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Serological results obtained in a single laboratory from twin-studies on maternal immunisation, in
Vietnam and Belgium offer the opportunity to compare antibody kinetics in infants before and after
infant vaccination in the presence of vaccine-induced maternal antibodies. Nonlinear mixed-effects mod-
els (NLMMs) making use of a hypothesised dynamic evolution that captures the change in antibody titres
over time, were employed to model anti-PT and anti-Prn antibody dynamics. Our proposed modelling
approach provided useful insight into understanding the differences in the infants’ antibody kinetics in
both countries since NLMMs offer the possibility of pooling all data in one analysis and incorporate rel-
evant covariates of interest.
In both controlled cohort studies, pregnant women were vaccinated with a tetanus, diphtheria, acellu-

lar pertussis (Tdap) vaccine (Boostrix�, Belgium; Adacel�, Vietnam), and children were followed before
and after primary vaccination, and before and after booster vaccination (Infanrix hexa�). From our mod-
els, both anti-PRN and anti-PT antibody titres at birth of Vietnamese infants were significantly lower than
those of Belgian infants born to vaccinated women groups. Even though the antibody titres in the cord at
birth of Belgian infants were also higher than those of Vietnamese infants born to the control women
groups, the difference was not significant. The significant difference between infants born to vaccinated
women in the two countries was likely due to the use of different vaccine brands in pregnant women and
the different vaccination histories of women in these two countries.
Our analyses also suggested that the blunting effect was present during the primary immunisation but

went away afterward for anti-PT data. In contrast, for anti-PRN antibodies, the blunting effect persisted
after the primary vaccination and possibly went away after the booster dose. Countries should be aware
of the regional situation in view of recommending maternal immunization.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, much attention has been paid to the evaluation of
(pertussis) vaccination during pregnancy, to protect pregnant
women and their infants from infectious diseases. Pertussis
(whooping cough) is an acute respiratory disease caused by the
bacterium Bordetella pertussis. People of all ages can be infected
by the disease, and mainly in infants, the disease can be severe
and even life-threatening [1]. Since pertussis is a vaccine-
preventable disease, the most effective way to control the disease
is through vaccination. Despite the availability of longstanding glo-
bal vaccination programmes against Bordetella pertussis, there is an
increase in the number of reported cases, especially in high-income
countries [2,3]. Most of these cases are seen in infants, who are too
young to be protected by the available vaccines and vaccination
schedules. While there have been a lot of surveillance data avail-
able for high-income countries, surveillance data in low- and
middle-income countries are mainly missing, leading to a lack of
data on pertussis epidemiology in these countries [4].

Currently, pertussis vaccination in pregnancy is recommended
to protect infants from pertussis in an increasing number of coun-
tries. This protection is achieved through the transfer of maternal
antibodies from the mother to the child via the placenta during
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pregnancy and via lactation afterwards. This strategy has been
implemented, since 2012, in many countries, including the UK,
the US, Belgium and New Zealand. Consequently, many studies
have been conducted to investigate the immunogenicity, safety,
and effectiveness of the maternal vaccination strategy with regard
to the protection of infants from the disease. In general, basic
statistics have usually been used to interpret the results of these
(randomised) controlled trials, using geometric mean concentra-
tions (GMCs) and their 95% confidence intervals (CIs), simple
(paired) t-tests and (multiple) regression analyses.

Although these analyses are useful, their drawback is that they
do not take the longitudinal nature of the data into account. In
many vaccine trials measuring antibody titres to evaluate the effi-
cacy of a vaccination programme, the repeated nature of the data
has not been considered. However, several authors have shown
that considering both inter- and intra-subject variability offers
more insights into antibody dynamics. For example, Auranen
et al. [5] employed hierarchical Bayesian modelling to study the
decline in hepatitis B immunity, Teunis et al. [6] made use of a
hyperbolic response model to describe the kinetics of the IgG anti-
body response to the pertussis toxin, and Goeyvaerts et al. [7] stud-
ied the maternal antibody decay of several diseases using
nonlinear growth mixed models accounting for censoring.
Recently, Maertens et al. [8] used a nonlinear mixed-effects model
to describe the kinetics of antibody titres before and after vaccina-
tion in Belgian infants. Among the approaches mentioned above,
only the work of Teunis et al. [6] and Maertens et al. [8] made
use of a dynamic model to capture the evolution of antibody titres
over time.

