study
was to assess herd immunity to measles, mumps, and rubella viruses in a cohort of
volunteers living in St. Petersburg and the Leningrad Region.

2 Materials and Methods
2.1 Characteristics of the analyzed volunteer cohort

A cross-sectional, randomized study was conducted under the
Rospotrebnadzor program 'Assessment of herd immunity to vaccine preventable and
other relevant infections in the St. Petersburg and Leningrad Region Population’, as
approved by the local ethics committee of the Saint Petersburg Pasteur Institute. All
participants, or their legal representatives, were familiarized with the purpose and

methodology of the study and signed informed consent. Random selection of
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volunteers for the study was carried out using a web application with a questionnaire.
The selected volunteers were stratified into nine age groups: 1-5 years; 6-11 years;
12-17 years; 18-29 years; 30-39 years; 40-49 years; 50-59 years; 69-69 years; and
70" years. The size of a representative sample was calculated using a formula based
on the Moivre-Laplace limit theorem [8, 12]. The total number of volunteers in the
cohort surveyed was 6,774 people.

Child volunteers (1-17 years) made up 20.8% of the total number of
those surveyed and were divided into three groups: 1-5 years (5.4%); 6-11 years
(7.5%); and 12-17 years (7.9%) (Table 1). The proportions of volunteers in adult age
groups were approximately the same and differed in numbers by 1.5 - 2.5%. In total,
the cohort consisted of 1,789 men (26.4%) and 4,985 women (73.6%). Hence,
women participated in the study more actively (by a factor of 2.8). Representatives
of various fields of activity took part in the study (Table 2).

As follows from Table 2, the largest numbers of volunteers belonged to
the groups of pensioners and medical workers. The smallest was IT specialists. The
predominance of pensioners and medical workers in the cohort can be explained, to
a certain extent, by the greater social activity, and more responsible attitude to their
health, of volunteers in these two categories.

2.2 Research methods

During a wide information campaign, individuals who expressed a
desire to participate in the study filled out an online questionnaire with personal data
which was sent to the Web application for subsequent analysis. The collected
information included: full name; gender; age; area of residence; field of activity;
presence of chronic diseases; and contact information. Individuals who met the
inclusion criteria (absence of acute illness at the time of the study) were invited to
provide additional information and blood for subsequent laboratory testing in
person. The methodology for organizing and conducting the study has been
described earlier in detail [12].

At the blood collection point, the registrar and volunteer filled out an

extended questionnaire, including questions about medical history (measles, mumps,
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rubella, other vaccine-preventable infections). Also recorded were vaccinations and
re-vaccinations against the listed infections (including vaccine names and dates of
administration). The information was taken from the vaccination certificate provided
by the volunteer, or clarified from other medical documentation.

In addition to the survey using a specially designed questionnaire, all
volunteers were tested for the presence of antibodies to the measles, mumps, and
rubella viruses.

Blood samples were taken from the ulnar vein into vacutainers containing
ethylenediaminetetraacetic acid solution (KsEDTA). Vacutainers were centrifuged
at room temperature. Blood plasma was separated from cellular elements,
transferred to microtubes, and stored at 4°C until testing.

ELISA testing was performed using reagent Kkits manufactured by
Vector-Best (Russia) according to manufacturer instructions: "VectoMeasles-1gG"
for the presence and level of antibodies (Abs) to the measles virus; "VectoRubella-
IgG" for the presence and level of Abs to the rubella virus; and "VectoParotit-1gG"
for the presence of Abs to the mumps virus. The quantitative content of antibodies
to measles and rubella viruses was expressed in IlU/ml. The study flow chart is shown
in Figure 2.

2.3 Statistical processing

Statistical processing was performed using methods of variation
statistics and the Excel 2011 package. The relationships between age and
seroprevalence levels were calculated using the Pearson method. Statistical
processing of proportions was performed using the method of A. Wald and J.
Wolfowitz [65], as modified by A. Agresti and B. A. Coull [23]. Calculation of the
statistical significance of differences in shares was performed using the z test [5].
When assessing diefferences in the compared indicators, a probability level was used
to estimate significance (p<0.05, unless indicated otherwise).

3 Results

3.1 Herd immunity to the measles virus
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The average measles seroprevalence in the volunteer cohort was 81.4%
(95% CI: 80.4-82.3). It was distributed unevenly across age groups, specifically:
with maximum values in those >60 years of age (94.8-96.2%); and with a smaller
share of seropositive volunteers in younger age groups from 12 to 49 years (<80%).
The differences were significant at p<0.05. Seroprevalence in young children's
groups (1-5 years, 6-11 years) did not differ from the a verage cohort value (Fig. 3).

When analyzing seroprevalence, it is necessary to take into account
changes in the national measles vaccination strategy. A single vaccination was
introduced in 1968.

In other words, vaccinated individuals aged 40-55 were likely vaccinated in
childhood once. A full immunization program (2 vaccinations) was introduced in
1986, which correlates with those under 40 years of age. Persons over 55 years of
age were likely only vaccinated in adulthood according to epidemiological
indications. It was in adults, starting from 50 years of age, that we noted a
statistically significant increase in seroprevalence. In the absence of routine
childhood vaccination, this may indicate a previous infection. Low measles
seroprevalence among adults aged 18-39 may be associated with the socioeconomic
situation in the post-Soviet period. Particularly noteworthy is the high proportion of
seronegative individuals among children (18.4-25.7%), probably as a result of
medical exemptions and parental refusals to vaccinate.

When assessing seroprevalence depending on field of activity, no
significant differences were noted by overall professional group. However, the
highest seroprevalence level (95.9%; 95% CI: 94.6-96.9) was observed among
pensioners (differences with the final value of the indicator were significantly
higher, p<0.001), most of whom probably acquired immunity to measles as a result
of a childhood infection. The lowest levels were observed among schoolchildren
(77.9%; 95% CI: 74.9-80.6) and students (66.7%; 95% CI: 60.1-72.7), which were
significantly lower than the final cohort value (p<0.05). These data fully correlate

with the age distribution of seroprevalence described above.
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In addition to seroprevalence, the study included a quantitative
assessment of anti-measles 1gG levels in volunteers of different ages (Fig. 4).

The observed trends differed in both shape and direction. The
distribution of seronegative individuals (<0.18 1U/ml) was bell-shaped. The smallest
number of such individuals was detected among those aged >60 years. The share of
individuals with low anti-measles IgG levels (0.18-0.5 IU/ml) was the highest
among children and gradually decreased with advancing age category. It should be
noted that such dynamics are not accidental, as the correlation coefficient shows (p=-
0.85; p<0.01).

A negative trend was observed in relation to the average 1gG level (0.5-
1.0 IU/ml). As in the previous group, the largest share of individuals with average
levels was detected among children. The smallest was seen among those aged >60
years (p=-0.85; p<0.01). The distributions of seropositive individuals with high
(1.01-2.0 1IU/ml) and very high (>2.0 1U/ml) IgG levels are interesting. In the group
with high levels, the trend changed from negative to positive, although with a low
determination coefficient (p=0.61; insignificant at p>0.05). The most interesting
finding was seen regarding the distribution of seropositivity with the highest anti-
measles IgG levels (Fig. 5). The regression curve remained almost at the same level
(4.9-5.7 1U/ml) in age groups from 1-3 years to 30-39 years, and then increased
almost exponentially to 69.8% (95% CI: 66.8-72.6).

Thus, low and medium anti-measles IgG levels were predominantly
detected in individuals under 50 years of age, while high Ab levels were detected in
individuals aged >50 years. It can be assumed that the higher share of seropositive
individuals with the maximum IgG concentration in older age groups is due to a
history of manifest infection.

The surveyed cohort was heterogeneous in terms of infectious and
vaccinal status. Overall, 4,746 individuals provided information about a history of
measles and vaccination in the questionnaire. After verification of questionnaire data

against medical records, 2,628 individuals for whom reliable information was
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available (Supplementary Table 3S) were divided into 4 groups: 'sick, never
vaccinated' (SNV, n=105); 'sick, vaccinated' (SV, n=58);

'never sick, vaccinated' (NSV, n=2,061); and 'never sick, never vaccinated'
(NSNV, n=404). It is necessary to acknowledge that such a division is somewhat
arbitrary since information about vaccination was confirmed by medical records, yet
a history of illness or lack thereof was not documented by most volunteers.
Information on the relationship between history, the presence of measles
seropositivity, and anti-measles Ab levels was of interest (Fig. 5).

In the groups of volunteers who had had measles (SV, SNV), regardless
of vaccinal status, seroprevalence and Ab levels were generally higher than in the
groups who had not had measles (NSV, NSNV), also regardless of vaccination.

As expected, the highest share of seropositive individuals was found
among volunteers who had indicated a history of illness in the questionnaire,
regardless of vaccinal status (groups SNV, SV). In these groups, seroprevalence was
94.8-99.0% (Fig. 5), and the vast majority (~80%) had high Ab levels (> 1 TU/ml)
(Fig. 6).

In the groups with no official history of measles (NSNV, NSV),
seronegativity was about 22%. Seropositivity in these groups was quite high (~78%)
regardless of vaccinal status, although significantly lower than the value for those
with a measles history (p<0.001). The share of individuals with high Ab levels (>1
IU/ml) was significantly lower than that of those who had had measles. Regarding
high Ab level individuals: they were 44.0% among the unvaccinated (NSNV) (of
which 32.9% had Abs >2 1U/ml); and they were 22.8% among those vaccinated
(NSV) (of which 10.1% had Abs >2 IU/ml). These results are apparently explained
by the structure of these two groups. Half of the volunteers in the NSNV group were
over 50 years old. As shown earlier, seropositivity at this age is about 90% and
higher. This indicates childhood measles infection which the volunteer did not
remember, or did not know about. This is understandable, especially if the illness
was mild. In any case, if infection occurred, then post-infectious immunity was

formed, which is usually accompanied by high Ab levels. Unvaccinated individuals
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have a significantly higher chance of getting measles than vaccinated people. This
Is confirmed by the greater share of people with high Ab levels in the unvaccinated
group.

