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Abstract

Background

Chickenpox (CP) and herpes zoster (HZ), both caused by the varicella-zoster virus
(VZV), present a significant public health burden in unvaccinated populations. Univer-
sal CP vaccination has been long debated due to concerns about a potential increase
in HZ incidence as a consequence of the exogenous boosting hypothesis.

Methods

We performed a cost-utility analysis on two deterministic compartmental dynamic
transmission models, each of which employed a different underlying mechanism of
exogenous boosting: temporal or progressive immunity. We considered four vaccina-
tion strategies: the current practice of no widespread vaccination and three strategies
involving CP and HZ vaccination, either alone or in combination. The CP vaccines
considered were Varivax and ProQuad, while the HZ vaccine considered was the
recombinant zoster vaccine (RZV), Shingrix. The vaccine prices per dose were as fol-
lows: Varivax - €52.52, ProQuad - €73.69, recombinant zoster vaccine - €170.26. The
clinical and economic impact of vaccination on both CP and HZ outcomes were eval-
uated. The main health outcome of interest was the quality-adjusted life year (QALY)
which was used to compare the strategy yielding the highest average net mone-

tary benefits (i.e., the optimal strategy) across a range of willingness-to-pay (WTP)
values. Costs and health outcomes were discounted at 3.0% and 1.5% annually,
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respectively. We used 3 time horizons (i.e., 50, 75 & 100 years) and implemented the
healthcare payer perspective throughout the analysis.

Results

CP vaccination led to a substantial reduction in CP incidence in both models. In the
temporary immunity boosting (Temp) model, strategies that included HZ vaccination
showed a decrease in HZ incidence. For the CP vaccination strategy in the Temp
model, and for all CP and HZ vaccination strategies in the progressive immunity
boosting (Prog) model, we observed both short- and medium-term increases in HZ,
followed by a decrease to levels below the no-vaccination scenario. From the health-
care payer’s perspective, using a WTP of €40,000 per QALY gained, the Temp model
indicated that the three vaccination strategies were cost-effective when considering
time horizons of 50, 75, and 100 years. For the Prog model, only strategies combin-
ing both CP and HZ vaccination were cost-effective given a 100-year time horizon.
Vaccination strategies under the Temp model became cost-effective at lower values
of WTP compared to those under the Prog model.

Conclusion

Both models predicted that universal CP vaccination would result in significant reduc-
tions in the burden of CP disease, however, the HZ disease burden impact varied
significantly depending on the assumed boosting mechanism. Hence, the choice of
modeled exogenous boosting mechanism leads to different optimal vaccination strat-
egies. Ascertaining the relative accuracy of these structural model choices will require
continued research on the mechanism of VZV boosting.

1. Background

Varicella zoster virus (VZV) is a herpes virus that can result into two clinically different
diseases: varicella, also known as chickenpox (CP), and herpes zoster (HZ), also
known as shingles [1,2]. CP is a common childhood disease and is characterized by
an itching vesicular rash and fever. Primary CP infection is mostly mild, however, it
can result in more serious consequences in adults [3]. VZV infection is transmitted
from person to person primarily through direct contact with primary skin lesions or
through inhalation of aerosolized droplets from acute vesicles of CP or HZ [4]. VZV
re-infection is rare in immunocompetent individuals [5]. Following primary VZV infec-
tion, VZV remains latent in dorsal root ganglia which can reactivate as HZ, following
a decline in VZV-specific cell-mediated immunity (CMI) [1,3,6], more specifically a
lack of T cells being capable to recognise specific VZV proteins [6]. HZ is a painful
rash that commonly occurs in elderly or immuno-compromized individuals [2]. The
incidence and severity of HZ increases with age with more burden occurring in indi-
viduals aged 250 years [7,8]. HZ can cause several complications, the most common
being postherpetic neuralgia (PHN), defined as a painful condition that persists for
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more than 3 months after rash onset [9]. Both CP and HZ cause substantial health and economic burden in the population
in the absence of universal vaccination [8,10—14]. The annual global burden of CP is estimated to be approximately 140
million cases, with 4.2 million severe cases requiring hospitalization and around 4,200 deaths [12]. A recent systematic
review of 69 publications of HZ reported an incidence rate ranging from 5.35 to 10.9 cases per 1,000 person-years, with a
recent upward trend [15].

