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ABSTRACT

Vaccination remains the most effective and cost-saving measure to protect against hepatitis B, a global
health problem. It is crucial to characterize the persistence of the immune response after booster
vaccination. This study aimed to quantify the persistence through mathematical modeling. Booster
vaccination against hepatitis B was conducted in children 5-15 years in 2009-10 in Zhejiang Province.
There were four dosage formulations of hepatitis B vaccines [Shenzhenkangtai Biotechnology Co. Ltd.
Dalianhanxin Biotechnology Co. Ltd. NCPC GeneTech Biotechnology Pharmaceutical Co. Ltd. Sinovac
Biotech Co. LTD. China]: 5, 10, and 20 ug hepatitis B vaccines or 5 pg hepatitis A and B (HAB) combination
vaccine with a 0-1-6-month schedule. These were randomly administered to children negative for all
hepatitis B markers, named as the schedule 2 group. Anti-HBs positive subjects were given one dose of
booster, named as the schedule 1 group. Anti-HBs antibody was measured 1, 7, 18, 66, and 102 months
after the first booster dose. A linear mixed-effects model was proposed to predict long-term persistence.
One hundred two months after the booster dose, the mean anti-HBs levels were 33.8 mIU/mL, with 73.7
mlU/mL for the schedule 1 group and 20.2 mIU/mL for the schedule 2 group. The model predicted that
99.5% of subjects would remain seropositive (=10mIU/mL) at year 20 post booster vaccination, with
100.0% and 98.8% for the schedule 1 group and the schedule 2 group, respectively, whereas at year 30,
the seropositivity rates would decrease to 76.8%, with 99.4% for the schedule 1 group and 62.5% for the
schedule 2 group. The immunogenicity of the booster vaccination could persist for at least 8 years.
Mathematical modeling may predict even longer, up to 30 years of protection.
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Introduction However, breakthrough of HBV infection would still occur in
some of children who had finished the infant immunization.
Hence, several scholars favor booster vaccination against HBV
infection and found that different booster vaccines had good
efficacy.”” To date, the persistence of the immune response after
the hepatitis B booster vaccine is unknown. As there were few
real world studies on the long-term observation of booster
immunization efficacy, mathematical modeling could perhaps
solve this problem. Hence, this study determined the titers of
anti-HBs after 8 years of booster dose of hepatitis B vaccines and
then predicted the long-term persistence of anti-HBs protection.

According to the WHO, an estimated 300 million people were
living with chronic hepatitis B infection, with 820 000 deaths in
2019. The majority of people died from cirrhosis and hepato-
cellular carcinoma. In addition, 1.5 million people develop new
HBV infections annually." Hepatitis B is still a major public
health problem.

To date, vaccination is an effective, safe, available and cost-
saving preventive measure against hepatitis B. Since the infant
vaccination has been recommended, the HBsAg prevalence in
the general population has decreased from 4.2% in 1990 to 3.7%
in 2005.” In children aged below 5 years old, the rate was as low
as 1.4% in 2016.” In China, hepatitis B vaccine (HepB) was
recommended for infant routine immunization in 1992.
However, the family should pay for the vaccine. In 2002, China

Methods
Study design and subjects

integrated HepB into the expanded program on immunization
(EPI) vaccines, making it free for all infants, and the family only
had to pay for the service fee for the vaccination procedure. Since
2005, HepB vaccination has been completely free for all
neonates.* Due to the policy, the prevalence in the general
population decreased from 9.8% in 1992 to 7.2% in 2006.

The cohort study was conducted in Changshan, Longquan,
Qingyuan, Yuhuan and Xianju counties in Zhejiang Province,
China in 2009 and 2010 to evaluate the long-term persistence
of antibodies against hepatitis B (anti-HBs). The inclusion and
exclusion criteria for participants were similar to those in
a previous study.®
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The inclusion criteria were as follows: children born between
1 January 1993, and 1 January 1997, who had received full doses
of primary vaccination during infancy; never received
a hepatitis B booster vaccination before and post booster vacci-
nation study; willing to participate in the study and sign the
informed consent form; without acute illness, fever and no
allergies or severe reactions to vaccinations; all information
regarding the study was provided by the subject’s parents or
guardians; having no immune dysfunction; never received any
immune suppressive therapy; at no risk of compromised immu-
nity; and did not receive any kind of vaccination within the past
4 weeks. The exclusion criteria were as follows: children with
positive HBsAg or anti-HBc; having another booster vaccina-
tion before the study and during the follow-up period; and
unwillingness to participate in this study.