In the largest group, 'never sick, vaccinated' (NSV), the majority were
children and people under 60 years of age who were vaccinated according to the
national schedule. They would be expected to have post-vaccination immunity.
However, more than 20% of those in this group did not have anti-measles antibodies,
and only 28% of volunteers had high levels.

Of the total, 2,297 volunteers were vaccinated against measles. About
40% of individuals did not have a specific vaccine name listed on their certificate.
Approximately equal numbers of volunteers were vaccinated with measles vaccine
(28.6%; 95% CI: 26.8-30.5) and measles-mumps vaccine (22.0%; 95% ClI: 20.4—
23.8). The total share of other vaccines (Priorix, M-M-R |1, Vactrivir, etc.) was about
12% (Fig. 7).

Significant differences in vaccines were noted depending on volunteer
age. This is likely due to the domestic availability of various vaccines used at
different times (Fig. 8). Adult volunteers from 30 to 69 years old were combined
into one group due to an absence of significant differences.

Most children were vaccinated with two-component (measles, mumps)
or three-component (measles, mumps, rubella) vaccines. Regarding the latter, both
imported (Priorix, M-M-R 11) and domestic (Vactrivir) preparations have been used.
The share of children vaccinated with monovalent measles vaccine was below 10%.

Most adult volunteers, especially the elderly, were vaccinated with a
monovalent measles vaccine. Vaccination with it increased proportionally with age:
from 29.1% (95% CI: 24.9-33.8) in the group '18-29 years old' to 47.8% (95% ClI:
36.5-59.4) in the group >70 years. In adult volunteers aged 30-69 years, two- and
three-component vaccines were practically not used. About 10.1% (95% CI: 7.5-
13.5) of persons aged 18-29 years had been vaccinated with two-component
measles-mumps vaccine since 2002 (when it entered serial production). Among

volunteers aged >70 years, there were also persons vaccinated with measles-mumps
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vaccine (17.5%; 95% CI: 10.0-28.0), probably during vaccination of the adult
population during periods of increased incidence in recent years.

When summarizing measles herd immunity among local volunteers (St.
Petersburg, Leningrad Region), it can be stated that the threshold level of immunity
sufficient to prevent epidemic spread of the pathogen (<7% seronegative
individuals) has been achieved only in the age groups of 60 years and older. Among
adult volunteers under 50 years of age, seroprevalence did not reach 80%. In the
range 18-29 years old, the minimum values were noted (62.4%). It is noteworthy
that about 20% of children who should have been vaccinated according to the
national schedule did not have antibodies to the measles virus.

3.2 Herd immunity to the rubella virus

As noted earlier, the rubella situation in 2021-2022 was favorable.
There were no sporadic cases, let alone epidemic outbreaks, in St. Petersburg or the
Leningrad Region. Despite the fact that rubella is milder than other airborne
infections (COVID-19, influenza, measles), it is a significant public health concern
due to its teratogenic potential and association with autism [42]. Rubella is one of
the most common infections causing fetal abnormalities (congenital rubella
syndrome) in pregnant women.

The first live attenuated rubella vaccine was created by P. D. Parkman
and H. M. Meyer Jr. in 1966 [48]. Inclusion of the rubella vaccine in national
Immunization schedules has increased vaccination coverage to 89.0% in most
developed countries. Russia is no exception, and rubella vaccination has been
included in the national schedule since 1997. Routine immunization occurs at
several points: children at 1 year old; children at 6 years old; and girls aged 13 yeatrs.
Additional immunization is performed for children aged 1 to 17 years: who have not
had rubella; who have not been vaccinated; or have been vaccinated only once.
Young women 18 to 25 years old may also receive vaccination if they have not had
rubella or been vaccinated previously.

The absence of rubella cases does not preclude large-scale studies of

herd immunity against vaccine-preventable infections. Vigilance regarding these



298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

pathogens, including rubella, is an important prerequisite for maintaining
epidemiological well-being, without setbacks, in the country. The long-term use of
a live attenuated vaccine in Russia has resulted in a high level of herd immunity
(95.5%; 95% CI: 94.9-95.9) in the St. Petersburg and Leningrad Region population
(Fig. 9).

The highest rubella seroprevalence values were found in the subgroups
of elderly (60-69 yrs) and older (70* years) people. The lowest were among those
middle-aged (30-39 yrs). Differences with the overall seroprevalence value were
significant (p<0.05). Despite some seroprevalence differences among various age
groups, the average level of herd immunity exceeds 95%. Since the criterion for
epidemic well-being regarding rubella is the detection of <7% seronegative
individuals, the situation in St. Petersburg and the Leningrad Region can be
considered favorable. This is confirmed by the absence of rubella cases in recent
years in the regions analyzed. As expected, given the high overall seroprevalence of
the population, differences by field of activity were not seen. Anti-rubella 1gG levels
were determined in volunteers depending on age (Fig. 10).

The data reflect a complex, heterogeneous structure regarding the
distribution of anti-rubella Abs present in the population. The share of seronegative
individuals and those with minimal Ab levels was distributed relatively uniformly.
It was described by linear regression, with virtually no dependence on age. The
trends change with higher Ab levels, requiring a more complex approximation
described by 3™ degree polynomials. Significant heterogeneity in the results is
noteworthy, including opposing trends describing certain Ab concentration
distributions: 25-100 IU/ml (average) and >200 IU/ml (maximum).

Within the age intervals 6-11 yrs and 12-17 yrs, an increase in average
Ab levels, and a decrease in maximum levels, are observed. In the range 18-29 yrs,
there is a turning point in trends. By the age range 50-59 yrs, the largest share of
volunteers had Abs at maximum levels, and a statistically significant proportion of
seropositive individuals had only average levels. Considering that for both trends

the determination coefficient varies within a range (0.5-0.61), it can be considered
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that this form of regression is not random. It likely reflects real processes, and
statistically significant features, of the quantitative Ab distribution.

Among volunteers of all age groups, the shares of individuals with
medium, high, or very high Ab levels were distributed evenly. No more than 7% of
volunteers had low Ab levels (10-25 IU/ml). Nevertheless, in children from 6 to 17
years old, high 1gG levels were detected significantly less often than in children 1-
5 years old or adults >18 yrs.

As with measles, those volunteers (4219 people) who provided
information about their illness and vaccination in the questionnaire were divided into
four groups (Suppl. Table 8S). Depending on infectious and vaccinal status after
verification of their questionnaire data against medical records (2302 people), these
were: SNV (n=180); SV (n=43); NSNV (n=813); and NSV (n=1266).

The age distribution of volunteers by infectious and vaccinal status is
related to the national schedule, which has included rubella vaccination since 1998.
In this regard, only people under 25 years of age were routinely vaccinated against
rubella. People over 25 years of age, primarily women, may have received
unscheduled vaccination based on epidemiological indications. It can be assumed
that the groups of those who have had the disease (SNV, SV) should be mostly
represented by people aged >30 years. The NSV group is most likely to be children
and young people (18-29 years old). The NSNV group is volunteers of different
ages who were not vaccinated, either due to medical exemptions, refusal (children
and adults <25 years), or because of age (people >25 years). Such a classification is
largely arbitrary since the actual number of people who have had rubella may be
higher due to the prevalence of mild and asymptomatic cases. Furthermore, people
of any age may have received rubella vaccination based epidemiological measures,
especially women, for whom the presence of rubella constitutes a risk of developing
pre- and postnatal lesions in newborns [27, 33, 42].

Given the high overall rubella seroprevalence in the cohort (95.5%),

and its uniform distribution across age groups, one would not expect to find
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significant differences in seroprevalence in volunteers of different infectious and
vaccinal status (Fig. 11, 12).

Although significant differences were not found between groups,
seroprevalence exceeded 95% among volunteers who had experienced rubella or
were vaccinated (SNV, SV, NSV), which is higher than the value for those who
denied a history of vaccination or illness (NSNV, 88.6%). As with measles, the vast
majority of volunteers who had had the disease (>80%) had high 1gG levels (>100
IU/ml), including about 60% with levels higher than 200 [U/m.

Despite the absence of a history (disease and/or vaccination) among
NSNV, the share of those with high antibody levels was also high, reaching almost
89%. This fact indicates that the share of people who had actually experienced
rubella is undoubtedly higher due to the prevalence of mild or asymptomatic cases,
which nevertheless leave a trace in the form of circulating 1gG [16]. Furthermore,
among volunteers who had not had rubella, Ab levels were lower than in those who
had been ill: IgG exceeded 100 1U/ml in almost 60%, including about 30% with a
value higher than 200 1U/ml (Fig. 12).

Of the total cohort, only 1,368 volunteers provided medical
documentation with information on rubella vaccination. Vaccine name was not
indicated in the vaccination certificates of 37.7% of people (Fig. 13). Most
volunteers were vaccinated with a domestic monovalent rubella vaccine: 47.2%
(95% ClI: 44.6-49.9). The usage share of three-component imported and domestic
vaccines ranged from 1.5% (M-M-R 11) to 8.7% (Priorix).

Age differences were noted regarding vaccines used for rubella
vaccination. These are likely associated with the availability of specific vaccines in
different time periods (Fig. 14). Adult volunteers aged 30-49 years were combined
into one group due to an absence of significant differences.

Most volunteers in all age groups were vaccinated with domestic
monovalent rubella vaccine. The three-component Vactrivir (measles, mumps,
rubella) vaccine has been used in Russia since 2019 as part of the national

vaccination schedule. Hence, the maximum share of those vaccinated with Vactrivir



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

was noted among children aged 1-5 years (22.4%; 95% CI: 17.4-28.5). In other age
groups, it was apparently used for one-time revaccination in older children, as well
as vaccination according to epidemiological indications in adults aged 50-69 years.
The imported three-component vaccine Priorix was used for routine vaccination and
revaccination of children, as well as vaccination of adults according to
epidemiological indications, during the periods when it was available in Russia.

