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The aim of this study was to assess the level of humoral immunity against diphtheria and pertussis by measuring IgG
to diphtheria toxoid (DT) and pertussis toxin (PT) in general population of Beijing. A total of 2147 subjects aged 0-74 y
were selected with a random sample of resident population in Beijing. The information of socio-demographic
characteristics, vaccination history, disease history of diphtheria and pertussis were collected for each subject by
questionnaire. Serum samples were tested for IgG antibodies to DT and PT by using commercial ELISA kits. The overall
positivity rate of anti-DT IgG was 66.28% with the mean concentration of 2.169 IU/ml. Age stratified data showed that
the highest positivity rate of 97.63% was observed in 1-4 y and the rates decreased with age. The positivity rates were
only around 50% or below since 25 y old. The positivity rate of anti-PT IgG was 12.34% with the mean concentration of
15.163 IU/ml. The highest level of positivity rate (22.23%) and antibody level (23.101 IU/ml) was seen in <1 year old. In
subjects older than 10 y old, the anti-PT IgG positivity rate was 10.19%-13.51% and concentration was 13.295 [U/ml
—16.353 1U/ml, with no significant differences between these groups (x2 = 1.664, P = 0.948; F = 0.369, P = 0.899). The
subjects with anti-PT IgG >100 |U/ml were observed in nearly all the groups older than 5 y except for 10-14 age group.
The estimated incidences of pertussis infection were higher than 6000/100000 in these age groups. A sharp increase of
immunity level of diphtheria was observed at 1y and 6y respectively, which was consistent with the current
immunization schedule. But there was no significant increase of immunity to pertussis observed after booster
immunization at 18-24 months, but the proportions of undetectable were lowest in <1, 1, 2 years in children
<14 years. As shown in the present study, the adult population was generally lack of protective antibody against
diphtheria and all the age groups showed a low immunity to pertussis indicating the potential risk of transmission and

outbreaks of the 2 diseases in Beijing.

Introduction

Diphtheria and pertussis, as the respiratory infectious diseases
caused by bacteria, are both the vaccine preventable diseases. Per-
tussis vaccine was introduced in Beijing since 1952, and diphthe-
ria toxoid vaccine was used since 1955. However, the vaccination
was only offered during certain months in a year as there was no
standard place specified for vaccination at that time, in addition
there was even no consolidated recommendation for the age of
vaccination. In 1960s, combined diphtheria, tetanus, whole-cell
pertussis vaccine (DTwP) replaced the monovalent vaccines and
the standard immunization schedule was recommended includ-
ing 3 doses of primary vaccination from 3 months of age, fol-
lowed by the booster doses at the age of 18 months and 4 y, and
one dose of adsorbent diphtheria vaccine at 6 y of age. Com-
bined diphtheria, tetanus, acellular pertussis vaccine (DTaP)
replaced DTwP since 2006 and the immunization schedule has
been further adjusted including 3 doses of DTaP at 3, 4,
5 months, booster dose at 18—24 months, and one dose of
absorbed tetanus and reduced diphtheria combined vaccine (Td)
at 6 y and 15 y (students at grade 3 of middle schools), which
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schedule has been used until now in Beijing. DTP and Td vac-
cines included in Beijing EPI program are all domestic vaccines.
The pertussis composition of DTaP is prepared by co-purifica-
tion technology, and PT and FHA are the main components.