The biological mechanisms underlying pathogenesis of HZ are poorly understood. In 1965, Hope-Simpson came up
with the so-called exogenous boosting hypothesis to explore the epidemiological relationship between CP and HZ. This
hypothesis posits that secondary exposures to VZV boosts CMI, thereby lowering the reactivation risk of HZ [16]. Although
effective vaccines against CP and HZ are available, the implementation of universal vaccination programs is still lacking
in many countries [17], primarily because of the unknown drivers of HZ reactivation, particularly the exogenous boosting
hypothesis. Previous modeling studies have predicted that CP vaccination will significantly reduce CP incidence but lead
to a short- and medium-term increases in HZ incidence due to decreasing VZV exogenous boosting given a decline in CP
following vaccination [18,19]. Multiple countries have already implemented universal CP vaccination programs, such as
the United States of America (USA), Canada, Germany, ltaly, Australia and Israel, each of which have observed a sub-
stantial reduction in the CP incidence [20]. The study of HZ incidence in these countries has led to inconclusive findings
regarding the role of exogenous boosting. Some countries have seen an increase in HZ incidence following universal CP
vaccination, however these trends were also reported prior to the introduction of CP vaccination [13,21]. Nonetheless, the
impact of having children in the household (and therefore likely more exogenous boosting events in the household) and
immunological studies seemed to confirm the hypothesis [22,23].

Due to the persistent doubts on the quantitative impact of VZV reactivation, mathematical models to assess the impact
of universal vaccination programs for CP and HZ have relied on theoretical assumptions to incorporate exogenous
boosting mechanisms [22,24]. Two major formulations of the exogenous boosting mechanisms have been considered
in mathematical models; temporal (Temp) or progressive (Prog) immunity boosting [21,22]. Temporal immunity boost-
ing mechanism (Temp) [18,25] assumes that boosting provides complete protection for a given duration, after which the
individual reverts to full HZ susceptibility [18,25]. The second approach, the progressive immunity boosting mechanism
(Prog), assumes that CMI accumulates with each VZV re-exposure [19]. These approaches have yielded qualitatively sim-
ilar but quantitatively different HZ incidence predictions after universal CP vaccination programs were implemented. The
quantitative differences are reflected in cost-effectiveness analyses, which are key in making informed decisions on uni-
versal vaccination programs [26]. Comparative modeling studies between these two boosting mechanisms are important
to understand the uncertainty surrounding policy making based on cost-effectiveness. Qualitative comparisons between
model-based and empirically observed post-vaccination incidence patterns of CP and HZ in countries with universal VZV
vaccination programs in place, such as the United States of America (USA) are equally important.

With the current study, we aim to compare the effectiveness and cost-effectiveness outcomes of two models of CP and
HZ vaccination, one model mimicking a temporary and the other a progressive immunity boosting mechanism using com-
mon input data. Throughout this work, we consider the CP vaccines (Varivax and ProQuad) by Merck & Co., Inc., Rahway,
NJ, USA (MSD), and recombinant zoster vaccine, Shingrix, by GlaxoSmithKline SA, Belgium.