Thus, the conducted serological studies (Ab presence, levels) revealed
a high level of herd immunity, indicating that conditions in the region (St.
Petersburg, Leningrad Region) are close to the threshold beyond which the rubella
virus in the population is completely eliminated.

3.3 Herd immunity to the mumps virus

Mumps can be accompanied by numerous complications, the most
common of which is orchitis [62, 69, 71]. Less often, meningitis, nephritis,
polyneuropathy, pancreatitis, deafness, and other problems, can occur [25, 45, 60,
71]. The infection contributes to the formation of persistent immunity. In Russia,
planned vaccination of children (at the age of 12 months) began in 1980. In 2001,
mandatory revaccination of children at 6 years of age was introduced. Accordingly,
volunteers younger than about 45 years were subject to scheduled mumps
vaccination.

Our data shows that the overall seroprevalence in the local volunteer
cohort (St. Petersburg, Leningrad Region) was 78.4% (95% CI: 77.4-79.3) in
September 2023 (Fig. 15). Considering that the share of seronegative individuals
should not exceed 15% to ensure epidemiological well-being regarding mumps, it is
obvious that the level of herd immunity is insufficient to prevent the spread of
infection in the surveyed areas.

The distribution of mumps seroprevalence showed statistically significant age
differences relative to the average cohort value. A significantly higher (p<0.01)
share of seropositive individuals was observed in children aged 6-11 years (probably
after revaccination at 67 yrs), as well as in the older groups (>60 yrs) (likely post-

infectious immunity in unvaccinated individuals). In contrast, among young adult
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and middle-aged volunteers (18-49 vyears), there was significantly lower
seroprevalence (p<0.0001). This fact is to be expected since this interval includes
those vaccinated once at the age of 1 year (since 1980) before the introduction of
revaccination (in 2001).

The distribution of seroprevalence depending on occupation was
consistent with the age distribution. The highest values (~86%) were found among
schoolchildren and pensioners (children, elderly). The lowest (~70%) were among
medical workers, civil servants, and transportation workers (those middle-aged). In
all cases, the differences were significant at p<0.05. For participants who provided
information about illness and vaccination by questionnaire (n=4,527), data were
verified against medical records when possible (Supp. Table 12S). Those with
documented infectious and vaccinal status (n=2,346) were divided into four groups:
SNV (n=111); SV (n=25); NSNV (n=708); and NSV (n=1502).

As with other vaccine-preventable infections, the groups with
volunteers who had

experienced symptomatic mumps were represented mainly by adults over 30
years of age. Some of the volunteers who had had the illness were also vaccinated,
likely due to epidemiological measures. The NSV group was represented mainly by
children and young people under 30 years of age. This is obviously related to the
Initiation of mumps vaccination in Russia. Older people would have been vaccinated
for epidemiological reasons or in accordance with specific regional vaccination
programs.

When comparing mumps seroprevalence among volunteers with
different infectious and vaccinal status, the highest share of seropositive individuals
was observed in the groups who had experienced symptomatic mumps (regardless
of vaccination): SNV group — 91.0% (95% CI: 84.2-95.0); and SV group — 92%
(95% CI: 75.0-97.8). Seroprevalence among volunteers who indicated no history of
mumps (regardless of vaccination) was lower: NSV group — 80.2% (95% CI: 78.1-
82.2); and NSNV group — 73.9% (95% CI: 70.5-77.0) (Fig. 16). It is noteworthy
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that volunteers who denied a history of illness or vaccination, were nevertheless
mostly seropositive for anti-mumps antibodies.

Medical documentation with information on mumps vaccination was
provided by 1,583 volunteers. However, it was impossible to determine official
vaccine name in 37.8% of cases (Fig. 17). Most were vaccinated with domestic
vaccines: a two-component measles-mumps vaccine (31.5%; 95% CI: 29.3-33.9); a
monovalent mumps vaccine (17.9%; 95% CI: 16.1-19.9); and/or the three-
component Vactrivir vaccine (4.1%; 95% CI: 3.2-5.2). The share of the two
imported, three-component (measles, mumps, rubella) vaccines (Priorix, M-M-R 11)
did not exceed 9%.

Age differences regarding vaccines used for mumps vaccination were
noted. These are likely related to the availability of specific vaccines in different
time periods (Fig. 18). Adult volunteers aged 30-49 and 50-69 years were combined
due to an absence of significant differences.

Most child volunteers (45.7-50.5%), as well as those over 70 years old
(81.3%; 95% CI: 57.0-93.4), were vaccinated with the measles-mumps vaccine. The
new domestic three-component vaccine Vactrivir, introduced into practice in 2019,
was used to vaccinate children aged 1-5 years (22.4%; 95% CI 17.3-28.5) and 6-
11 years (3.8%; 95% CI 2.2-6.5%). In other age groups, only a few such vaccinated
individuals were noted. In contrast, those aged 18 to 69 years were vaccinated with
monovalent mumps vaccine (25.2-48.2%) or, to a lesser extent, mumps-measles
vaccine (5.8-32.1%). Regarding imported, three-component vaccines, Priorix was
used in certain young groups (6—11 yrs, 12-17 yrs). M-M-R Il was used in isolated
cases in different age groups.

When summarizing our analysis of herd immunity to mumps, we note
that seroprevalence in the local population is close to the threshold for
epidemiological well-being (<15% seronegative individuals) only for certain
groups: children aged 6-17 years and individuals in the oldest groups (>60 yrs).

In the volunteer cohort, a separate group consisted of 'naive' individuals

who denied a history of illness or vaccination. They presumably should have had
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neither post-infectious, nor post-vaccination, immunity. Nevertheless, for all
infections analyzed, high seroprevalence was found among those in the NSNV
(never sick, never vaccinated) group: measles virus — 78.5% (95% ClI: 74.2-82.2);
mumps virus — 73.9% (95% CI: 70.5-77.0); and rubella virus — 88.6% (95% CI:
86.2-90.6).

Age analysis showed that seroprevalence for all infections was minimal
in children aged 1-5 years (37.5% for measles, 48.6% for mumps and 50.0% for
rubella), with an increase to maximum levels in individuals aged >70 years (90.3%
for mumps, 96.0% for rubella and 97.7% for measles) (Fig. 19). Setting aside that
some volunteers, or their parents, may have forgotten illness or vaccination, one
aspect becomes apparent. The revealed seroprevalence values indicate insufficient
laboratory diagnostics of vaccine-preventable infections. In reality, older volunteers
had not only experienced 'childhood' infections, they also had likely received a
natural booster effect through encounters with infected individuals. This is
confirmed by the fact that Ab levels were higher in older age groups than in children.

It is obvious that the dependence in this case is not linear, and the trend
can be described by two tangents. The first is tgal1=6.8 (steeper), wherein the level
of herd immunity is growing at a high rate due to an active transmission process.
Adaptive immunity is quickly formed (via childhood immunization or transmission).
The second is tga2=0.3, wherein all (or almost all) of those in the oldest groups (>60
years) have already encountered the virus in their lives through vaccination or
iliness. In result, the virus practically does not spread in this age group.

4 Discussion

Herd immunity is the central mechanism for protecting the population
from contagious infectious pathogens that tend to spread as epidemics. These
include airborne infections, often in childhood (measles, mumps, rubella, diphtheria,
whooping cough), as well as acute respiratory viral infections that are not strongly
age-specific (influenza, parainfluenza, respiratory syncytial virus, coronaviruses,
etc.) [31, 39, 44, 46, 63, 66]. It is also worth mentioning that a number of infections
have virtually disappeared in recent times, yet caused a number of deadly epidemics
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in the Middle Ages [1, 64]. The outcome of all these pandemics was the formation
of specific immunity to the pathogen. This process is based on the ability of cellular
and humoral mechanisms to block the transmission of pathogens among the
population, wherein the prevalence of positive serological results (p) exceeds the
critical value of herd immunity (pc), known as the herd immunity threshold [43, 51,
70]. According to researchers, achieving this threshold is realistic (at least for
measles, mumps, and rubella) provided that vaccination of different population
segments is properly organized [51, 67].

The measles virus is a highly contagious pathogen, the basic
reproduction number (Ro) for which is 9-18 [61]. This means that the target
vaccination coverage to achieve the protective immunization threshold should be
about 95% [29]. The criterion for epidemic well-being regarding measles is the
presence of no more than 7% seronegative individuals in the population. Our results
show that in St. Petersburg and the Leningrad Region, the measles seroprevalence
in the cohort as a whole was 81.4% (95% CI: 80.4-82.3), which is significantly
below the threshold. We also note statistically significant heterogeneity in the
cohort: the lowest seroprevalence was found among individuals aged 18-39 years
(62.4%; 95% CI: 59.0-65.7); and the highest was among those aged >70 years
(96.2%; 95% CI: 94.8-97.2). Similar heterogeneity was found in volunteers
depending on field of activity. Higher seroprevalence was noted among pensioners
and preschoolers (which corresponds to the age distribution). It was also noted in
health workers and educators, both of which are ‘at risk' groups. Since 2014, they
are subject to vaccination until the age of 55 under certain conditions (no history of
vaccination or illness) [13,14].

High anti-measles Ab levels are most typical for older individuals:
about 80% of seropositive individuals aged >60 years had high (1-2 IU/ml), or very
high (>2 IU/ml), IgG levels. The opposite situation was noted in the group ‘children
aged 1-17 yrs': the overwhelming majority had low or medium Ab levels (0.18-1.0
IU/ml).
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Analysis of volunteer histories (measles vaccination, past illness)
showed that seroprevalence was mainly influenced by past illness, not vaccination.
Among those who had had measles, seroprevalence and Ab levels were higher than
among those who had not, regardless of vaccination. Our data on local herd
immunity (St. Petersburg, Leningrad Region) are consistent with earlier data from
other seroepidemiological studies conducted in various Russian regions. They also
noted low measles seroprevalence in children and in adults aged 18-40 years [4, 9,
10, 11, 17, 18].