In this article, nonlinear mixed-effects models were employed
to model longitudinal data of antibody titres before and after infant
vaccinations in two countries: Belgium and Vietnam. A hypothe-
sised dynamic model that captures the change in antibody titres
after birth, before and after the primary vaccination series, and
before and after the booster dose was used. Our goal is to analyse
data on infant antibody titres, which are useful for understanding
the kinetics of antibodies in infants before and after infant primary
and booster vaccination against pertussis in the presence of
vaccine-induced maternal antibodies.
2. Materials and methods

Data on antibody concentrations collected from two vaccine tri-
als in Belgium (2014) and Vietnam (2013) form the basis for the
analysis. The first trial in Belgium was a prospective controlled
cohort study, while the second study in Vietnamwas a randomised
controlled study. The local ethics committees approved both stud-
ies. They were conducted in accordance with the Helsinki Declara-
tion, Good Clinical Practice (GCP), and the Belgian and Vietnamese
laws, respectively. Informed consent forms were obtained from all
participants and both parents of participating infants. Readers are
referred to Maertens et al. [9,10] for more details regarding the
study in Belgium, Hoang et al. [11] and Maertens et al. [12] for
the one in Vietnam.
2.1. Study design

In total, 57 healthy pregnant women were in the vaccine group
(vaccinated with Boostrix�, GSK Biologicals, Rixensart, Belgium),
and 42 women were in the control group (no pertussis-
containing vaccine for at least ten years) in the study in Belgium.
In the Vietnamese study, 52 women were vaccinated with Adacel�

(Sanofi Pasteur, Canada) (Tdap group), and 51 women were inocu-
lated with a tetanus-only vaccine (TT group). According to the pro-
tocol, all infants should be vaccinated with hexavalent pertussis-
containing vaccines (Infanrix� Hexa, GSK Biologicals, Rixensart,
Belgium) at two, three, and four months of age (see Fig. S1). A boos-
ter dose was planned at 15 months of age. However, in reality, vac-
cinations in infants were administered at different moments in
Vietnam due to a delay in ethical committee approval [11,12].

2.2. Sample collection

In all infants, cord blood was collected at delivery. In Belgium,
blood samples were collected from the infants before starting the
primary vaccination schedule (week eight with a variation of
±4 days), at month five (28–35 days after the third vaccine dose),
at month 15 (right before the booster dose) and month 16 (28–
35 days after the booster dose). In Vietnam, blood samples were
collected from the infants at two months of age, before the start
of the primary pertussis vaccination schedule. The first dose of
priming, however, was administered one month later than planned
in the protocol. The blood sample post-priming was taken at a
mean interval of 26–29 days after the third vaccine dose [11].
The booster vaccine dose was administered at a mean age of
22.18 months, four months later than foreseen, and blood samples
were obtained on average 30.2 days after the fourth vaccine dose
[12]. There was no blood sample drawn before the booster dose
in Vietnam. Consequently, a maximum of five blood samples were
obtained from Belgian infants, and only a maximum of four blood
samples were available from Vietnamese infants.

2.3. Statistical analysis

There is no good correlate of protection for pertussis [13]. How-
ever, low antibody levels are associated with susceptibility to per-
tussis infection [14,15]. Moreover, high anti-PRN and anti-PT
antibody levels correlate with protection [16]; hence, we modelled
only anti-PT and anti-PRN data. Before fitting nonlinear mixed-
effects models to our data, we first performed a simulation study
to investigate the performance of the proposed method with
respect to the number of repeated measures for each infant. This
simulation study was motivated by the limited number of observa-
tions collected per subject and per time point in our vaccine trials.

2.3.1. Modelling antibody titres using nonlinear mixed-effects models
The modelling approach was based on the hypothesised

dynamics of antibody concentrations in infants (see Fig. 1). The
cord antibody titre is denoted as A0. We assume that antibodies
in infants first decrease with the decay rate b right after birth, until
the first vaccine dose. Then antibodies increase with the rate c
reflecting the overall rising-rate after three vaccination doses. After
the third dose of priming, antibodies continue to go up, until the
time point h. Then, they decrease again with the decay rate a. At
month 15 (in Belgium) or month 22 (in Vietnam), infants received
a booster dose. Immediately after the administration of the booster
vaccine, antibodies increase at the rate x. Presumably, antibodies
are still increasing one month after the booster dose.