In the 1950s and early 1960s, the diphtheria and pertussis
diseases were not well controlled although the related vaccines
had been used. In 1962, the reported number of diphtheria
cases was 379 with the incidence rate of 5.25/100000 while
the pertussis was 35700 and the incidence rate reached
494.24/100000. The immunization schedule was standardized
since 1966 and consequently the incidence of diphtheria
and pertussis decreased significantly. In 1970s, the reported
incidence of diphtheria had been reduced to 0.1/100000 and
pertussis to 10/100000. The reported coverage rate of DTP4
has been above 99% since 1990 in Beijing and the investi-
gated coverage rates were higher than 95% among the resi-
dent children of Beijing in the past 5y."? The high
vaccination coverage has resulted in the continued decrease in
the incidence of the diseases as the reported cases of pertussis
has remained low as 3—15 cases per year since 1990s and no
diphtheria case has been reported since 1996 in Beijing.
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However, the majority of reported pertussis cases were clini-
cally diagnosed in Beijing. Laboratory confirmed case is defined
as positive for culture or a fourfold change in IgG and PCR is
not included in the national guideline for case definition. Before
2004, all the samples collected from suspected pertussis cases
were sent to Beijing CDC for laboratory testing. However, it is
very hard to isolate B. pertussis and also difficult to collect acute
serum samples. Laboratory testing for pertussis has not been
done since 2004 due to reagents issue in Beijing. Pertussis might
be underreporting due to the lack of laboratory confirmation
especially among adolescents or adults with atypical symptoms.
Laboratory confirmation for diphtheria is also done at Beijing
CDC, including culture and serology testing. Although several
suspected cases of diphtheria have been reported every year, all
the cases were negative for laboratory tests.

Outbreaks of diphtheria or pertussis among adults or adoles-
cents were reported in other countries even though the coverage
of vaccination maintained high. In 1990s, the epidemic of diph-
theria reemerged in countries of the former Soviet Union with
the reported cases of 157000 and 38%—82% of cases occurred in
adults.” The coverage of childhood immunization was very high
in these countries including a booster dose of diphtheria vaccine
for children aged 14-16 y.> Outbreaks of pertussis were also
reported in the US,* Australia® and Japan,® indicating the child-
hood vaccination of DTP with high coverage rate could not
assure the persistent protection against pertussis in the
population.’

In 2012, a seroepidemiological study was conducted by Bei-
jing CDC. A total of 2147 serum samples were collected and
tested for pertussis, diphtheria and other vaccine preventable dis-
eases. In 2015, we published the preliminary results of pertussis
in “Chinese journal of vaccines and immunization.”” The article
published in Chinese journal concluded that the population in
Beijing is generally susceptible to pertussis. Although the associa-
tion between vaccination and antibody levels was analyzed in
children <14 years who are the target of EPI program in China,
but the data were stratified by a relatively large interval of age
and the number of doses for vaccination status, which might
have not clearly revealed the impact of booster dose on the
immunity level against pertussis. The present article included
the data of diphtheria and pertussis as well, and provided much
more detailed data for children <14 years old. By comparing the
data of pertussis with diphtheria which are the 2 components of
the same vaccine, it could help us better understand the changing
trend of immunity level against 2 diseases in the population, and
would further help healthcare policy makers decide whether to
revise the current immunization strategy.

Results

Characteristics of study population

A total of 2147 subjects were enrolled in the study with the
age range of 3 months to 74 y. The ratio of male to female was
1:1.03 (1058:1089) and the ratio of local residents and migrant
residents was 1.02:1 (1082:1065). Among subjects <14 years
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old, the rate of vaccination with at least one dose of DTP is 99%
and more than 93% have the confirmed history of DTP vaccina-
tion with at least 3 doses. There were no unvaccinated subjects
identified in age groups of 1-4 y, 5-9 y and 10-14 y. 78.34%
and 77.87% of subjects >15 y old failed to recall whether they
had been vaccinated with diphtheria and pertussis respectively,
and 91.90% of subjects older than 30 y old were unknown for
the history of vaccination against diphtheria or pertussis. There is
no subject with history of diphtheria disease and 4 subjects with
pertussis disease history. The 4 subjects were adults with the age
ranging from 23 y to 36 y and were diagnosed when they were
younger than 6 y old.

Humoral immunity to diphtheria

As shown in the Table 1, the overall positivity rate of anti-DT
IgG was 66.28% with the mean concentration of 2.169 1U/ml.
The mean concentration of antibody against diphtheria was
higher in males than that in females. Local residents have higher
levels than migrant residents in terms of both positivity rate and
mean concentration. Age stratified data showed that the highest
positivity rate of 97.63% was observed in children aged 1-4 y
and then the rates decreased with age. Although there was a
booster dose at 15 y old, there was no increase of positivity rate
observed for 15-19 vy, instead the rates continually decreased to
73.64% from 83.80% of 10-14 y. The positivity rates were only
around 50% or below since 25 y old. The lowest level of 34.11%
was observed in subjects older than 40 y. The concentration of
antibody against diphtheria was highest in children aged 5-9 y
(6.262 IU/ml) and gradually decreased to the lowest level in
group aged 35-39 y (0.233 1U/ml). Figure 1A showed the anti-
body level of diphtheria stratified by one year in children aged
0-14 y. A sharp increase of immunity level was observed at 1 y
and 6y respectively, which was consistent with the current
immunization schedule in Beijing.