2. Methods

This work results from a collaboration between Merck Sharp & Dohme LLC, a subsidiary of Merck & Co., Inc., Rahway,
NJ, USA (MSD), and the University of Antwerp (UA) in Belgium. Both teams independently used a deterministic compart-
mental modeling framework with different exogenous boosting assumptions to model the relationship between VZV and
HZ. Both teams adapted their models to the Belgian context with common input data. Belgium, located in Northwestern
Europe, has a population of approximately 11.8 million and an average life expectancy at birth of 82.4 years (2024). The
population age structure consists of 16.7% under 15 years, 63.9% between 15 and 64 years, and 19.4% aged 65 years
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and above [27]. The MSD team utilized the Temp model for the reactivation of VZV to HZ, whereas the UA team utilized
the Prog model. A detailed description of these two exogenous boosting mechanisms are contained hereafter in
Sub-subsections 2.1.1 & 2.1.2. This work, focused on comparing two different transmission models, each with different
exogenous boosting mechanisms in accordance with multi-model comparison guidelines [28]. An extensive description of
the two model structures and adapted exogenous boosting mechanisms are contained in the S1 File Sections 1 & 2. Four
different vaccination strategies were selected for comparison (Subsection 2.4). Each team independently generated model
simulations and the UA team performed the comparative analyses of model outputs.

2.1. Description of the two exogenous boosting mechanisms

2.1.1. Progressive immunity boosting mechanism (Prog model). The Prog model assumes that each re-exposure
to VZV provides a boost of the individual’'s CMI leading to a gradual reduction in the risk of reactivation to HZ [19]. The risk
of reactivation depends on the individual's age (a), the number of previous VZV exogenous exposure events (i), and the
time elapsed since their last exposure (7). The Prog reactivation rate pi(a, 7) is modeled as follows.

pia, ™) = poq=" exp(Ba(a—ao)*) exp(6,7),

where (a —ap)+ = max(a— ap, 0), ag is a threshold when age starts having an influence on the risk of reactivation, po is

a scalar representing the risk of developing HZ for individuals who have recovered from CP, 0 < g < 1is a parameter for
reduced HZ reactivation risk due to previous VZV exposures, 0, > 0 is a parameter shaping the increased risk of HZ reac-
tivation with increasing age, and 6., > 0 is the parameter shaping the increased risk of HZ reactivation with time since last
exposure, t. Hence for a given (a, 7), pi(a, 7) > pi+1(a, 7) under the progressive immunity mechanism [19]. Based on this
functional form for reactivation risk, a discrete deterministic compartmental model based on the MSEIR (maternal antibody
protected-susceptible-exposed-infectious-recovered) framework for VZV transmission, combined with HZ susceptibility
states to describe the reactivation of VZV to HZ, was formulated [19,29]. An extensive description of the flows between
compartments is contained in the S1 File.

2.1.2. Temporal immunity boosting mechanism (Temp model). The Temp model assumes individuals who recover
from CP acquire temporal and full immunity against VZV reactivation [25]. However, the acquired protection wanes and
individuals become susceptible to HZ after a certain period of time. The risk of VZV reactivation to HZ is formulated as
follows.

pla) = we ™2 +a'r,

where w >0, ¢ >0, n >0, 7 > 0 are free parameters of the model [25].

2.2. Data description

The datasets utilized in this comparative study are described in the data description Section 4 in S1 File. These include
age-stratified CP seroprevalence, HZ incidence, social contact data, mortality rate predictions, population predictions,
fertility rate predictions, migration rates, QALY estimates for CP and HZ, CP and HZ general practitioner (CP) consultation
rates, CP and HZ hospitalization rates, CP and mortality rates, cost of CP and HZ treatments. In the subsection below, we
describe the vaccine prices and administration costs for the vaccines considered in this study.

2.2.1. Vaccine pricing and cost of administration. The costs of vaccines were obtained from the Belgian Center for
Pharmacotherapeutic report [30] indicating a private sector price per dose and is as follows: recombinant zoster vaccine
(GSK) - €170.26; Varivax (MSD) - €52.52; ProQuad (MSD) - €73.69. The costs for the CP vaccine administration per dose
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was taken to be €18.16, whilst that for the recombinant zoster vaccine was taken to be €30.0, based on the tariff for an
accredited GP consultation in Belgium [31].

2.3. Model calibration procedures

Both models were calibrated using age-stratified CP seroprevalence and HZ incidence data. Each model applied a slightly
different multi-step approach to optimize the CP-related and HZ-related parameters. A detailed description of these model
calibration procedures are contained in Subsections 1.4 & 3.1 in the S1 File for the Prog and Temp models, respectively.