To account for within-subject heterogeneity, we allowed ran-
dom effects for some parameters. We assumed either a log-
normal or a gamma distribution for these random effects since
all parameters take only positive values. Consider a subject-
specific parameter hi ¼ f ðh;giÞ, where h represents the population
parameter, gi denotes the subject random effect, and f is the func-
tional form describing the relationship between h and gi, which
reflects some underlying distributions for the subject-specific
parameter hi. For a log-normal distributed random effect, one
assumes that hi ¼ h exp gið Þ; where gi � Nð0;r2Þ which leads to
hi � LNðlog hð Þ;r2Þ (LNdenotes the log-normal distribution). This
parameterisation implies that



Fig. 1. Dynamics of antibody titres: tvacc;1 represents the moment of the first vaccine dose, tvacc;boost denotes the moment of the booster dose (left-panel). The hypothesised
dynamics of antibody titres in infants is expressed in different phases due to vaccination. Green circles indicate blood sample moments (right-panel). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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E hið Þ ¼ exp log hð Þ þ r2=2
� � ¼ hexpðr2=2Þ. For a gamma-distributed

random effect, hi ¼ hgi, where gi � Gammað1=rg;1=rgÞ with shape
and inverse scale parameterisation. This construction implies that
hi � Gamma 1=rg;1=ðhrgÞ

� �
. Consequently, one has E hið Þ ¼ h.

2.3.2. Univariate modelling
First, the kinetics of anti-PT and anti-PRN IgG data were mod-

elled separately. We considered two important factors. The first
one is the group of infants, denoted as group. This covariate is a
binary variable indicating whether infants were born to vaccinated
pregnant women (group = 0) or to unvaccinated pregnant women
(group = 1). The second factor is country, denoted as country, a bin-
ary variable taking the value of 0 for Belgian infants, and 1 for Viet-
namese infants. The interaction between country and group was
also considered. Since there was a maximum of five samples for
each Belgian infant and four samples for each Vietnamese infant,
the richest model that we considered was the model with
subject-random effects for parameters A0, b and c. Antibody
titre data on a log-scale were fitted using an additive residual error
model with a constant variance, that is: log Aobs;ij

� � ¼
log Apred;ij

� �þ �ij, where �ij � Nð0;r2Þ. Here, Aobs;ij and Apred;ij denote
the observed and predicted antibody titres for an individual i
(i = 1,. . ., n with n the number of infants in the sample) at time
point j (j = 1, 2, 3, 4, 5). The predicted antibody titre at time tij
can be defined as:

tij � tvacc1;i : Apred;ij ¼ A0;i exp �bitij
� �

;

tvacc1;i � tij � hi : Apred;ij ¼ A0;i exp �bitvacc1;i þ ciðtij � tvacc1;iÞ
� �

;

hi � tij � tvaccboost ;i : Apred;ij

¼ A0;i exp �bitvacc1;i þ ci hi � tvacc1;i
� �� aiðtij � hiÞ

� �
;

tij � tvaccboost ;i : Apred;ij ¼ A0;i exp �bitvacc1;i þ ci hi � tvacc1;i
� ��

�ai tvaccboost ;i � hi
� �þxi tij � tvaccboost ;i

� ��
:

All model parameters that capture the antibody kinetics
(A0; b; c;a;x) were estimated under the constraint of non-
negativity. The time point h was estimated under the constraint
that h � 4 (months).

2.3.3. Joint modelling
We assume the same dynamics for anti-PT and anti-PRN IgG

antibodies in infants as specified before. The time point h is
assumed to be the same for the two antigens. The antibody levels
at birth and the increase and decay rates are assumed to be
antigen-specific. For anti-PT data, we denote: AT0 (anti-PT IgG anti-
bodies at birth), b1, c1;a1 and x1. For anti-PRN data, we denote:
AR0 (anti-PRN IgG antibody levels at birth), b2, c2;a2, and x2.
Two covariates group and country were also taken into account.
Antibody concentrations on the log-scale were fitted. The statisti-
cal model is defined as follows:

where ATobs;ij;ATpred;ij;ARobs;ij;ARpred;ij are the observed and predicted
antibody titres for anti-PT, and anti-PRN for infant i (i = 1, 2,. . ., n) at
time point j (j = 1, 2, 3, 4, 5), respectively. Here, is the 2 � 2 vari-

ance–covariance matrix having the form r1
2 qr1r2

qr1r2 r2
2

� �
. We

used the Cholesky decomposition for the variance–covariance
matrix to stabilize the estimate of its elements.