Humoral immunity to pertussis

The positivity rate of anti-PT IgG was 12.34% with the mean
concentration of 15.163 IU/ml. The positivity rate and antibody
level was higher in male than that in female (Table 1). The high-
est level of positivity rate (22.23%) and antibody level
(23.101 TU/ml) was seen in the group of <1 year old. Then
both of them significantly decreased and the lowest level was seen
in group of 5-9 y, with the positivity rate of 5.75% and the anti-
body concentration of 10.532 IU/ml. There were no significant
differences observed between groups older than 10 y old (x2 =
1.664, P = 0.948; F = 0.369, P = 0.899). There was no signifi-
cant increase of immunity observed after booster immunization
at 18-24 months, but the proportions of undetectable were low-
estin <1, 1, 2 y groups in children <14 years (Fig. 1). In addi-
tion, there is no significant difference in the antibody levels
between subjects with and without a history of pertussis disease.
The subjects with the ant-PT IgG >100 IU/ml were observed
in nearly all the groups except for 10-14 y old and there were no
significant differences in the proportions of subjects >100 IU/ml
among these age groups(x2 = 5.908, P = 0.749). The estimated
incidences of pertussis infection were higher than 6000/100000
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Table 1. Immunity to diphtheria and pertussis in subjects by different groups

Anti-diphtheria antibodies

Anti-PT antibodies

Characteristics Total Positive rate Concentration and 95% Positive rate Concentration and 95%
(95% Cl) (%) CI(IU/ml) (95% Cl)(%) CI(IU/mlI)

Gender

Male 1058 67.96[65.09-70.70] 2.871[2.527-3.215] 14.27[12.29-16.51] 16.611[15.009-18.213]

Female 1089 64.65[61.76-67.43] 2.374[2.065-2.682] 10.47[8.78-12.43] 13.755[12.477-15.033]

P 0.105 0.034 0.007 0.006

Registered population

2.92[2.577-3.262]
2.313[2.005-2.621]

3.757[2.984-4.530]
5.643[4.623-6.663]
6.262[5.252-7.273]
2.981[2.276-3.686]
3.582[2.745-4.420]
1.701[1.101-2.301]
1.037[0.622-1.453]
0.398[0.180-0.617]
0.233[0.159-0.308]
0.396[0.131-0.660]

Native 1082 70.89[68.11-73.52]

Migrant 1065 61.60[58.64-64.47]

P <0.001 0.01
Age groups

0 206 87.38[82.07-91.60]

1-4 211 97.63[94.54-99.22]

5-9 226 92.48[88.24-95.58]

10-14 216 83.80[78.20-88.43]

15-19 220 73.64[67.33-79.37]

20-24 222 59.01[52.23-65.55]

25-29 204 52.45[45.40-59.50]

30-34 222 43.69[37.08-50.45]

35-39 206 37.38[30.79-44.37]

>40 214 34.11[27.81-40.92]

P <0.001 <0.001
Total 2147 66.28[64.25-68.25]

2.619[2.388-2.849]

12.20[10.38-14.29]
12.49[10.63-14.61]
0.839

22.33[16.88-28.65]
13.74[9.41-19.13]
5.75[3.09-9.65]
12.50[8.42-17.63]
10.91[7.12-15.80]
13.51[9.33-18.72]
10.78[6.90-15.84]
12.16[8.17-17.18]
10.19[6.45-15.17]
12.15[8.10-17.28]
<0.001
12.34[11.02-13.80]

15.05[13.550-16.551]
15.277[13.887-16.666]
0.828

23.101[19.150-27.051]
16.32[12.744-19.895]
10.532[8.011-13.054]
13.295[10.915-15.675]
14.282[11.388-17.178]
14.787[11.797-17.777]
15.229[11.714-18.744]
13.961[10.756-17.166]
14.414[11.019-17.809]
16.353[12.625-20.080]
<0.001
15.163[14.140-16.185]

in age groups older than 5 y where the subjects with >100 IU/ml
were identified (Fig. 2).