Initially, the children aged 5 to 15 years old were screened
for HBsAg, anti-HBs, and anti-HBc. In order to observe
whether the antibody will rise sharply after booster vaccina-
tion and whether the persistence will be prolonged, partici-
pants who had positive anti-HBs received one dose of
hepatitis B vaccine at 0 months, named as the schedule 1
group. Those who were negative for HBsAg, anti-HBs, and
anti-HBc received three doses of hepatitis B vaccine at 0-1-6
months, named as the schedule 2 group. Four dosage formu-
lations of hepatitis B vaccines were randomly given to sub-
jects: 5ug (lot number: 20071223(1-9), Shenzhenkangtai
Biotechnology Co., Ltd.), 10 ug (lot number: 20090309(01-
06), Dalianhanxin Biotechnology Co., Ltd.), 20 ug (lot num-
ber: 200802A21 (01-05), NCPC GeneTech Biotechnology
Pharmaceutical Co., Ltd.) and hepatitis A and hepatitis
B combined (HAB) vaccine (lot number: 2009040302, dosage:
250 U inactivated HAV-Ag and 5 pg HBsAg; Sinovac Biotech
Co., LTD.).

This study was approved by the Institutional Review Board
of the Zhejiang Centers for Disease Control and Prevention,
and we obtained oral informed consent from each participant’s
parents or their guardian. After acquiring consent, 2-ml blood
samples were collected from each subject and tested for anti-
HBs titers at 1, 7, 18, 66, and 102 months after the first dose
booster vaccination.

Lab testing

All serum samples were quantified by chemiluminescence
immunoassay (CLIA) and an Architect-i2000 (Abbott
Laboratories, USA) was used for the CLIA. The testing at the
66-month follow-up was sent to ADICON Clinical
Laboratories Inc. in Hangzhou and the testing at 102 months
was sent to KingMed Diagnostics in Hangzhou. The reagent lot
number for anti-HBs was 75684M100 (Abbott Laboratories,
USA) during the first 5-year follow-up and 91245FN00 (Abbott
Laboratories, USA) was used for the last testing.

The geometric mean titer (GMT) of anti-HBs =10 mIU/ml was
considered positive and was able to provide protection against
HBYV infection. Because anti-HBs titers <.01 mIU/ml were unable
to be detected, we assigned a value of .01 mIU/ml to these subjects
when calculating the GMT of anti-HBs. Log transformation was
used for calculating the GMT. Anti-HBs >15,000 mIU/mL were

assigned a value of 15,000 mIU/mL at 1 month to 66 months after
the first dose, while anti-HBs >1000 mIU/mL were recorded as
1000 mIU/mL at 102 months after the first dose.

Mathematical modeling for long-term anti-HBs antibody
duration

To assess the persistence of HBV vaccine-booster antibody
responses, a linear mixed-effects model was designed according
to a previous study.” The anti-HBs antibody titers were log-
transformed to ensure the normal distribution of the data. The
individual antibody levels of each participant at each visit were
used to fit a linear mixed-effects model.

In this model, four components were taken into account,
including the fixed-effects parameters, random effects (which
account for individual variation), serial correlations and mea-
surement error. Time (sample moment in months), gender, age
and vaccine were entered as covariates. The variance of the
measurement error was allowed to vary as a function of time.

Data analysis

We established a database using Epidata 3.2 (Epidata; Norway
and Denmark), and data were processed using the R4.1.2 open
source package lme4 (www.r-project.org). A linear mixed-
effects model was used to predict seropositivity rates (anti-
HBs cutoff 10 mIU/mL) at 1, 7, 18, 66 and 102 months after
the booster vaccination. Symmetrized (antibody levels were
log-transformed) and the mean trend of the observed antibody
levels was represented as described by Hens et al.'® The Mann-
Kendall trend test was used for the trend analysis. The model
was fitted using all available data during the follow-up period.
The Bayesian information criterion (BIC) was used for model
selection'' and the coefficient of simple determination (R2)
was assessed for goodness of fit.'?

Results
Recruitment of participants for the modeling

A total of 431 participants were included in the modeling
analysis according to the inclusion and exclusion criteria.
There were 172 participants in the schedule 1 group and 259
in the schedule 2 group. The mean age was (7.7 £ 2.3) years for
the whole population, with (7.2 +2.2) years in the schedule 1
group and (7.9 + 2.4) years in the schedule 2 group. There were
totally 196 males with 77 males in the schedule 1 group and 119
in the schedule 2 group (Table 1), and there were no differences
between the schedule 1 and 2 groups (P>.05). As Table 2
shows, there were no sex differences at the five time points.