All models were fitted in R using the rstan package [17]. Model
comparison was performed using leave-one-out predictive perfor-
mance based on elpd_loo [18]. The model with a higher value of
elpd_loo is to be preferred.

2.3.4. Investigation of the performance of NLMMs concerning the
number of repeated measurements

Here, we investigated the performance of nonlinear mixed-
effects models when fitting longitudinal data involving the
dynamics of antibody titre data in infants concerning the number
of repeated measurements per subject. Data were simulated using
a dynamic model similar to our data application model, where
infants received a booster dose at month 18. The country effect
was assumed to significantly affect the antibody levels in the cord
between the two countries. Subject-specific parameters were
assumed to follow a log-normal distribution. A denotes the anti-
body titres in infants, A0 denotes the antibody titres in the cord
at birth, and b, c, a, x denote the decay and rates of increase at
different stages. The model base for the simulation study is spec-
ified as follows:

t � 2 : dA=dt ¼ �bt;

2 < t � h : dA=dt ¼ cA;
h < t � 18 : dA=dt ¼ �aA;

t > 18 : dA=dt ¼ xA:



Fig. 2. Box plots of the distributions of parameter estimates across 300 simulated data sets. The horizontal brown dashed lines indicate the true values. The green dots show
the mean estimates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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We assume that :

A0;i ¼A0exp v1countryiþgA0 ;i

� 	
; where; gA0 ;i

�N 0;r2
A0

� �
:

bi ¼ bexp gb;i

� 	
;where gb;i �N 0;r2

b

� �
:

ci ¼ cexp gc;i
� 	

; where gc;i � N 0;r2
c

� �
:

yobs;ij � N ypred;ij;r2� �
;

where ypred;ij ¼ logðApred;ijÞ andyobs;ij ¼ log Aobs;ij

� �
:

Four scenarios were considered (see Table S1). The first scenario
(scenario A) simulated 11 observations: at birth (t ¼ 0), and subse-
quently at ten equidistant time points per profile. The second sce-
nario (B) contained 11 observations per profile and closely
captured the kinetics of the antibody titres. In the last two scenar-
ios, fewer observations for each infant were considered, but these
observations firmly followed the timing of vaccination in infants.
More specifically, eight observations per subject were generated
for the third scenario (C), and only five observations were gener-
ated in the last scenario (D). The last scenario is the most similar
to the available data under our analysis. The set of true values
was A0 ¼ 120; b ¼ 1:451; c ¼ 0:368;a ¼ 0:277;h ¼ 6:270;x ¼
1:200;r ¼ 2:431;rA0 ¼ 1:224;rb ¼ 0:400;rc ¼ 0:600, and
v1 ¼ 0:213. For each scenario, 300 data sets were generated with
a sample size of 115 infants for each data set. This sample size
was inspired by the sample size that we observed in our case study.
The proportion of Belgian infants and Vietnamese infants is 45:55.
The simulation was done using the mlx package in R [19].
3. Results

3.1. Simulation outputs

In this section, we report simulation results regarding the anal-
ysis of 300 simulated data sets for each scenario. For each run, the
posterior median was used as an estimate for the parameter of
interest (see Fig. 2). While the second and third scenarios per-
formed quite well in estimating the different parameters capturing
the antibody titre dynamics (A0; b; c;h;a;x), this was not the case
for the first and fourth simulated schemes. More specifically, the
first scenario performed reasonably well in estimating A0, a, and
x but did not perform well when estimating b and c. These results
were expected since, based on the sampling time, there was no
measurement between time point 0 and at two months, which
might capture the decay of antibody titres after birth. Surprisingly,
although there were two measurements between month two and
h, the estimate of c (in scenario A) was not well-captured since
its 95% credible interval (CI) did not contain the true value. Gener-
ally, the model seemed to overestimate the overall rate of increase
c. The last scenario included only five samples per profile and gave
a reasonable estimate for A0 and b only, while 95% CIs of c;h;a, and
x did not cover the true values. Overall, the model overestimated
all parameters describing the dynamics of antibodies.

For the estimation of the variability, i.e., the parameters
r;rA0 ;rb; and rcand the covariate effect v1, the first three scenar-
ios had acceptable performance. In contrast, the last scenario per-
formed poorly, especially for the estimation of rA0 and rc;in which
these two dispersion parameters were underestimated.