DTaP has been offered and completely replaced DTwP from
Ist January 2006 in Beijing. Among 451 subjects <14 years old
with the history of vaccination with 4 doses of DTP and the
information for the types of vaccines documented, 241 subjects
were vaccinated with 4 doses of DTaP and all of them were aged
<6 years, while 160 subjects had the history of full-course vacci-
nation of DTwP and were all aged >7 years old. Only 50 sub-
jects had a mixed vaccination with the age range of 6-11y,
including 47 with 3 wP +1aP, 1 with 2 wP +2aP and 2 with 1
wP +3aP. There was no significant difference in antibody level
of pertussis between those with 4aP, 4wP and mixed vaccination
in 6-11 y old.

Discussion

As shown in the present study, the antibody levels of diphthe-
ria and pertussis were low in the resident population of Beijing in
2012. The adult population was generally lack of protective anti-
body against diphtheria and all the age groups showed a low
immunity to pertussis indicating the potential risk of transmis-
sion and outbreaks of the 2 diseases in Beijing. The different pat-
terns of immunity level observed for the 2 components in one
combined vaccine regardless of its high vaccination coverage
could be related to various factors including the current schedule,
immunogenicity of vaccines and the circulation of bacteria in the
population.

The results of diphtheria immunity in the study showed that
high levels of antibody were generated after diphtheria
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vaccination. Due to the 1st booster at 18 months, there was a sig-
nificant increase of antibodies level observed in 1 y group. In the
following 4 y, the concentration of antibody decreased rapidly
but the positivity rates still remained high levels. Hence no signif-
icant increase of positivity rate was observed after the 2nd booster
immunization at 6 y, but the proportion of high concentration
(>2 TU/ml) increased significantly in this age.

According to the current schedule in Beijing, a second booster
dose of Td vaccine is recommended for children at grade 3 of
middle schools, about 15 y old, but no significant increase of
positivity rate and concentration of antibody to diphtheria were
observed in 15-19 y. The vaccination history of subjects
>15 years old were based on their own recall with only the num-
ber of doses collected. As the date of immunization was not col-
lected, it is not able to analyze the association between antibody
levels and the time since booster immunization. In addition,
most subjects >15 years old were not sure about the history of
vaccination, so the actual rate of vaccination with Td recom-
mended for 15 y old was unknown, which made it difficult to
analyze the potential reasons why there is no obvious increase in
the immunity against diphtheria. The estimated immunization
coverage rate of this booster dose is 70%-80% in Beijing. As rec-
ommended by WHO in European region, a minimum coverage
rate of 90% in children and 75% of adults is required to achieve
elimination of diphtheria.® Coverage rate in children at middle
schools should be improved in Beijing, which is important to
protect adolescents and adults against diphtheria.

Although the positivity rates of anti-DT IgG remained above
70% among <20 years old, it declined to 59.01% among
20-24 y old and further less than 50% among >25 years old.
Despite the high coverage of childhood immunization, immunity
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Figure 1. Mean concentration (95% Cl) and distribution of (A) diphtheria
1gG antibodies and (B) anti-PT IgG in children aged 0-14 y.
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to diphtheria showed an obvious trend of decrease with age, indi-
cating lack of protection among adult population and the poten-
tial risk of adult outbreaks of diphtheria in Beijing. Similarly,
studies conducted in both developed and developing countries
also showed the same trend of changing with age and increased
susceptibility in adult population.”"

There has been no diphtheria cases ever reported in the past
18 y in Beijing and no cases reported in recent 7 y in China,"?
which means natural boosting by circulating toxigenic C. diph-
theria is less likely to occur in Beijing, and the significant decrease
of protective immunity with age is the result of natural waning
after vaccination. As shown in the previous studies in Beijing,
high level of antibody against diphtheria could last for 5-10 y
after vaccination and then decreased significantly.> In other
studies, the protective antibody could last for 8-10 y after vacci-
nation.'* WHO recommended booster doses at about 10-year
intervals in addition to the childhood immunization for low-epi-
demic or non-epidemic areas, therefore adult immunization with
diphtheria vaccine should be considered in Beijing.