It can be assumed that the revealed differences are due to a number of
medical and social factors. Mandatory single vaccination of children with a live
measles vaccine at the age of 1 year was launched in the USSR in 1968. In 1986,
revaccination of children before entering school (at the age of 6 or 7 years) was
introduced. Thus, subjects who have undergone a full course of measles vaccination
within the framework of the national schedule (vaccination, revaccination) can be
classified fairly reliably as persons under 40 years of age. Persons aged 40-55 years
were most likely vaccinated once. Those over 55 would have been vaccinated only
according to epidemiological indications. Interestingly, starting from the age of 50,
the share of measles-seropositive persons with high Ab levels steadily increases.

There is no doubt that in the period preceding the introduction of
mandatory vaccination, measles incidence was high, and people over 50 years of age
were highly likely to have had this infection. The higher seroprevalence in groups
over 50 years of age, as well as high Ab levels, indicate a long-term and even lifelong
existence of anti-infective immunity. It is believed that the measles vaccination
coverage among the adult population aged 18-35 is maintained at the regulated level
and is about 99% in Russia [13, 14]. Our data indicate that the real seroprevalence
of the population at this age is 60-70%. Data from Russian authors indicate that
during periods of increased measles incidence, people in age groups with a low herd
immunity are primarily involved in the epidemic process [18]. Also noteworthy is
the high share of seronegative individuals among children (18.4-25.7%). Data from

official registrations and individual researchers confirm the involvement of
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unvaccinated individuals in the epidemic process: no more than 5-7% of those
infected are vaccinated against measles [3, 21].

Thus, our results confirm the fact that individuals who have had
manifest measles (usually older people) have higher immune protection than after
vaccination [54]. In addition, older individuals in conditions of high measles
incidence in the pre-vaccination period probably encountered the pathogen
repeatedly, which strengthened post-infectious immunity (booster effect) and
ensured high Ab levels. The immune response formed following the measles vaccine
is lower. In addition, the probability of a natural booster effect in vaccinated
individuals in conditions of reduced circulation of wild virus is low. This is
confirmed by low Ab levels in seropositive young individuals [35].

Rubella, like measles, is a vaccine-preventable infection and, despite
the existence of a family of specific vaccines, continues to cause up to 100,000 cases
of congenital rubella syndrome worldwide annually [39, 42, 59]. Its basic
reproduction number varies from 3-8, potentially up to 12 [49, 56]. It follows that
the required threshold of herd immunity in European countries is estimated to be 67—
87%, while in developing countries it can reach 90% [39, 51, 52]. Live attenuated
MMR vaccine is used worldwide for specific prevention of rubella; it is capable of
generating adaptive immunity simultaneously to three pathogens: measles, mumps,
and rubella [58].

Rubella immunization in Russia was introduced into the schedule by an
order of the Ministry of Health (dated 27.12.97, No. 375), later replaced by a
subsequent order (dated 30.09.2015, No. 683H). Accordingly, children are subject
to routine iImmunization at specific points: those aged 12 months; 6 years; and girls
aged 13 years. Additional rubella immunization includes: all children from 1 to 17
years who have not been ill, not been vaccinated, or vaccinated only once; as well
as young women aged 18-25 years who have not been ill or vaccinated previously
[15].

An assessment of rubella herd immunity showed that the overall cohort

had the necessary immune protection, regardless of age or occupation. The average
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rubella seroprevalence was 95.5% (95% CI: 94.9-95.9). The highest level was
recorded among volunteers aged 50-70" years (96.3-97.6%). The lowest was in the
age group 30-39 years (92.7%; 95% CI: 90.8-94.3). In other words, the level of herd
immunity reached the threshold for epidemic well-being (<7% seronegative
individuals in the pop.) in almost all age groups. This is confirmed by the absence
of registered of cases of rubella, or congenital rubella syndrome, in 2021-2023
locally (St. Petersburg, Leningrad Region).

Unlike measles, 60—-70% of volunteers had high, or very high, anti-
rubella 1gG levels, and the share of individuals with low Ab levels did not exceed
7%. However, in children aged 6-17 years, high IgG levels were detected
significantly less frequently than in children aged 1-5 years or adults. This situation,
noted by other authors [20], may be associated with a weakening of immunity 6-10
years after revaccination in the absence of a natural booster effect when encountering
wild rubella virus. It is interesting to note that in the group of volunteers who had
not been ill or vaccinated against rubella, the share of seropositive individuals was
high, 88.6% (95% CI: 86.2-90.7), although significantly lower than in the groups of
those who had been ill and vaccinated. In addition, those with full recoveries from
symptomatic infections had higher Ab levels. Specifically, in 50-60% of such
volunteers, 1gG levels exceeded 200 1U/ml, as opposed to 29-33% of those who
without a history of manifest rubella.

When summarizing the assessment of herd rubella immunity in the
local population (St. Petersburg, Leningrad Region), as well as the data of other
domestic authors [7, 9, 11, 17, 18, 20], it is obvious that the existing practice of
routine vaccination has contributed to the formation of herd immunity sufficient to
interrupt viral spread.

This is reflected in the absence of manifest cases in recent years. Clearly, a
high level of herd immunity has been maintained, even in the absence of circulation
of the wild strain or natural booster effects through encounters. It is premature, of

course, to declare a complete victory over rubella, and the possibility of imported
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cases cannot be ruled out. However, the risk of epidemic spread among local
residents can currently be considered low.

In uncomplicated cases, mumps occurs as a mild, self-limiting
infection, but there are also complicated cases with the addition of orchitis in boys,
as well as pancreatitis and even neurological complications [60, 69, 72, 73]. The
mumps virus is less contagious than the measles virus. Values for the basic
reproductive number, depending on regional characteristics, can vary from 4-7
(USA) to 11-14 (Great Britain) [36]. Before the introduction of mass vaccination,
iliness was widespread globally. In some countries, up to 5-6% of the population
has experienced symptomatic forms [22]. A significant change in the
epidemiological situation occurred only after the introduction of specific vaccination
into clinical practice in 1967. This has enabled a many-fold reduction in mumps
prevalence globally [6, 37].

Contemporary mumps epidemiology and its features have been shaped
by routine prevention using a live attenuated vaccine. The introduction of vaccines
against the virus in Russia has contributed to a decrease in the frequency of clinical
mumps cases, primarily due to the formation of strong herd immunity [6]. In Russia,
two domestic vaccines based on the Leningrad-3 strain are used: a monovalent
mumps vaccine and a divalent (mumps-measles) vaccine. Two imported trivalent
(measles, mumps, rubella) vaccines, M-M-R 1l and Priorix, are also used. Regardless
of their origin, all of the listed vaccines create 90% immunity, which lasts up to 5-6
years after administration [16, 19, 24, 32]. The vaccination program against mumps
in Russia has undergone changes, which obviously has affected seroprevalence in
various age groups. Routine vaccination of the child population (at the age of 12
months) began in 1980. In the year 2000, the attenuated mumps virus content in the
vaccine was increased by 2-fold. In 2001, due to an identified decrease in immunity,
mandatory booster revaccination of children at 6 years of age (before school) was
introduced into the national vaccination schedule.

Taking into account that the average value of the basic reproductive

number (Ro) varies within 4.5, it is possible to calculate the threshold level of mumps
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herd immunity (Ri), which was 77.7%, using the formula (1-(1/R)*100). In St.
Petersburg and the Leningrad Region, the average cohort value of R; was 78.4%
(95% CI: 77.4-79.3). The highest R; values were noted among children aged 6-11
years (88.0%; 95% ClI: 84.9-90.6) and those >50 years (88.2%; 95% CI: 86.0-90.0);
differences with the average cohort value were significant (p<0.001). The least
protected were middle-aged adults aged 18-49 years, among whom seronegativity
reached 30%. They were likely vaccinated once before the introduction of
revaccination in 2001.

The distribution of mumps seroprevalence by field of activity
corresponded with age. The highest seropositivity values were found among
schoolchildren and pensioners (children and the elderly). The lowest was among
medical workers, civil servants, and transportation workers (middle-aged people).
In all cases, the differences were significant (p<0.05). As with other vaccine-
preventable infections, analysis of infectious history and vaccinal status showed that
the highest share of seropositive individuals was noted in groups of volunteers who
had experienced symptomatic mumps, regardless of vaccination: 87.6-91.0%.

Thus, the threshold for epidemic well-being with respect to mumps
(<15% seronegative individuals) corresponded to the level of herd immunity only
among children aged 6-17 years and those >60 years. The rest of the population,
including preschool children and adults aged 18 to 59, are not sufficiently protected
from mumps. As such, they can be involved in epidemiological processes.

Analysis of volunteer groups who cannot document, or recall, a history
of vaccination or illness (i.e., should not have had significant humoral immunity)
shows that there has been insufficient laboratory diagnostics of vaccine-preventable
infections. Latent and asymptomatic forms (measles, mumps, rubella) have very
likely been overlooked in the past. Seropositivity for these pathogens was noted in
all age groups. It increased with age, reaching maximum levels in those aged 70"
(90.3% for mumps, 96.0% for rubella and 97.7% for measles). Many of the older
adult volunteers were born in, or have lived through, the pre-vaccination period.

Many have had these 'childhood' infections, as well as the opportunity to receive a
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natural ‘booster effect’ in conditions of high morbidity (through contact with infected
individuals).

In Russia, live attenuated vaccines are used for specific prevention of
these pathogens in the form of monovalent, two-component (measles, mumps), and
three-component preparations (measles, mumps, rubella). All available vaccines are
safe, effective, and can be equally used within the framework of immunization
programs. However, the general trend in vaccination development globally has been
a transition to combination vaccines with an increasing number of components. In
2019, the first domestic three-component vaccine, Vactrivir (measles, mumps,
rubella) [19], was registered in Russia. Earlier, the foreign vaccines Priorix and M-
M-R Il were used as three-component vaccines. Multicomponent vaccines are
predominantly used for routine vaccination of children. Monovalent vaccines are
used for vaccination (and revaccination) of adults according to epidemiological
indications, depending on which pathogen is of public health concern.