Moreover, we show the coverage probabilities (CPs) of the dif-
ferent parameters in Table S2. Generally, the second and third sce-



Table 1
Parameter estimates and 95% CIs for models of anti-PT and anti-PRN (Univariate modelling).

Anti-PT

Parms A0 b c a x h v1;A0 v2;A0 v3A0

Median 96.38 1.01 0.30 0.22 1.76 6.34 �2.12 �1.70 1.30
95% CI [73.48; 126.41] [0.88; 1.13] [0.23; 0.40] [0.16;

0.31]
[1.53;
1.99]

[5.16;
7.69]

[�2.62; -1.63] [�2.22; �1.19] [0.56; 2.08]

Parms v1;b v2;b v1;h v2;h v1;c v2;c v3;c v1;a v1;x

Median 0.37 �0.31 �0.59 1.52 1.59 0.79 �1.09 0.03 0.23
95% CI [0.20; 0.54] [�0.51;

�0.12]
[�1.91;
0.61]

[0.98;
1.91]

[1.17;
2.20]

[0.53;
1.17]

[�1.82; �0.44] [�0.07; 0.13] [�0.18; 0.63]

Anti-PRN
Parms A0 b c a x h v1;A0

v2;A0
v3A0

Median 644.13 0.62 0.01 0.32 2.81 4.10 �619.96 �472.51 462.84
95% CI [494.92;

835.65]
[0.47; 0.78] [0.00; 0.05] [0.29;

0.35]
[2.48;
3.15]

[4.00;
4.46]

[�811.33;
�469.40]

[�658.72;
�300.67]

[290.72;
649.34]

Parms v1;b v2;b v1;h v2;h v1;c v2;c v3;c v1;a v1;x

Median �0.53 �0.04 1.09 4.05 0.63 0.49 �0.56 �0.07 �0.62
95% CI [�0.71; �0.30] [�0.25; 0.10] [0.06; 2.74] [3.04;

5.53]
[0.41;
0.95]

[0.28;
0.76]

[�0.88; �0.29] [�0.14; 0.06] [�1.26; �0.03]

T.M.P. Tran et al. / Vaccine 38 (2020) 7079–7086 7083
narios did perform well with large coverage probabilities (close to
100%) for almost all parameters. The exception was the estimate of
the peak h by the third scenario. The first and last scenarios per-
formed less well compared with the other two scenarios but still
did a reasonable job since the CP values were reasonably high for
almost all parameters (except for c in the first scenario and rA0

for the first and the last scenarios).
3.2. Case study

3.2.1. Univariate modelling
For anti-PT antibody titre data, we ran the predefined model

with four chains of 4000 iterations (2000 burn-in iterations). We
first ran the model without any covariates to perform model selec-
tion. Different models with gamma or lognormal random effects
were considered. The starting model was the one with random
effects for A0; b; and c. In the end, the model with gamma random
effects of c and lognormal random effects of A0and b performed
best in terms of the predictive performance. Hence, the best model
was specified as:

� A0;i ¼ A0 exp v1;A0groupi þ v2;A0countryi þ v3;A0groupicountryiþ
�

gi;A0
Þ;

� bi ¼ b exp v1;bgroupi þ v2;bcountryi þ v3;bgroupicountryi þ gi;b

� 	
;

� ci ¼ cþ v1;cgroupi þ v2;ccountryi þ v3;cgroupicountryi
� �

gi;c,
� hi ¼ hþ v1;hgroupi þ v2;hcountryi;
� ai ¼ aþ vagroupi; and xi ¼ xþ vxgroupi;

where gi;A0
¼ rA0�i;A0 and �i;A0 � Nð0;1Þ; gi;b ¼ rb�i;b and

�i;b � Nð0;1Þ; gi;c � Gammað1=rc;1=rc; Þ. Because no blood sample
was taken from Vietnamese infants before the booster dose, we did
not consider the country effect for the a and x parameters.