Quite different from diphtheria, the antibody levels of pertus-
sis maintained low level throughout all age groups, and even no
immune responses were observed after the boost dose. There
were 62 subjects in 1 age group, of which only 20 subjects had
completed DTaP booster vaccination. The average level of per-
tussis antibody in these 20 subjects was higher than that of 42
subjects who had not yet received the booster vaccination and
also higher than that of subjects <1 year. But the increase for
pertussis was not as significant as diphtheria, so a significant
increase was observed for pertussis in 1 age group. The duration
of antibody to pertussis is limited after vaccination,” with a rapid
decline especially in the following first year."> As shown in the
study conducted in Tianjin, the positive rate of anti-PT IgG was
highest 2 months after vaccination (92%), but declined rapidly
to 35% after 4-5 months and 25% after 5-11 months.'® This
could be the main reason why there was still no significant
increase in the antibody to pertussis observed in the subjects aged
2 y. Because of the low level of anti-PT IgG, it is also hard to
observe the changing trend with age in adolescents and adults.
The results of the study indicated that vaccination has limited
contribution to the immunity level of pertussis in the population.

A cross-sectional study on anti-PT lgG levels in young chil-
dren of Australia showed that, at the population level the vaccina-
tion signature may be more apparent through a reduction in the
prevalence of undetectable antibody levels than an increase in the
prevalence of high levels.” As shown in Figure 1, the proportion
of subjects with undetectable level (<5 IU/ml) of and-PT IgG
increased significantly during the first 7 y after vaccination with
the peak of 84.62% in 7 y old, indicating that another booster
dose should be required before 7 y old.

The reported incidence of pertussis in Beijing is extremely low
as 10 cases per year or <0.1/100000 in recent years. All of the
reported cases were under 1 y old. However, the estimated inci-
dence of pertussis infection in this study was 8287.34/100000
among children >10 years old and pertussis infections were

Human Vaccines & Immunotherapeutics 2437



35000
30000 -

25000 A

15000 -
10000 -
5000 4
0 S
5-9 10-14 15-19 20-24 25-29 30-34 35-39

|
|
|
20000 |
|
|
|

P

incidence ratesof infection per 100,000

240

age group (years)

Figure 2. The estimated incidence of pertussis infection by age groups.

identified in nearly all the age groups investigated. Many studies
have already found evidences that asymptomatic infections of
pertussis were very common in adolescents and adults, which
became the important source of childhood infections.'” ™" In
some developed countries with high coverage of childhood
immunization, the incidence of infection or disease showed a
trend of increase in adolescents.” Although there were no signifi-
cant differences in the incidences of infection among age groups
in this study, attention should be paid to those born after 2005
because these population were vaccinated with DTaP. As shown
in other studies, the protective rates of DTaP in adolescents were
lower than that of DTwP.***!

The antibody levels of diphtheria and pertussis in males were
higher than that of females. It could be caused by sampling error
as there were no differences between genders were observed in
each age group. There were differences in the antibody levels of
diphtheria between different types of residents. The reason could
be the different coverage of vaccination.

There are some limitations in this study. The first could be
the limited sample size. When the data were stratified by one
year for children under 14 y old, the sample size was only
about 45 (36-62) for each age group which might have weak-
ened the power of data. The trend of antibody level with age
for children <14 years old needs to be further investigated
with more sufficient sample size. The second limitation could
be the cut-off of antibody level for pertussis infection used in
the study. There is no definition specified for Chinese popula-
tion so far. This could be the reason why the estimated inci-
dence of pertussis infection was found to be 0 in subjects aged
10-14 y. There are various cut-offs for recent infection used
in other studies, such as 30 IU/ml,?? 80IU/ml,** 100 IU/ml,
125 TU/ml.>** In the present study, we decided to use the
cut-off defined in Dutch population. However, it is unknown
whether the definition is suitable for Chinese population given
the distinct level of disease prevalence and immunization sta-
tus compared to other countries. Further efforts should be
made to develop the local definition for serum antibody of
pertussis and validate the current ELISA methods available in
China. Another limitation could be that most subjects
>15 years old were unknown for the history of vaccination,
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which made it difficult to evaluate the effect of second booster
dose of Td recommended for 15 y old.