2.4, Vaccination strategies

We considered four vaccination strategies as follows:
1. Noyxc : the current practice of no widespread CP and HZ vaccination.

2. CPyy4sy : routine two-dose CP vaccination at 1 year (vaccination coverage rate (VCR) = 95%) and 5 years (VCR=90%)
with a 4-year catchup single dose CP vaccination at 5 years of age (VCR=70%).

3. CP1y+sy + HZR : CP vaccination as in CP4y.5,, complemented with HZ vaccination using recombinant zoster vaccine
offered routinely at 60 years.

4. CPiy+sy + HZR.cy : CP and routine HZ vaccination as in CPy.s5, + HZg, complemented with a one-off HZ catch-up vac-
cination of 61-85 year olds in the year of vaccine implementation.

Both the CP and HZ vaccination programs were set to begin in the year 2023. The ProQuad vaccine was administered
at 1 year of age, while the Varivax vaccine was administered at 5 years of age.

2.5. Clinical outcomes

Model outputs included: age-stratified CP cases (both wild-type and breakthrough), age-stratified hospitalized CP cases,
age-stratified number of CP deaths, age-stratified HZ cases, age-stratified hospitalized HZ cases, age-stratified HZ
deaths, and costs and QALYs for each vaccination strategy, age-specific population sizes for the duration considered in
the simulation.

2.6. Health economic framework

The health economic evaluation was conducted according to Belgian guidelines, which included using the health care
payer’s perspective, and discounting costs and health outcomes at 3.0% and 1.5% annually, respectively [32]. All costs
were adjusted to the 2023 price level using Belgian Consumer Price Indices (see also Subsection 4.17 in the S1 File). We
used the incremental net monetary benefit (INMB) to identify the optimal vaccination strategy (i.e., the strategy yielding
the highest average net monetary benefit). The INMB values the differences in health effects/outcomes in monetary terms
using a willingness-to-pay (WTP) threshold for cost-effectiveness and then subtracts the incremental costs [33,34].

INMB = WTP x Incremental QALY's — Incremental COSTs.

Since Belgium does not have an explicit official WTP threshold per QALY, we considered €40,000 per QALY as a base
case. INMBs were evaluated for time horizons of 50, 75, and 100 years. As a sensitivity analysis, WTP values from €0 to
€120,000 were considered. Probabilistic sensitivity analysis (PSA) was used to explore the robustness of our findings in
the presence of the underlying uncertainty in the input parameters. Given the differences in epidemiological calibration
settings, the Temp model accounted for parametric uncertainty in both epidemiological and health economic parameters,
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whereas the Prog model only did so for the economic parameters. With the PSA, 104 sets of input values were drawn
independently from the probability distributions of the input parameters in both models. The values of the input parameters

for the cost-utility analyses are contained in Supplementary Table 3 for the Prog model, and Supplementary Tables 6 & 7
for the Temp model in the S1 File.

3. Resuults
3.1. CPincidence

Under the no-vaccination strategy, both models predicted a generally similar and stable overall CP incidence over time
(Fig 1). CP incidence in 2023 was 10.45 per 1,000 person-years in the Prog model and 10.05 per 1,000 person-years in
the Temp model. CP incidence stabilized at 9.50 cases per 1,000 person-years in the Prog model and ranged between
9.16 and 10.19 per 1,000 person-years in the Temp model. A noticeable difference was observed in the cumulative
number of CP cases in the Prog versus the Temp model over a 100-year time horizon. The Prog model estimated
12,763,980 CP cases over 100 years (2023—-2123), while the Temp model estimated 13,611,750 cumulative CP cases
(Supplementary Fig 8 in S1 File). CP vaccination resulted in a drastic decline in CP incidence in both models during the
first five years following vaccine implementation. CP incidence decreased to approximately 0.002 and 0.35 cases per
1,000 person-years across all vaccination strategies in the Prog and Temp models, respectively. After 50 years, a slight
increase in CP incidence was observed in the Prog model, with minor differences between the vaccination strategies. The
cumulative number of CP cases across the different vaccination strategies ranged from 290,259-399,547 cases in the
Prog model and from 645,203-695,473 in the Temp model (Supplementary Fig 8 in S1 File). The differences in cumulative
CP cases between the Prog and Temp models were likely due to the differences in model structure and parameterisation
regarding vaccination and demographic population flows.