The same model-building procedure was performed for anti-
PRN antibody concentration data. The model with gamma random
effects for A0; b and c produced the best predictive performance.
Hence, the best model for anti-PRN can be specified as follows:

� A0;i ¼ A0 þ v1;A0groupi þ v2;A0countryi þ v3;A0groupicountryi
� �

gi;A0
;

� bi ¼ ðbþ v1;bgroupi þ v2;bcountryi þ v3;bgroupicountryiÞgi;b;

� ci ¼ cþ v1;cgroupi þ v2;ccountryi þ v3;cgroupicountryi
� �

gi;c,
� hi ¼ hþ v1;hgroupi þ v2;hcountryi;
� ai ¼ aþ vagroupi; and xi ¼ xþ vxgroupi;
where gi;A0
� Gammað1=rA0 ;1=rA0 ; Þ, gi;b � Gammað1=rb;

1=rb; Þ, and gi;c � Gammað1=rc;1=rc; Þ.
In both data sets, the interaction terms related to parameter b

were not statistically significant; hence, we removed them from
the final model for making the inference. Fig. S2 shows the plot
between observed and predicted values indicating a good fit. The
Pearson correlation coefficients between the observed and pre-
dicted values were 0.97 (for anti-PT data) and 0.90 (for anti-PRN
data). The model fit for anti-PT data seems to show more agree-
ment between observed and predicted values of individual anti-
body titres at different time points.

The parameter estimates for the two models are shown in
Table 1. For anti-PT, the groups of infants and countries did not
play a significant role in estimating the peak h. Nevertheless, these
two factors were statistically significant in the case of anti-PRN
data, although the group effect seems to be trivial. According to
the protocol, the first vaccination dose should be performed at
two months of age in both countries. However, in reality, this time-
line was true only in Belgium. In Vietnam, due to some logistical
difficulties, the first vaccine dose was performed one month later
than planned in the protocol, at a mean age of 3 months [11].
Hence, the time point h in Vietnamese infants should theoretically
be one month later than in Belgian infants. The estimate of the
country effect on h for anti-PT is 1.52 (months) with 95% CI con-
taining 1, indicating a non-significant difference between the two
countries. In the meanwhile, the estimate for anti-PRN was 4.05
(months) with 95% CI of [3.04; 5.53] (months) that did not contain
1. This estimate indicates that the peak h was comparable for anti-
PT but roughly three months later for anti-PRN in Vietnam com-
pared to Belgium.

The effects of country and group, as well as their interaction,
were statistically significant for the estimation of c. These effects
were in the same direction for both anti-PT and anti-PRN. More
specifically, the overall rates of increase were significantly higher
in Vietnamese infants than in Belgian infants and higher in infants
born to women in the control group in comparison to infants born
to vaccinated women. There was no significant difference between
two infant groups in the decay rate after primary vaccination a for
both antibody types and in the rate of increase after the booster
vaccine dose x for anti-PT. For anti-PRN, the rate of increase after
the booster dose was significantly lower in Vietnamese infants
than in Belgian infants.

Similarly, both group and country effects and their interaction,
played a significant role in the estimates of cord anti-PT and
anti-PRN antibodies. In Belgium, the mean antibody titre at birth
in infants born to vaccinated women was significantly higher than



Table 2
Estimates of antibody titres in the cord in infants and their 95% CIs for anti-PT and
anti-PRN: A000 , A001 ;A010 ;A011 represent the antibody titres in cord in Belgian infants of
vaccinated women, Vietnamese infants of vaccinated women, Belgian infants of
women in the control group, and Vietnamese infants of women in the control group,
respectively.

Parms Anti-PT Anti-PRN

A000 132.69 [90.32; 202.23] 644.13 [494.92; 835.56]
A001 24.31 [15.55; 38.71] 169.67 [112.02; 264.08]
A010 15.84 [10.32; 24.90] 23.88 [16.74; 34.69]
A011 10.64 [6.86; 17.19] 14.00 [9.78; 20.30]
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that in infants born to control women (132.69 [90.32; 202.23] vs.
15.84 [10.32; 24.90] for anti-PT, and 644.13 [494.92; 835.56] vs.
23.88 [16.74; 34.69] for anti-PRN) (see Table 2). In Vietnam, anti-
body titres in the cord in infants born to vaccinated women were
also higher than those in infants born to women in the control
group. While this difference is significant for anti-PRN (169.67
[112.02, 264.08] vs. 14.00 [9.78, 20.30]), it is not the case for
anti-PT since the 95% CI of anti-PT antibody titres in these two
groups of infants showed some overlap (24.31 [15.55, 38.71] vs.
10.64 [6.86, 17.19]). In terms of country difference, the mean anti-
body titres in the cord of Belgian infants at birth were significantly
higher than those of Vietnamese infants for both antigens in
infants born to vaccinated pregnant women. In infants born to con-
trol women groups, although the cord antibody titres were higher
in Belgian infants, the 95% CI of antibody titres in the cord of Bel-
gian and Vietnamese infants overlapped. Both factors statistically
significantly affected the estimate of the decay rate b right after
birth for anti-PT, but only group effect was significant for b in
anti-PRN data.