5 Conclusions

1. Currently, herd immunity to ‘childhood' infections in the local
population (St. Petersburg, Leningrad Region) ensures epidemiological well-being
only with respect to rubella. This is confirmed by the long-term absence of cases of
acute infection or congenital rubella. An unfavorable situation is noted with the level
of herd immunity to measles and mumps, which corresponds to the situation noted
in other Russian regions.

2. The highest share of susceptible individuals was found among young and
middle-aged groups. These volunteers typically: have not experienced symptomatic
cases of these infections; were vaccinated according to an incompletely established
vaccination schedule; and have not experienced a natural booster effect (due to
reduced circulation of wild viral strains). The aforementioned factors contribute to a
fading of post-vaccination immunity.

3. The least susceptible to these 'childhood' illnesses are individuals
over 50 years of age who have experienced infection (symptomatically or

asymptomatically). They have developed post-infectious immunity (with high Ab
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levels) and also received a natural booster effect in the pre-vaccination period in
conditions of high morbidity.

4. The situation with post-vaccination immunity to measles requires
additional analysis. Seroprevalence levels in certain age groups, including children,
are insufficient to ensure epidemiological well-being. Currently, outbreaks
associated with imported cases of infection are being registered in Russian regions,

with subsequent formation of foci among unvaccinated residents
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Figure 1. Annual incidence dynamics of measles, mumps, and rubella in the local population (2010 to 2023).
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Figure 2. Study flow chart.

Initial Cohort
6,774 volunteers

Data collection by questionnaire
Blood draw, analysis of antiviral IgG by ELISA (measles, mumps, rubella)

Questionnaire Data Analysis of Indicators

Age groups (years): > | Seroprevalence by age group | Antibody level dynamics

1-5, 6-11, 12-17, 18-29, 30-39, by age

40-49, 50-59, 60-69, 70" (measles, rubella)

Field of activity > | Seroprevalence by field of activity I Antibody levels
by field of activity
(measles, rubella)

Medical history Seroprevalence by history: Antibody levels

(illness, vaccination) —— SNV - 'sick, never vaccinated' by history

Verification by SV - 'sick, vaccinated’ (measles, rubella)

measles = 4.746 medical documentation NSV —'never sick, vaccinated'

rubella = 4 2'19 NSNV —'never sick, never vaccinated' SNV. SV. NSV. NSNV

mumps = 4,527




Figure 3. Measles seroprevalence (IgG presence) by age group. Note: vertical black lines are confidence intervals; horizontal
translucent band is the 95% confidence interval of the final value for the entire sample (81.4%; 95% CI: 80.4-82.3). Numerical
values and statistical significance indicators are given in Supplementary Table 1S.
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Figure 4. Trends in the quantitative distribution of anti-measles I1gG levels by age group. Numerical values are shown in the upper
left: regression equations (trend lines in corresponding colors); determination coefficients (R?); Spearman correlation coefficients
(p); p values. Quantitative Ab levels are in IU/ml. Vertical black lines are 95% confidence intervals. Numerical values and statistical

significance indicators are given in Supplementary Table 2S.
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UMMYHUTET K KOPU, KPACHYXE U TAPOTUTY 10.15789/2220-7619-HIT-17797
IMMUNITY TO MEASLES, RUBELLA AND MUMPS

Figure 5. Measles seroprevalence by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated’;

NSV - 'never sick, vaccinated’; NSNV — 'never sick, never vaccinated'. Numerical values and statistical significance indicators are
given in Supplementary Table 4S.
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Figure 6. Anti-measles IgG levels by infectious and vaccinal status. Legend: SNV —'sick, never vaccinated'; SV -'sick, vaccinated';
NSV - 'never sick, vaccinated’; NSNV — 'never sick, never vaccinated'. Numerical values and statistical significance indicators are
given in Supplementary Table 4S.
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Figure 7. Structure of preparations used for measles vaccination (St. Petersburg, Leningrad Region). Numerical values and
statistical significance indicators are given in Supplementary Table 5S.
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Figure 8. Preparations used for measles vaccination, by age group. Numerical values and statistical significance indicators are
given in Supplementary Table 5S.
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Figure 9. Rubella seroprevalence (IgG presence) by age group. Notes: vertical black lines are 95% confidence intervals; horizontal
translucent stripe is the 95% confidence interval of the final value for the entire sample (95.5%; 95% CI: 94.9-95.9). Numerical
values and statistical significance indicators are given in Supplementary Table 6S.
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Figure 10. Trends in the quantitative distribution of anti-rubella IgG levels by age group. Numerical values are shown in the upper
left: regression equations (trend lines in corresponding colors); determination coefficients (R?); Spearman correlation coefficients
(p); p values. Quantitative Ab levels are in IU/ml. Vertical black lines are 95% confidence intervals. Numerical values and statistical

significance indicators are given in Supplementary Table 7S.
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Figure 11. Rubella seroprevalence by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated’;

NSV —'never sick, vaccinated'; NSNV —'never sick, never vaccinated'. Vertical black bars are 95% confidence intervals. Numerical
values and statistical significance indicators are given in Supplementary Table 9S.
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Figure 12. Anti-rubella IgG levels by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated’;
NSV - 'never sick, vaccinated’; NSNV — 'never sick, never vaccinated'. Numerical values and statistical significance indicators are
presented in Supplementary Table 9S.
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Figure 13. Structure of preparations used for rubella vaccination. Numerical values and statistical significance indicators are given
in Supplementary Table 10S.
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Figure 14. Preparations used for rubella vaccination, by age group. Note: vertical black lines are 95% confidence intervals.

Numerical values and statistical significance indicators are given in Supplementary Table 10S.
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Figure 15. Mumps seroprevalence, by age group. Note: vertical black lines are 95% confidence intervals; horizontal translucent
bar is the 95% confidence interval of the final value for the entire sample (78.4%; 95% CI. 77.4-79.3). Numerical values and
statistical significance indicators are presented in Supplementary Table 11S.
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Figure 16. Mumps seroprevalence by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated';
NSV - 'never sick, vaccinated'; NSNV — 'never sick, never vaccinated'. Note: vertical black lines are 95% confidence intervals.
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Figure 17. Structure of preparations used for mumps vaccination.
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Figure 18. Preparations used for mumps vaccination, by age group. Note: vertical black lines are 95% confidence intervals.

Numerical values and statistical significance indicators are given in Supplementary Table 13S.
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Figure 19. Seroprevalence among 'naive' volunteers (never sick, never vaccinated) for vaccine-preventable infectious pathogens.
Since the rubella trendline was described by a 2nd degree polynomial, tangents to the curve were calculated for the youngest and
oldest categories: tgal — slope of the youngest interval (aged 1-11 years), representing rate-of-increase in seropositivity in children;
and tga2 — slope of the oldest interval (aged > 60 years). Trends for measles and mumps were straight lines. As such, their tga
values reflect evenly increasing seropositivity across age groups. Spearman correlation coefficients (p) are shown. For statistical

significance, all at p<0.05. Numerical values and statistical significance indicators are given in Supplementary Table 14S.



UMMYHUTET K KOPU, KPACHYXE U TAPOTUTY 10.15789/2220-7619-HIT-17797
IMMUNITY TO MEASLES, RUBELLA AND MUMPS

100

tga 2=0.3
90 =

Joo LA

y=7.2267x+35.089

Proportion of seropositive individuals, %

60 R2=0.91; tga=7.5;p=0.98
50 y =-0.7512x%+14.297x+30.881

R?=0.90; tga1=6.8 ; tga2=0.3; p=0.88
40
30 y=4.5033x+45.783

R?=0.89; tga=5.2; p=0.95
20
1-5 6-11 12-17 1829  30-39 4049  50-59  60-69 70+
Age group, years
® KOpb @ KpacHyxa @ napoTut
JiereHJ1a Ha PyCCKOM fI3bIKe
Russian Journal of Infection and Immunity ISSN 2220-7619 (Print)

ISSN 2313-7398 (Online)



Table 1. Age structure of the volunteer cohort (St. Petersburg, Leningrad region).

TABJINLbI

70+ years
14.5%

Age, N, Share, % (95%
years | persons | Cl)

1-5

years | 369 5.4 (1.3-9.0)
6-11

years | 510 7.5 (6.9-8.2)
12-17

years | 536 7.9 (7.3-8.6)
18-29 11.8  (11.0-
years | 796 12.5)
30-39 12.4  (11.6-
years | 838 13.2)
40-49 135  (12.7-
years | 915 13.4)

60-69 years
13.7%

50-59 years
13.3%

Z0-49 years
13.5%

1-5 years
5.4%

J 6-11 years
7.5%

12-17 years
7.9%
18-29 years
11.8

30-39 years
12.4%




50-59 13.3  (125-
years | 900 14.1)

60-69 13.7(12.9-
years | 930 14.6)
70+ 145  (13.6-

years | 980 15.3)

Total | 6774 6774

Note: 70" designates volunteers aged >70 years.



Table 2. Distribution of volunteers by field of activity.

Confidence
Volunteers, | Share, | Interval

Field of activity | N % (95%)
Healthcare 1366 202 ]19.2-211
Pensioner 1157 17,1 |16.2-18.0
Schoolars 815 12 11.3-12.8
Education 592 8,7 81-94
Office worker 563 8,3 7.7-9.0
Preschooler 433 6,4 58-7.0
Other 292 4,3 3.8-48
Industry 269 4 35-45
State-military
service 262 3,9 34-44
Unemployed 252 3,7 3.3-4.2
Student 213 3,1 2.8-3.6
Business 158 2,3 20-2.7




Research 117 1,7 14-21
The Arts 101 15 12-18
Transportation 100 1,5 1.2-18
Information tech.

(T 84 1,2 |1.0-15
Total 6774 100




Table 1S. Measles seroprevalence by age group (St. Petersburg, Leningrad Region).