Immunogenicity in participants

The total anti-HBs levels were 33.8 mIU/mL (95% CI: 28.1-40.7
mIU/mL) at 102 months after the first dose of booster hepatitis
B vaccine, with 73.7 mIU/mL (95% CI: 56.7-95.8 mIU/mL) for
the schedule 1 group and 20.2 mIU/mL (95% CI:15.9-25.5
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Table 1. The basic information of participants (n,%).

Total Schedule 1 Schedule 2
Age (year) 77+23 72+22 79+24
Sex
Male 196(45.5) 77(44.8) 119(45.9)
Female 235(54.5) 95(55.2) 140(54.1)
Vaccine
5ug 110(25.5) 57(33.1) 53(20.5)
10 pg 119(27.6) 23(13.4) 96(37.0)
20 ug 94(21.8) 56(32.5) 38(14.7)
HAB 108(25.1) 36(20.9) 72(27.8)

Table 2. Distribution of gender at five follow-up time points (n, %).

Time (months) male female X2 P
1 192(98.0) 225(95.7) 1.04 31
7 196(100) 234(99.6) <.001 1.00
18 191(97.5) 232(98.7) 0.38 54
66 175(89.3) 198(84.3) 1.91 17
102 154(78.6) 171(72.8) 1.64 20

Table 3. Anti-Hbs levels during follow-up period.

Time (months) Anti-HBs levels (mIU/mL)

Total

1 1385.3(1138.1-1686.3)
7 954.6(836.2-1089.7)
18 675.1(534.1-853.2)

66 62.9(53.2-74.3)

102 33.8(28.1-40.7)
Schedule 1

1 4275.2(3560.3-5133.7)
7 880.7(698.2-1110.9)
18 1475.4(1076.9-2021.3)
66 140.6(109.2-181.0)
102 73.7(56.7-95.8)
Schedule 2

1 655.4(501.3-856.9)

7 1007.0(859.5-1179.8)
18 401.6(293.2-550.2)

66 36.9(30.3-44.9)

102 20.2(15.9-25.5)

Table 4. Mann-Kendall Test Results for anti-HBs levels at five time points.

Total Schedule 1 Schedule 2
YA -27.7 —-18.0 -21.6
P <.001 <.001 <.001
S —9.2 X 1075 —-1.5%x 1075 —-3.4x 1015
varS 1.1 X 10A9 7.1 X 10N7 24x 1018
tau -4 -40.4 04

mIU/mL) for the schedule 2 group at 102 months (Table 3).
Trend analysis showed a decreasing trend in both groups
(Table 4).

Modeling results

After BIC selection, the best model formula was log(GMT) ~
schedule * time 2 + (1|id). The effect of the immune response
was time-dependent (Table 5, Figure 1). The use of schedule
was a significant fixed effect. Sex, vaccine and age had no
significant effects on the model. Table 4 shows the parameter
estimates and standard errors.
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Table 5. Table parameter estimates and standard errors of the model.

Predictors Estimates Std. error P
(Intercept) 8.8 0.3 <.001
Schedule -1.0 0.2 <.001
Time2 -0.0 0.0 <.001
Schedule * time2 -0.0 0.0 05
Random Effects

o’ 2.2

Too id 1.5

ICC 0.4

N ig 431

Observations 2155

Marginal R? /Conditional R? 0.4/.7

Based on the model, the predicted mean anti-HBs levels
were 2121.8 mIU/mL, 284.3 mIU/mL and 38.5 mIU/mL at
10, 20 and 30years after the booster dose of hepatitis
B vaccine (Figure 1).

Observed data were used in the model to predict long-term
antibody persistence. Using >10mIU/mL as the seropositivity
cutoff value, the model predicted that 99.5% of subjects would
remain seropositive at 20 years, with 100.0% and 98.8% for the
schedule 1 group and schedule 2 group, respectively. At year
30, the seropositivity rates decreased to 76.8%, with 99.4% for
the schedule 1 group and 62.5% for the schedule 2 group
(Table 6).