A correlate of protection for pertussis is not defined; however,
higher antibody concentrations correlate with better protection
Fig. 3. The decline in maternal antibody levels of antibody titres during first months of lif
born to women in the control group (red lines), Vietnamese infants born to vaccinated wo
lines). We reported median time points (interquartile ranges) at which maternal IgG anti
linked immunosorbent assay units (IU/ml). Data for anti-PT (left panel) were expressed i
based on the assumption of no infant vaccination. (For interpretation of the references to
against the disease. Fig. 3 shows the decrease in maternal antibody
concentrations during the first months of life in infants when no
infant vaccination was assumed. In Belgian infants, approximately
3.3 (vaccinated group) and 2.1 months (control group) were
required so that their anti-PT concentrations fell below 5 (IU/ml).
However, less than one month in both groups of Vietnamese
infants was required for the same event to happen. Anti-PRN anti-
body concentrations had much longer half-lives; hence, more than
six months in two groups of Belgian infants was demanded for a
similar outcome to be observed. In Vietnamese infants born to vac-
cinated women, after 18 months, the anti-PRN started to fall below
the same threshold. This duration in infants born to women in the
control group was approximately 29 months. This observation can
be explained by the fact that while the cord antibody concentra-
tions in infants born to vaccinated women were higher than the
cord antibody concentrations of infants in the control group, their
decay rates were also higher.

Finally, we show in Table S3 the half-lives (time for antibody
titres to decline 50%) of antibody titres in infants after being born
and before the start of the vaccination programme. Generally, the
half-lives in infants born to vaccinated women were statistically
longer than those in infants born to women in the control group
(for anti-PT), but the reverse held for anti-PRN. When compared
between countries, the half-lives in Vietnamese infants were
longer than those in Belgian infants, but this difference was mini-
mal. While the half-lives for anti-PT were short for all groups of
infants, the numbers for anti-PRN were quite high for infants born
to women in the control group.

3.2.2. Joint modelling of anti-PT and anti-PRN antibody titres
In this part, we first fitted the model with lognormal distribu-

tions for random effects of AT0; b1 and gamma distributions for
random effects of c1;AR0; b2; c2. This model, however, did not show
e in infants: Belgian infants born to vaccinated women (brown lines), Belgian infants
men (blue lines), and Vietnamese infants born to women in the control group (violet
bodies in infants started to decline below a prespecified threshold of 5–10 enzyme-
n months, and data for anti-PRN (right-panel) were plotted in years. The plots were
colour in this figure legend, the reader is referred to the web version of this article.)
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a well-behaved mixing for some parameters. Hence, we proceeded
further with the bivariate model, where we assumed all random
effects followed a gamma distribution.

Generally, the joint model gave similar results compared to the
univariate models for both anti-PT and anti-PRN. The time point h
is still significantly higher in Vietnamese infants than in Belgian
infants (with a median of 0.88 months). The effect of group became
significant to the decay rate a2 after the time point h but not signif-
icant to the increasing rate x2 after the booster dose anymore (for
anti-PRN). This output suggests that the blunting effect faded away
after the booster dose. Finally, a positive correlation between two
types of measurements indicated that anti-PT and anti-PRN chan-
ged in the same direction over time in infants.
4. Discussion

We present a modelling framework to analyse longitudinal data
collected from vaccine trials with the focus on antibody titre data
using nonlinear mixed-effects models. A hypothesised dynamic
model for antibody titres in infants capturing their evolution from
birth, before and after primary vaccination, and before and after
the booster dose was the base for our modelling approach. We
analysed data from two countries: Belgium and Vietnam. With
the proposed method, the methodological discrepancies between
both studies were successfully incorporated into the models. For
anti-PRN, antibody titres at birth in control infants were signifi-
cantly lower compared to infants born to vaccinated women in
both Vietnam and Belgium. These results were in agreement with
the results obtained using the conventional t-test to test for the dif-
ference in Geometric Mean Concentrations (GMCs), as shown in
Maertens et al. [9] and Hoang et al. [11]. For anti-PT data, this con-
clusion only held in Belgium, as also shown by Maertens et al. [9]
In Vietnam, although the cord anti-PT antibody concentrations
were higher in infants born to vaccinated women than in the con-
trol group, the difference was not considered to be significant. This
observation contradicted the conclusion of Hoang et al. [11]. A pos-
sible explanation is that our modelling approach considered all
data together and hence produced more variability than the
method of Hoang et al. [11].