Age  group, Number of | IgG*

volunteers,
years N n % |95%C. I
1-5 369 297 |80.5(76.1-84.2
6-11 510 416 |81.6|78.0-84.7
12-17 536 398 |74.3|704-778*
18-29 796 497 |62.4159.0-65.7*
30-39 838 600 |71.6|68.5-745*
40-49 915 702 |76.7|73.9-79.3*
50-59 900 777 |86.383.9-88.4#
60-69 930 882 94.8193.2-96.1#
70* 980 943 |96.2 94.8-97.2#
Total: 6774 5512 | 81.4 | 80.4 -82.3

Notes: n — number of seropositive volunteers; 70* — persons aged >70 years; * value
significantly higher than the cohort value (p<0.05); * value significantly lower than
the final result (p<0.05); 95% CI - 95% confidence interval.



Table 2S. Anti-measles I1gG levels by age group (St. Petersburg, Leningrad Region).

Anti-measles 1gG level (concentration interval), IU/ml

Age
aroup, | N <0.18 0.18-0.5 0.51-1.0 1.01-2.0 >2.0
n % |95% C.|n % |95% C.|n % [95% C./n |% [95% C.|n % |95% C.

years l. l. l. l. l.

1-5 369 |72 |19. [158 -|123 |33. |28.7 ~-|101 |27. |231 ~-|52 |14. |109 -|21 |57 |3.8-85
5 23.9 3 38.3 4 32.1 1 18.0

6-11 |510 |94 |18. |153 -|218 |42. (385 -|113 |22. |188 ~-|60 [11. |93 -|25 |49 |33-71
4 22.0 7 47.1 2 26.0 8 14.9

12-17 |536 | 138 |25. (222 -|237 |44. |[401 -|97 |18. |151 -|36 |[6.7 [49-92|28 |52 |36-74
7 29.6 2 48.4 1 21.6

18-29 | 796 |299 |37. |343 ~-|279 |35 |318 -|109 |13. |115 ~-|67 |84 |67 -|42 |53 |39-7.1
6 41.0 1 38.4 7 16.3 10.6

30-39 [838 |238 [28. |[255 -|311 |37. |339 -|156 |18. |161 -|92 |11 |90 -|41 |49 |36-6.6
4 315 1 40.4 6 214 13.3

40-49 | 915 (213 |23. |20.7 -|298 |32. |296 ~-|175 |19. |16.7 ~-|12 |13. |114 -|106 |11. |9.7 -
3 26.1 6 35.7 1 21.8 3 |4 15.8 6 13.8




50-59 (900 |123 |13. |116 -|191 |21. |18.7 ~-|157 |17. |151 ~-|15 |17 |147 276 |30. |27.7
7 16.1 2 24.0 4 20.1 3 19.6 7 33.8

60-69 (930 |48 |52 |[39-68(88 |95 |7/ -|/74 |8 6.4-99|15 |16. 141 568 |61. [57.9
11.5 2 |3 18.9 1 64.2

70" 980 |37 |38 |28-52|42 |43 |32-57|54 |55 |42-71/16 |16. (144 684 |69. |66.8
3 |6 19.1 8 72.6

Total: | 677 |126 |18. [17.7 ~-|178 |26. |253 ~-|103 |15. |145 -89 |13. [125 179 | 26. | 254
4 2 6 19.6 7 4 27.4 6 3 16.2 8 |3 141 1 4 27.5

Note: N — number of volunteers in the age group; n — number of volunteers within the specified 1gG range; % — n as a percentage

of N (by age subgroup); 95% CI — confidence interval




Table 3S. Volunteer infectious and vaccinal status regarding measles (St. Petersburg, Leningrad Region).

Age  group,SNV Y NSNV NSV
years n [% [95%C.1.h % [95%C.L.n % [95%C.Lln  |w [95%C.1.
162 - 405 -
1-17 1 |10 [02-52 1 L7 [03-9.1 |80 198 878 |42.6
24.0 44.7
15 0 00 [00-001[0 .0 [0.0-00 32 [7.9 [5.7-11.0[218 [10.6 [9.3-12.0
142 -
6-11 0 00 00-00f1 17 03-91 29 72 50-101328 157 |
148 -
12-17 1 10 02-5200 00 00-0019 @47 [80-72 337 164 |
158 -
18-29 0 00 00-002 34 10-1L781 77 55-107350 174 |
130 -
30-39 3 9 10-8117 121 60-22938 04 69-126207 144 |
112 -
40-49 6 57 26-1199 155 84-26951 1126 07-162258 125 |




Age  group,SNV SV NSNV NSV
years n % [95%C.I.n % 95%C.I.|n % 95%C.I.|n %  [95%C. I
136 -

50-59 16 (152 9.6-23.3|13 224 347 44 1109 [8.2-1431153 (74 [6.4-8.6
276 - 178 - 144 -

60-69 38 [36.2 16 27.6 72 178 75 36 [29-45
45.7 40.2 21.9
303 - 180 -

707 41  39.0 10 [17.2 9.6-28.988 |21.8 41 20 [15-27
48.6 26.1

Total: 105 [100.0 58 [100.0 404 |100.0 2061 |100.0

Notes: n — number of volunteers in the specified age group with the established history; % — as percentage of the entire history
group (total of all ages); 95% CI — 95% confidence interval. History: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated'; NSV

— 'never sick, vaccinated'; NSNV - 'never sick, never vaccinated' (naive).



Table 4S. Anti-measles IgG levels by infectious and vaccinal status (St. Petersburg, Leningrad Region).

Anti-measles 1gG level (concentration interval), IU/ml
Hist N <0.18 0.18-0.5 0.51-1.0 1.01-2.0 >2.0 0.18 «>>2.0
ory 95% C. 95% C. 95% C. 95% C. 95% C.
n % |95%C.I.In | % | n | % | n | % | n | % | n % I
SNV 21 - 17.111.1 - 74.1652 - 948 -
105 |1 1.0 |02-52 |5 |48 3 129/10-8.1|18 78 104 199.0
10.7 1 |255 3 |8l7 99.8
SV 12.16.0 - 3.7 - 19.1109 - 55.1425 - 859 -
58 |3 52 (18-141|7 5 |86 11 32 55 94.8
1 1229 18.6 0 1309 2 167.3 98.2
NSN 21. |17.8 - 22.1185 - 11. 191 - 11. /86  -|13 |32. 1285 - 742 -
404 | 87 90 48 46 317 | 78.5
\Y 5 |[258 3 |26.6 9 |154 4 1149 3 |9 |376 82.2
NSV | 206 21. |196 -|76 |36.|348 -/39(19.|174 -|26 |12.|113 -|20 (10.|{89 - 769 -
439 1622 | 78.7
1 3 [231 0 |9 (390 2 |0 12038 2 |7 142 8 |1 |115 80.4

Note: N — number of volunteers with known history; n — number of volunteers within the specified IgG range; % — n as a percentage

of N (by history subgroup); 95% CI — 95% confidence interval. History: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated',

NSV - 'never sick, vaccinated'; NSNV - 'never sick, never vaccinated' (naive).




Table 5S. Vaccines used for measles vaccination by age group (St. Petersburg, Leningrad Region).



Age |VaccinaMeasles  vaccineMeasles-mumps  Priorix M-M-R 11 \actrivir Unnamed and other
group, lted, (Microgen) vaccine (Glaxo ~ Smith|(Merck Sharp &|(Microgen)
years [N (Microgen) Kline) Dohme)
95% C.
n % [95%C. 1. |n % 95%C.ILn (% 95%C.I.n % [95% C. L.n % I n % 95% C. I.
43.7 - 101 - 23.
1-17 |886 76 [8.6/6.9-10.6 416 47 10712 13 [1.5/0.9-25 |62 [7 |5.5-8.9)212 21.2-26.9
50.2 14.4 9
24.9 - 57.
18-29 395 115 29 338 40 |10 [7.5-1358 2 1.0-395 [1.3[05-29 |1 [0.3/0.0-1.4226 , 52.2-62.1
0.03 - 49,
30-69 (947 433 46 425-49 38 4 [28-551 |0.10-0.6 2 1[0.2/0.03-0.82 (0.2 08 471 . 46.5 - 53.0
36.5 - 10.2 - 34,
70" 169 33 /48 12 |17 O 0 00-000 |0 [00O-00[0 |0 [0.0-0.024 23.7-47.2
59.4 28.0 8
28.|26.8 - 22.204 - 40,
Total: 2297 657 506 11655.1/4.2-6.0 20 |0.9/0.6 - 1.3 |65 [2.8]2.2 - 3.6/933 38.6-42.6
6 [30.5 0 [238 6




Notes: n — number of volunteers vaccinated with the specified vaccine; % — of N in the age group; 95% CI — 95% confidence

interval.



Table 6S. Rubella seroprevalence by age group (St. Petersburg, Leningrad Region).

Notes: n -

number

of

Age group, | Number of | IgG*
years volunteers,

\ n % 95% C. I.
1-5 369 343 93.0 [89.9-95.1
6-11 510 487 955 ]93.3-97.0
12-17 536 511 953 ]93.2-96.8
18-29 796 759 954 |93.7-96.6
30-39 838 777 92.7 |90.8-943%*
40-49 915 857 93.7 ]91.9-95.1
50-59 900 867 96.3 [94.9-974
60-69 930 909 97.7 ]96.6-985#
70* 980 956 976 |96.4-98.3#
Total: 6774 6466 | 955 [94.9-959

seropositive volunteers; * value

significantly higher than the cohort value (p<0.05); * value significantly lower than the final result (p<0.05); 95% CI — 95%

confidence interval.



Table 7S. Anti-rubella 1gG levels by age group (St. Petersburg, Leningrad Region).