We observed a temporary increase in incidence of primary CP infection in unvaccinated individuals in older age
groups in the Prog model relative to pre-vaccination era (Supplementary Fig 9 in S1 File). This excess incidence was
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Fig 1. Model projections for CP incidence across all vaccination strategies over time. (Dashed) Progressive immunity model (Prog model). (Solid)
Temporary immunity model (Temp model).
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only observed in the age groups 15-24 and 25-100 years after more than 80 years after vaccine implementation. There
were no apparent increases in the incidence of primary CP infection in the Temp model relative to the pre-vaccination era.
The observed differences in CP incidence are potentially due to slightly differing assumptions on mechanisms of vaccine
protection and waning between the models. See Subsections 1.1 & 2.1 in the S1 File for more information on how CP vac-
cination is implemented for the Prog and Temp models, respectively.

3.2. HZ incidence

The HZ incidence patterns varied significantly between the two models (Fig 2). For the no vaccination strategy, the
incidence of HZ was stable at approximately 4.8 and 5.2 cases per 1,000 person-years for Prog and Temp models,
respectively. The strategy with only CP vaccination (CP;.s,) led to the highest HZ incidence in both models compared to
the other strategies. We observed significant differences in HZ incidence between the two models for this strategy in the
short- and medium term. In the Prog model, the predicted HZ incidence showed an increasing trend, with peak incidence
observed approximately 46 years after vaccine implementation, representing a 78.7% increase in incidence compared

to the no vaccination strategy. In the Temp model, HZ incidence under this strategy increased slightly, with the peak
observed 21 years after vaccine implementation, representing a 2.86% increase in incidence compared to the no vaccina-
tion strategy. For the vaccination strategies involving both CP and HZ, with or without a catch-up component for HZ (i.e.,
CP1y+5y + HZg and CP4 45, + HZR.cy), We observed qualitatively different HZ incidence patterns between the two models.
In the Prog model, we observed increasing HZ incidence, with peak incidence occurring 46 years after vaccine implemen-
tation, representing a 39.6% increase in incidence compared to the no vaccination strategy. After this peak, the HZ inci-
dence decreased for 35 years, after which a slight increase in incidence was observed. In the Temp model, HZ incidence
showed a decreasing trend after vaccine implementation, leveling off at approximately 2.5 cases per 1,000 person-years
after eight decades.

o —— Novac_Temp ---- Novac_prog
CP1y+5y_Temp CP1y+5y_Prog
—— CPyyusy+HZg temp CPiyssy+HZR _prog
o —— CPuyisy+HZgicu temp ----  CPiyusy + HZRrecu_prog

HZ incidence per 1000 person-years

T T I T I T I I I I I I T I T I T I I I I
0 5 10 20 30 40 50 60 70 80 90 100

Time since the vaccination program was initiated (years)

Fig 2. Model projections for HZ incidence across all vaccination strategies per 1,000 population over time. (Dashed) Progressive immunity
model (Prog model). (Solid) Temporary immunity model (Temp model).