Additionally, we observed that in infants born to vaccinated
women, both anti-PT and anti-PRN antibody titres in the cord were
significantly higher in Belgium than in Vietnam. However, this
result did not hold for infants born to the control group for both
types of antigens. Given that cord antibody titres in infants born
to control women were comparable in the two countries, the dif-
ference we observed in those infants born to vaccinated women
was likely due to the use of different vaccine brands given in preg-
nancy and to the difference in vaccination history between the
women in Belgium and Vietnam. This conclusion, however, does
not exclude possible effects of other important factors such as ges-
tational age at the time of immunisation and the interval between
vaccination and giving birth. Recently, Wanlapakorn et al. [20]
showed that the interval between Tdap administration and deliv-
ery affected the cord titres significantly. The current analysis did
not consider this factor since these models did not achieve conver-
gence. Future studies need to be conducted to understand more
about the differences between countries and regions. The peak h
was estimated higher in Vietnamese infants compared to Belgian
newborns. The difference in maternal vaccines (different manufac-
turers in two countries), which might explain the difference in the
overall increasing rate c, can partially explain the later peak in
Vietnamese infants. Antibodies in this population rose faster,
which resulted in a later peak [21].

Another essential feature of the maternal vaccination strategy
seen in many vaccine trials is the interference or the blunting
effect. This blunting effect refers to the fact that maternal antibod-
ies may inhibit antibody generation in the infant after primary vac-
cination and, to a lesser extent, after booster vaccination. The
inhibition results in lower pertussis-specific antibody titres in
infants from vaccinated women compared to infants from women
in the control group after the immunization in infants. This blunt-
ing effect has been observed before [22,9,11,23,24]. The univariate
modelling approach showed that the group effect was statistically
significant for estimating b, c in anti-PT data and for estimating
h; b; c and x rates in anti-PRN data. The joint analysis gave the
same results for anti-PRN except that the group effect was no
longer significant for the rate of increase after the booster dose
(x2) but turned out to affect significantly the decay rate a2. These
results suggested that the blunting effect was present during pri-
mary vaccination for anti-PT but went away afterward. For anti-
PRN, on the other hand, the blunting effect remained after the pri-
mary immunisation but no longer persisted after the booster dose.

One of the main limitations of our analysis is that the number of
observations per infant was somewhat limited. More specifically,
there were maximally five time-points for each Belgian infant
and four blood samples for each Vietnamese infant. Our simulation
study showed that due to little information received from these
longitudinal profiles, the estimates of some parameters (especially
the parameters expressing the within- and between-subject vari-
ability, and parameters of the dynamics of antibody titres after the
primary vaccination) were considered biased. Hence, the interpreta-
tion regarding the output of nonlinear mixed-effects models needs to
be done with care. This simulation study also suggests that in future
research, more blood samples need to be collected, if possible, to
enhance the performance and reliability of the nonlinear mixed-
effects model approach. Currently, it is advised to have minimum
eight observations per individual. The timing of blood samples also
needs to carefully follow the moment of infant vaccination to achieve
reasonable estimates for all model parameters.

5. Conclusions

The lower antibody concentration at birth in Vietnam is possibly
related to the use of different Tdap vaccines or different maternal
vaccinationhistory. Thedifferencebetweenbothcountriespersisted
after primary vaccination. The difference in the overall increase of
antibodies after primary immunisation in Vietnamese infants was
possibly due to the use of maternal and infant vaccines of different
brands or the lower pre-vaccinationmaternal antibody titre in Viet-
namese infants. The nonlinear mixed-effects modelling framework
offers the possibility of pooling all data together and employs a
hypothesised kinetics model for antibodies. Hence, this approach
enables researchers to investigate the evolution of antibodies over
timeand incorporatemanycovariatesof interest.Asa result, thepro-
posedmethod relies on sufficient data being available. Future study
design needs to pay more attention to the timing of the blood sam-
ples as well as the number of blood samples so that conclusions
drawn from a comprehensive modelling approach are guaranteed.
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