Discussion

Our results showed that children still had protective antibody
levels 8 years after the booster vaccination. This was consistent
with other studies that confirmed the good anamnestic
response of the booster hepatitis B vaccine.'>”'® As most of
previous booster studies had short-term follow-up periods, this
8-year cohort study could be a ‘long’-term observation in
children. However, longer-term of real-world observations
could not be obtained for various reasons. Trend analysis
showed a decreasing trend of anti-HBs titers, suggesting that
the immune response may wane over time.

Earlier in 1966, a mathematical model was designed to estimate
the long-term immunity to diphtheria and tetanus in adults. The
study found that the titer at any time following the booster was
related to the ratio of the post-to-pre-booster titer, and time was
the only factor influencing the predicting function.'” Although
individual features such as age and sex could affect the response to
vaccination, Honorati MC et al. demonstrated that sex was not
a significant fixed effect in the mathematical model, and the effect
of the immune response was only time-dependent.'® In our study,
not only sex had no association with the model, and age was
another nonsignificant factor.

For the prediction model, a random effects model was first
generated to predict the long-term immunogenicity of the
hepatitis B vaccine. As only individual values were involved
in the random effect model, Vellinga A et al. proposed a linear
mixed effect model. It included both fixed and random effects.
When predicting, the fixed factors should be the significant
ones that should be considered according to the clinical prac-
tice. For instance, the antiepileptic drugs had a significant fixed
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Figure 1. Observed individual profiles (gray lines) and population-averaged estimation of Anti-HBs levels (blue and red line).

Table 6. Predicted proportion of participants whose anti-HBs =10 mlu/ml.

Seropositivity (n,%)

Time (months) Total Schedule 1 Schedule 2
1 417(96.8) 172(100) 245(94.6)
7 430(99.8) 171(99.4) 259(100)
18 423(98.1) 171(99.4) 252(97.3)
66 373(86.5) 163(94.8) 210(81.1)
102 325(75.4) 154(89.5) 171(66.0)
120 430(99.8) 172(100) 258(99.6)
240 429(99.5) 172(100) 256(98.8)
360 331(76.8) 171(99.4) 162(62.5)

linear effect in the mathematical model in Vellinga A’s study."’
In our study, schedule was the significant fixed effect in the
model after comparing different models via ANOVA.

Previously published data have determined the relation-
ship of pre-booster anti-HBs titers and long-term efficacy
after booster.”” However, Gesemann M and Scheiermann
N further identified a stronger correlation of long-term
follow-up titers with 1 month post-booster titers than pre-
booster titers.”' Hence, anti-HBs titers from 1 month after
the booster vaccination were used to predict long-term
anti-HBs concentrations. Through BIC analysis, a better
choice of linear mixed-effects model was formed to predict
the anti-HBs titer persistence. We found that 40 years later,
the mean titers were still 25.2 mIU/mL, 99.4% of vaccines
in the schedule 1 group still had seropositive anti-HBs and
94.6% of vaccines still had seropositive anti-HBs in the
schedule 2 group.

Some limitations should be taken into account in our
study. First, an inevitable limitation of this article was that
we could not exclude the possible overestimation of the

seropositivity or anti-HBs titers. The longer the time to
predict was, the more inaccurate the results.”> Second, we
found that the majority of subjects were younger children
who had better immune responses, hence, the observed
predicting results would be higher than a population with
an identical number of younger and older individuals.
Third, blood samples were not collected every year for
various reasons such as financial constraints and children
studying in another city. To solve this problem, the units at
the follow-up time points were transformed from year to
month; at the same time, log-transformation of time was
used for analysis. Fourth, the ratio of lost to follow-up was
too high, making the sample sizes at 102 months different.
Fifthly, the endpoint dilutions were different at 1-66
months and 102 months. Considering the log-
transformation of GMT could make little difference on
the model, we did not changed 15,000 titers to 1000 titers.

Of course, there were strengths of the study. First, the
follow-up period was long enough for the observed data.
Second, the sample size was hundreds of fold larger than that
in previous studies.'”*

In conclusion, booster vaccination could induce robust
immune responses for at least for 8 years. Mathematical mod-
eling predicts that the booster vaccination could persist for at
least 20 years. Lifespan is extending with the growth of the
aging population. According to the seventh census, there are
264 million elderly people aged 60 and over in the mainland,
accounting for 18.7% of the total population.** Although HBV
infection acquired in adulthood leads to chronic hepatitis in
less than 5% of cases,' the treatment is more expensive once
someone becomes one of the 5% of cases.” Therefore, whether
adults who have finished primary and childhood booster doses



should be screened for anti-HBs 20 or 30 years later, needs
further study.
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