Anti-rubella 1gG level (concentration interval), IU/ml

;izp N <10 10.0-25.0 25.1-100.0 100.1-200.0 >200.0
n (% [99% C.|n (% [95% C.|n % [95% C.|n % [95% C.|n % |95% C.
years l. l. l. l. l.
1-5 369 (26 |7 |49 - 11 |3 1.7 -|9% |26 [21.8 -|123 |33. [28.7 -|113 |30. |26.1 -
10.1 5.3 30.7 3 38.3 6 35.5
6-11 |510 |23 |4. |[30-6.7|7 |14 |07 -|172 |33. |298 -|19 [38. [343 -|112 |22 |186 -
3) 2.8 7 37.9 4 42.7 25.8
12-17 |536 |25 |4. |3.2-68|35 |65 (47 -|235 |43. [39.7 -]158 |29. |[258 -|83 |15. |12.7 -
7 8.9 8 48.1 3) 33.5 3) 18.8
18-29 (796 (37 |4. |34-63|22 |28 |18 -|230 |28. |[259 -|1261 |32. |[296 -|246 |30. |278 -
6 4.1 9 32.1 8 36.1 9 34.2
30-39 |838 |61 |7. |[57-92|10 |12 |06 -|141 |16. |144 -|224 |26. |238 -|402 |48 |446 -
3 2.2 8 19.5 7 29.8 51.4
40-49 915 |58 |6. |49-81|18 |2 1.2 -1211 |23. {204 -|261 |28. |25.7 -|367 [40. |37.0 -
3 3.1 1 25.9 3) 31.5 1 43.3




50-59 |[900 |33 |3. |26-51|37 (41 |30 -[228 [25. |226 -|252 |28 |252 -|350 [38. |[358 -
7 5.6 3 28.3 31.0 9 42.1

60-69 |930 |21 |2. |15-34|42 |45 (34 -|260 |28 |252 -|259 [27. |25.1 -|348 |37. (344 -
3 6.0 30.9 8 30.8 4 40.6

70" 980 |24 |2. |1.7-36|28 |29 (20 -|316 |32. |294 -|273 |27. |251 -|339 |34. |31.7 -
4 4.1 2 35.2 9 30.7 6 37.6

Total: | 677 |30 |4. |41-51|21 |31 (27 -|188 |27. |268 -|200 |29. |286 -|236 |34. |33.7 -
4 8 |5 0 3.5 9 9 29.0 7 6 30.7 0 8 36.0

Note: N — number of volunteers in the age group; n — number of volunteers within the specified 1gG range; % — n as a percentage

of N (by age subgroup); 95% CI — 95% confidence interval.



Table 8S. Volunteer infectious and vaccinal status regarding rubella (St. Petersburg, Leningrad Region).

Age SNV SV NSNV NSV
group,

n % 95%C.I.n % 9% C. 1. |n % B%C.I. |n % 95% C. I
years
1-17 0O 1|00 |00-00 |6 140 6.6-273 (100 (123 [10.2-14.7 848 |67.0 |64.3-69.5
1-5 0 |00 |00-0.0 |0 00 |0.0-0.0 (36 44 3.2-61 213 168 |14.9-19.0
6-11 0 00 |00-0.0 |0 00 |0.0-00 37 46 3.3-6.2 312 (246 |223-2/.1
12-17 0 0.0 [0.0-0.0 |6 |140 6.6-27.3 27 33 [23-48 323 255 23.2-28.0
18-29 (22 (122 8.2-17.8 |16|37.2 [24.4-52.1 46 57 |43-75 (262 [20.7 |18.6-23.0
30-39 |47 |26.1 |20.2-33.011330.2 [18.6-45.1/90 111 9.1-134 111 |88 7.3-10.5
40-49 |36 |20.0 14.8-26.44 9.3 [3.7-216 132 |16.2 |13.9-18.9 |28 2.2 15-3.2
50-59 28 |15.6 |11.0-21.62 4.7 (1.3-155 (134 (165 (141-192 |6 0.5 02-1.0
60-69 25 [139 9.6-19.7|1 23 (04-121 (161 |19.8 (17.2-22.7 |4 0.3 0.1-0.8
707 22 (122 82-178|1 23 [04-121 (150 (185 (159-213 |7 0.6 03-11
Total: {180 |100.0 43/100.0 813 |100.0 1266 [100.0




Notes: n — number of volunteers in the specified age group with the established history; % — as percentage of the entire history
group (total of all ages); 95% CI — 95% confidence interval. History: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated'; NSV

— 'never sick, vaccinated'; NSNV - 'never sick, never vaccinated' (naive).



Table 9S. Anti-rubella 1gG levels by infectious and vaccinal status (St. Petersburg, Leningrad Region).

Anti-rubella 1gG level (concentration interval), [U/ml

_ <10 10-25 25.1-100 100.1-200 >200 10 & >200
History | N
95% C. 95% 95% C. 95%
n | % n | % n % 95% C. 1. |n % n % 95% C.I. | n %
l. C. . l. C. I
93.7
0.3 10.5 - 168 - 51.6 -
SNV 180 (5 |28 |1.2-63|2 |11 27 |15.0 40 |22.2 106 | 58.9 175 [97.2 |-
4.0 20.9 28.8 65.8
98.8
84.5
1.3 - 0.0 16.7 - 45.6 -
SV 43 2 |47 0 0.0 3 70 [24-1861|12 [279 26 | 60.5 41 95.3 | -
15.5 0.0 42.7 73.6
98.7
86.2
9.4 - 2.7 23.3 - 221 - 30.4 -
NSNV [813 |93 | 114 31 [ 3.8 213 | 26.2 203 | 25.0 273 | 33.6 720 |88.6 |-
13.8 54 29.3 28.1 36.9
90.6
97.1
2.3 32.6 - 320 - 22.9 -
NSV 1266 (25 |20 |1.3-29/39 |31 445 | 35.2 438 | 34.6 319 | 25.2 1241 | 98.0 | -
4.2 37.8 37.3 27.7 08.7




Notes: N — number of volunteers with known history; n —number of volunteers within the specified IgG range; % — n as a percentage
of N (by history subgroup); 95% CI — 95% confidence interval. History: SNV - 'sick, never vaccinated’; SV —'sick, vaccinated';

NSV - 'never sick, vaccinated'; NSNV - 'never sick, never vaccinated' (naive).



Table 10S. Vaccines used for rubella vaccination by age group (St. Petersburg, Leningrad Region).

_ ] o Priorix M-M-R 11
Anti-rubella  vaccine | Vactrivir )
Age _ _ _ (Glaxo Smith | (Merck Sharp & | Unnamed and other
Vaccinated, | (Microgen) (Microgen) _
group, N Kline) Dohme)
years 95% 95% 95% 95% 95% C.
n % n | % n % n | % n %

C. 1L C. 1 C. 1 C. L l.

429 - 174 - 13 - 1.3 - 170 -
1-5 214 106 49.5 48 | 22.4 6 |28 6 |28 48 | 224

56.2 28.5 6.0 6.0 28.6

48.1 - 22 - 95 - 0.7 - 23.2 -
6-11 313 168 53.7 12 1 3.8 40 |12.8 5 |16 88 |28.1

59.1 6.6 16.9 3.7 335

456 - 05 - 15.3 - 0.2 - 234 -
12-17 334 170 50.9 4 |12 64 |19.2 2 |06 94 |28.1

56.2 3.0 23.7 2.2 33.3

342 - 0.7 - 538 -
18-49 482 186 38.6 0 |0 0-06 |8 |17 7 |15 |06-3|281|58.3

43.1 3.2 62.7

13.7 - 2.2 - 0.0 - 2.2 - 85 -
50-59 8 3 37.5 1 1125 0O |0 1 125 3 |375

69.4 47.1 0.0 47.1 75.5

359 - 26 - 26 - 0.0 -
60-69 7 5 71.4 1 1143 1 ]143 0 |0 0O |0 0

91.8 51.3 51.3 0.0




490 - 00 - 0.0 - 00 - 25 -
70" 10 8 80 0 |0 0 |0 0 |0 2 |20

94.3 0.0 0.0 0.0 55.6

446 - 38 - 73 - 10 - 351 -
Total: 1368 646 47.2 66 | 4.8 119 8.7 21 |15 516 | 37.7

49.9 6.1 10.3 2.3 40.4

Notes: N — number of vaccinated volunteers in the age group; n — number of volunteers vaccinated with the specified vaccine; %

— of N in the age group; 95% CI — 95% confidence interval.




Table 11S. Mumps seroprevalence by age group (St. Petersburg, Leningrad Region).

Age Number of | IgG*

group, volunteers,

years \ n % 95% C. I.
1-5 369 278 753 |70.7-79.5
6-11 510 449 88 84.9-90.6 #
12-17 536 440 82.1 |78.6-85.1
18-29 796 555 69.7 |66.4-728%*
30-39 838 616 735 |704-76.4%*
40-49 915 637 69.6 |66.6-725*
50-59 900 699 77.7 | 74.8-80.3
60-69 930 771 829 |80.3-852+#
70* 980 864 88.2 [86.0-90.0#
Total: 6774 5309 | 784 |77.4-79.3

Notes: n — number of seropositive volunteers; 70* — persons aged >70 years; * value significantly higher than the cohort value

(p<0.05); * value significantly lower than the final result (p<0.05); 95% CI — 95% confidence interval.



Table 12S. Volunteer infectious and vaccinal status regarding mumps (St. Petersburg, Leningrad Region).

Age  group,SNV Y NSNV NSV

years n o [% 95%C.1. n [% 95%C.l1. n |% 95% C.1. |n % 95% C. 1.
1-17 0 [0 [00-00 [t |40 J07-195 |97 [137 [11.4-16.4 {846 [563  [53.8-58.8
15 0 o o0-00 [0 oo  p0-00 [35 4.9 36-68 209 139 [12.3-158
6-11 0 o o0-00 [0 oo p0-00 [31 [44  [31-61 3814 209 [18.9-23.0
12-17 0 [0 [00-00 [t 40 07-195 [31 [44  PB1-61 323 P15  [195-237
18-29 0 o jpo-00 1 0O  p7-195 [p1 [7.2 55-93 [299 199 [18.0-22.0
30-39 7 b3 31-124 |4 [160 [64-347 |66 [9.3 74-117 205 [136 [12.0-155
40-49 11 9.9 56-169 |9 [360 [202-555 |113 |[160 [134-188 [101 6.7 5.6-8.1
50-59 19 [171  [112-252 [7 [280 [143-476 [114 [161 [136-190 25 |17 11-24
60-69 45 405 [319-498 [3 [120 [42-300 [123 [174 [148-203 13 0.9 05-15
70* 29 261 [189-350 [0 0.0  [00-00 |144 [203 [175-235 13 0.9 05-15
Total: 111 [100.0 25 [100.0 708 [100.0 1502 [100.0




Notes: n — number of volunteers in the specified age group with the established history; % — as percentage of the entire history
group (total of all ages); 95% CI — 95% confidence interval. History: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated'; NSV

— 'never sick, vaccinated'; NSNV - 'never sick, never vaccinated' (naive).