https://doi.org/10.1371/journal.pone.0342896.9002
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The cumulative number of HZ cases under the two models was quantitatively different. Under the no vaccination
strategy, the Prog model predicted 6,267,590 HZ cases over a 100-year time horizon, while the Temp model yielded
7,511,947 HZ cases (Supplementary Fig 10 and Supplementary Table 7 in S1 File). The difference of 1,244,357 HZ cases
was largely due to differences in the modeled population sizes in the two models and slight variations in the predicted
HZ incidence over time (Fig 2). For the other three vaccination strategies, which included either CP vaccination alone or
a combination of CP and HZ vaccination, we observed that CP vaccination alone yielded the highest cumulative number
of HZ cases in both models. The Prog model estimated higher cumulative HZ cases in the three vaccination strategies
compared to the Temp model. The age-specific HZ incidence in the two models for the different strategies was qualita-
tively similar but quantitatively different in the age groups 0-14, 15-30, and 31-50 (Supplementary Fig 11 in S1 File). The
HZ incidence for the age group 51-100 yielded different qualitative trends and incidences by model. For the age groups
under 50 years of age, the Temp model produced generally higher HZ incidence compared to the Prog model. In contrast,
for the age group 51-100 years, the Prog model yielded higher HZ incidence across the different vaccination strategies
(Supplementary Fig 11 in S1 File).

3.3. Health economic evaluation

The estimated QALY loss, total costs, and INMBs are presented in Supplementary Table 8 in S1 File for each strategy
and model. Under each of the three time horizons considered (i.e., 50, 75, and 100 years), and for each strategy, the Prog
model yielded higher QALY losses and total costs than the Temp model. The INMBs were higher for the Temp model than
for the Prog model across all strategies. These differences in QALY losses, costs, and INMBs were largely attributable to
the exogenous boosting mechanism and the associated higher HZ incidence for the Prog model. In the Temp model, all
three vaccination strategies were found to be cost-effective compared to the no vaccination strategy at a WTP of €40,000,
irrespective of time horizon (Fig 3). The CP vaccination strategy alone (CP1,+5, emp) Was found to be the optimal strategy,
having the highest average INMBs across all three time horizons. In the Prog model, neither the CP vaccination alone
(CP1y+sy prog) NOr the combined CP and HZ vaccination strategies (i.e., CP1y+s, + HZg prog @nd CPiyssy + HZRr+cu_prog) Were
found to be cost-effective when compared to no vaccination for the 50- and 75-year time horizons. However, for the 100-
year time horizon, the combined CP and HZ vaccination strategies (CP1y+5, + HZg prog @and CP1y.sy + HZg.cu_prog) Were
found to be cost-effective, with the combined CP and HZ strategy with an initial HZ catch-up (CP1y+s5, + HZr+cu_prog) being
the optimal strategy (Fig 3).

Varying the WTP per QALY from €0 to €120,000, vaccination strategies using the Temp model became cost-effective
compared to no vaccination at lower WTP values than those under the Prog model (Fig 4). In the Temp model, CP vac-
cination alone (CP1,+s5, 1emp) €merged as the optimal strategy at the lowest WTP values across the three time horizons.
Using the Prog model, CP vaccination alone was dominated by the no vaccination strategy across all three time horizons,
irrespective of WTP level (Fig 4).

Based on the cost-effectiveness acceptability curves and frontier, we observed that for lower WTP values, the no-
vaccination strategy had the highest probability of being cost-effective in both models. However, for higher WTP values,
combined CP and HZ vaccination with an initial HZ catch-up had the highest probability of being cost-effective in both
models across all three time horizons (Supplementary Fig 12, S1 File). Decision uncertainty was expressed by expected
net loss curves (ENLC) and expected net loss acceptability frontier (ENLF) (Supplementary Fig 13 in S1 File). The ENLC
showed the consequences of choosing suboptimal vaccination strategies (i.e., the average net loss of choosing a cost-
ineffective vaccination strategy) across the range of WTP values considered. Both models yielded different expected net
losses for the various vaccination strategies. With the Temp model, the no-vaccination strategy (Noyac_remp) had the high-
est expected net monetary loss for WTP values exceeding approximately €40,000, €32,000, €26,000 over the 50, 75 and
100-year time horizons, respectively. With the Prog model, we found that the CP vaccination strategy alone (CP4 45y, prog)
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had the highest expected monetary loss for WTP values exceeding approximately €30,000, €22,000, €20,000 over the 50,
75 and 100-year time horizons, respectively.