The present study showed that antibody levels of diphtheria in
adults were not enough to provide persistent protection after
childhood immunization and most importantly the prevalence of
pertussis might have been underestimated in Beijing. There is an
urgent need to reevaluate the current immunization schedule to
eliminate the potential risk of diphtheria disease imposed on
adult population and to improve the protective immunity against
pertussis in older children, adolescents and adults.

Materials & Methods

Study population

We selected 9/18 districts of Beijing using multi-stage stratified
sampling method based on the geographical location and demo-
graphic characteristics. 10 villages were selected from each district
using systematic sampling method. Individuals who had resided for
at least 6 months in each village were divided into 10 age groups
(<1,14, 5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-39,
>40 years) and invited into the study according to the pre-defined
sample size. The calculation of sample size was based on the formula:
n=1u", X p x ¢/3*/.The positivity rates of antibody were assumed at
50% for each age group in both genders. A minimum sample size of
192 was required for each age group, with confidence level of 95%
and an absolute precision of 10% (o = 5%, 8 = 10%, p = 50%,q
= 1—p). Therefore, more than 200 subjects were enrolled for each
age group resulted in a total of 2147 subjects.

Vaccination history

History of vaccination against diphtheria and pertussis was
obtained from recall for subjects older than 14 y. Information
for children less than 14 y old was extracted from the Beijing
Immunization Program Management Information System.

Disease history

History of diphtheria and pertussis disease was collected using
questionnaire by asking whether the subjects had been diagnosed
with diphtheria and pertussis.

Laboratory methods

Serum samples were collected from each subject and stored at
—20°C. The samples were tested at the laboratory of Beijing
CDC. IgG antibodies against PT of B. pertussis were measured
quantitatively by a commercial ELISA kit (Euoimmun Medizini-
sche Labordiagnostika AG). According to the kit instruction,
serum antibody >28 IU/ml was defined as seropositive and
> 100 IU/ml indicated for an acute infection or recent
vaccination.

IgG against toxoid of C. diphtheriae were tested quantitatively
with a commercial ELISA kit (Virion/Serion GmbH, Wiirzburg,
Germany). According to the instruction, anti-diphtheria anti-
body concentration <0.1 IU/ml was defined as no immune pro-
tection or seronegativity and susceptibility, a value of >0.1 IU/
ml was given for a secure individual protection and seropositivity.
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The following vaccination and booster-vaccination are recom-
mended in the instruction: <0.1 TU/ml as need of primary vacci-
nation, 0.1-1.0 IU/ml as need of booster vaccination,
1.0-1.4 IU/ml as need of booster after 5y, 1.5-1.9 ITU/ml as
need of booster after 7 y, >2.0 IU/ml as need of booster after
10 y.

Statistical analysis

The database was set up by Epidata 3.1 software. Data analysis
was performed using SPSS 17.0 software. Means and 95% confi-
dence intervals (CI) by different groups were calculated for the
seropositivity rates and concentrations of anti-PT IgG and anti-
diphtheria IgG. The differences in the level of IgG antibodies
between different groups were tested by one-way ANOVA. The
chi-square test was used to compare the seropositivity rates by
different groups. A p value <0.05 was considered statistically sig-
nificant. For the purpose of mean calculation, the value of anti-
PT IgG level <5 IU/ml was set at 5 IU/ml and >174 1U/ml
was set at 174 IU/ml. For diphtheria antibody, <0.05 IU/ml
was counted as 0.05 [U/ml and > 2.0 IU/ml as 2.0 [U/ml.

The incidence of pertussis infection was estimated using the
method described by de Melker et al.*® It was shown that after

pertussis infection, PT IgG will be declined to 100 IU/ml after
the average time of 58.6 d. With the cut-off of 100 IU/ml, the
incidence of infection can be calculated using the formula:
365.2/58.6 x proportion of subjects with PT IgG >100 IU/ml.
To exclude potential interference of vaccination on the antibody
level, only subjects >5 years old were included in the analysis on
incidence of pertussis infection.
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