Table 13S. Vaccines used for mumps vaccination by age group (St. Petersburg, Leningrad Region).

Measles-mumps | Priorix M-M-R II o _
_ ) ) Vactrivir Mumps vaccine | Unnamed and
Age Vaccin | vaccine (Glaxo Smith | (Merck Sharp & _ _
_ _ (Microgen) (Microgen) other
group, | ated, (Microgen) Kline) Dohme)
years | N 95% C. 95% C. 95% 95% 95% 95% C.
n | % n | % n | % n | % n | % n | %
l. l. C. 1 C. L C. L l.
45 139.1 - 2. 2. |10 - 22. 1173 - 5 129 21 |16.1 -
1-5 210 96 6 1.3-6.1|5 47 11 45
7 1525 9 4 |55 4 285 2 9.1 4 | 27.6
15 |50 | 45.0 - 12 19.2 - 1. |05 - 2.2 - 7. 149 24 120.1 -
6-11 315 39 4 12 | 3.8 23 78
9 |5 |56.0 4 1165 3 |32 6.5 3 [10.7 8 129.9
14 |45 | 405 - 20 |16.3 - 0. 102 - 05 - 7. |48 24 120.3 -
12-17 | 325 66 2 4 1.2 23 81
9 |.8 [513 3 1250 6 |22 3.1 1 1104 9 (30
13 1105 - 2. 1. 107 - 0.0 - 251208 -|18 |57 |515 -
18-29 | 317 44 7 1.1-4515 0 |0 80
9 181 2 6 |3.6 0.0 2 (303 |1 |.1 626
5 |36 - 0. [0.01 - 12 134 1299 -|20 |59 |536 -
30-49 | 344 20 0 |0 |0 1 0O |0 |O
8 |88 3 |16 0 |.9 |40.2 |3 |.1 (643
321203 - 1. 10.05 - 1. 10.05 - 04 - 48 | 34.7 12 |52 -
50-69 |56 18 1 1 2 |36 27 7
1 |46 8 |96 8 |96 12.3 2 |62 5 1241




81 |57.0 0.0 0.0 00 - 18 |41
70" 16 13 0 |0 |00-00]|0 0 |0 0 |0 3
3 934 0.0 0.0 0.0 8 | 457
49 (31 | 29.3 11 | 7. 0.7 3.2 28 |17 |16.1 -|59 |37 | 354
Total: | 1583 6.3-8.9 |18 65 4.1
9 |.5 339 9 |5 1.8 5.2 4 19 1199 |8 |.8 |40.2

Notes: N — number of vaccinated volunteers in the age group; n — number of volunteers vaccinated with the specified vaccine; %

— of N in the age group; 95% CI — 95% confidence interval.




Table 14S. Seroprevalence among 'naive’ NSNV volunteers (never sick, never vaccinated) to causative pathogens of vaccine-

preventable infections (St. Petersburg, Leningrad Region).

Measles Rubella Mumps
Age group, years

N n % 95% C. I. N |n % 95% C. I. N |n % 95% C. I.
1-5 32 12 375 [229-54.7 36 |18 [50.0 [34.5-65.5 35 |17 486 [33.0-64.4
6-11 29 16 552 [375-71.6 37 21 [56.8 [40.9-71.3 31 |18 [58.1 |40.8-73.6
12-17 19 11 579 36.3-76.9 27 |14 519 [34.0-69.3 31 |19 613 |43.8-76.3
18-29 31 19 613 [43.8-76.3 46 |37 804 66.8-89.3 51 33 [64.7 [51.0-76.4
30-39 38 30 [78.9 |63.7-88.9 90 |75 1[83.3 [74.3-89.6 66 |46 [69.7 [57.8-79.4
40-49 51 34 166.7 [53.0-78.0 132 127 96.2 [91.4-98.4 113 (70 619 [52.7-70.4
50-59 44 39 88.6 [76.0-95.0 134 129 96.3 [91.6-98.4 114 188 [77.2 |68.7-83.9
60-69 72 70 197.2 190.4-99.2 161 155 [96.3 [92.1-98.3 123 102 {829 [75.3-88.6
70" 88 86 [97.7 1(92.1-99.4 150 144 96.0 [91.5-98.2 144 130 90.3 84.3-94.1
Total: 404 317 (/185 (714.2-82.2 813 [720 [88.6 [86.2-90.6 708 523 [73.9 [70.5-77.0

N — number of NSNV volunteers; n — number of individuals seropositive for Abs to the specified infection; % — n as a percentage
of N; 95% CI — 95% confidence interval.
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Figure 1. Annual incidence dynamics of measles, mumps, and rubella in the local population (2010 to 2023).
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Figure 2. Study flow chart.
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Figure 3. Measles seroprevalence (IgG presence) by age group. Note: vertical black lines are confidence intervals; horizontal
translucent band is the 95% confidence interval of the final value for the entire sample (81.4%; 95% CI: 80.4-82.3). Numerical
values and statistical significance indicators are given in Supplementary Table 1S.
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Figure 4. Trends in the quantitative distribution of anti-measles I1gG levels by age group. Numerical values are shown in the upper

left: regression equations (trend lines in corresponding colors); determination coefficients (R?); Spearman correlation coefficients

(p); p values. Quantitative Ab levels are in IU/ml. Vertical black lines are 95% confidence intervals. Numerical values and statistical

significance indicators are given in Supplementary Table 2S.
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Figure 5. Measles seroprevalence by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated’;

NSV - 'never sick, vaccinated’; NSNV — 'never sick, never vaccinated'. Numerical values and statistical significance indicators are
given in Supplementary Table 4S.
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Figure 6. Anti-measles IgG levels by infectious and vaccinal status. Legend: SNV —'sick, never vaccinated'; SV -'sick, vaccinated';
NSV - 'never sick, vaccinated’; NSNV — 'never sick, never vaccinated'. Numerical values and statistical significance indicators are

given in Supplementary Table 4S.
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Figure 7. Structure of preparations used for measles vaccination (St. Petersburg, Leningrad Region). Numerical values and
statistical significance indicators are given in Supplementary Table 5S.
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Figure 8. Preparations used for measles vaccination, by age group. Numerical values and statistical significance indicators are
given in Supplementary Table 5S.
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Figure 9. Rubella seroprevalence (IgG presence) by age group. Notes: vertical black lines are 95% confidence intervals; horizontal
translucent stripe is the 95% confidence interval of the final value for the entire sample (95.5%; 95% CI: 94.9-95.9). Numerical
values and statistical significance indicators are given in Supplementary Table 6S.
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Figure 10. Trends in the quantitative distribution of anti-rubella IgG levels by age group. Numerical values are shown in the upper
left: regression equations (trend lines in corresponding colors); determination coefficients (R?); Spearman correlation coefficients
(p); p values. Quantitative Ab levels are in IU/ml. Vertical black lines are 95% confidence intervals. Numerical values and statistical

significance indicators are given in Supplementary Table 7S.
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Figure 11. Rubella seroprevalence by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated’;

NSV —'never sick, vaccinated'; NSNV —'never sick, never vaccinated'. Vertical black bars are 95% confidence intervals. Numerical
values and statistical significance indicators are given in Supplementary Table 9S.
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Figure 12. Anti-rubella IgG levels by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated’;
NSV - 'never sick, vaccinated’; NSNV — 'never sick, never vaccinated'. Numerical values and statistical significance indicators are
presented in Supplementary Table 9S.
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Figure 13. Structure of preparations used for rubella vaccination. Numerical values and statistical significance indicators are given
in Supplementary Table 10S.
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Figure 14. Preparations used for rubella vaccination, by age group. Note: vertical black lines are 95% confidence intervals.
Numerical values and statistical significance indicators are given in Supplementary Table 10S.
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Figure 15. Mumps seroprevalence, by age group. Note: vertical black lines are 95% confidence intervals; horizontal translucent
bar is the 95% confidence interval of the final value for the entire sample (78.4%; 95% CI: 77.4-79.3). Numerical values and
statistical significance indicators are presented in Supplementary Table 11S.
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Figure 16. Mumps seroprevalence by infectious and vaccinal status. Legend: SNV - 'sick, never vaccinated'; SV -'sick, vaccinated';
NSV - 'never sick, vaccinated'; NSNV — 'never sick, never vaccinated'. Note: vertical black lines are 95% confidence intervals.
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Figure 17. Structure of preparations used for mumps vaccination.
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Figure 18. Preparations used for mumps vaccination, by age group. Note: vertical black lines are 95% confidence intervals.
Numerical values and statistical significance indicators are given in Supplementary Table 13S.
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Figure 19. Seroprevalence among 'naive' volunteers (never sick, never vaccinated) for vaccine-preventable infectious pathogens.
Since the rubella trendline was described by a 2nd degree polynomial, tangents to the curve were calculated for the youngest and
oldest categories: tgal — slope of the youngest interval (aged 1-11 years), representing rate-of-increase in seropositivity in children;
and tga2 — slope of the oldest interval (aged > 60 years). Trends for measles and mumps were straight lines. As such, their tga
values reflect evenly increasing seropositivity across age groups. Spearman correlation coefficients (p) are shown. For statistical

significance, all at p<0.05. Numerical values and statistical significance indicators are given in Supplementary Table 14S.
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