4. Discussion

We compared two independently developed mathematical models, each incorporating a different exogenous boosting
mechanism for VZV reactivation to HZ to evaluate the effectiveness and cost-effectiveness of multiple vaccination sce-
narios in Belgium. We found that CP vaccination significantly reduced CP disease incidence in both models. This result
is consistent with the empirical CP incidence observed in countries that have already implemented a universal CP
vaccination program [35—41]. The predicted CP incidence in Belgium from each model is also in line with previous pre-
dictions from mathematical models formulated to explore the impact of CP vaccination programs [18,26,42—-47]. Despite
the expected substantial reductions in CP burden following universal vaccination, many countries around the world
have delayed implementing universal CP vaccination programs [17]. Several major concerns regarding the delayed
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implementation of universal CP vaccination programs include concerns in an age shift of CP to older age groups, which
could lead to more severe cases [48]; concerns for increased HZ incidence due to the exogenous boosting hypothesis
[16,19,29]; perception of childhood CP as a mild disease [49], and also as a low public health priority, particularly in
developing countries [50]. Achieving high CP vaccination coverage (i.e., 280%) with a CP vaccine catch-up compo-
nent is vital, as an age shift in CP to older ages could result from low to intermediate vaccination coverage [12]. Here,
we assumed that high CP vaccination coverage was achieved (i.e., 95% and 90% for the first and second doses,
respectively, and 70% for the one-dose catch-up). Given these assumptions, only the Prog model projected a tempo-
rary increase in CP incidence in older age groups relative to the pre-vaccination era, with this excess incidence only
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observed in the age groups 15-24 and 25-100 years after more than 80 years, i.e., well beyond the time-horizon of
observed real world evidence (Supplementary Fig 9 in S1 File). Therefore, both models are consistent with the empiri-
cal evidence to date for CP.

After CP vaccine introduction, we observed quantitative differences in HZ incidence over the short- and medium term
in the two models. In the Prog model, we observed a significant increase in HZ incidence following CP vaccination,
whereas in the Temp model, only a slight increase in HZ incidence was observed after CP vaccination. The magnitude
of the impact of CP vaccination programs on HZ mainly depends on the exogenous boosting mechanism employed [21].
Studies that have utilized the progressive immunity framework [26,29,47,51,52] to model the exogenous boosting mecha-
nism have predicted a higher impact of universal CP vaccination programs on HZ incidence compared to those that have
long-term, we observed comparable HZ incidences in the two models, which were noticeably lower than those of the no
vaccination strategies. This can be attributed to the decrease in the number of adults harboring dormant wild-type VZV
due to CP vaccination during childhood, along with a reduced risk of reactivation of the VZV vaccine-strain to HZ [54,55].
The strategies that included both CP and HZ vaccination, either with or without initial HZ catch-up mitigated the increased
HZ incidence observed in the Temp model. In contrast, although the Prog model with HZ vaccination showed a significant
reduction in HZ incidence in the short- and medium term compared to CP vaccination alone, it remained higher than the
no vaccination strategy.

Cost-effectiveness outcomes of the two models were driven by the projected incidence of HZ, which is associated with
higher morbidity and mortality than CP [8,56]. The Temp model, which revealed a minimal influence of CP vaccination on
HZ incidence when compared to the Prog model, yielded more favorable cost-effectiveness outcomes at lower
willingness-to-pay (WTP) values. These findings are consistent with previous studies that have modeled the
cost-effectiveness of CP vaccination while incorporating the two exogenous boosting assumptions, as highlighted in a
recent systematic review [57]. Here, the CP vaccination only strategy produced markedly different cost-effectiveness
outcomes between the two models. In the Temp model, this strategy emerged as the optimal approach at lower WTP
values. Conversely, in the Prog model, CP vaccination alone was consistently dominated by the no vaccination strategy.
These discrepancies were primarily attributable to larger adverse effects of CP vaccination on HZ incidence in the Prog
model. The inclusion of HZ vaccination alongside CP vaccination in the combination strategies completely mitigated the
increased HZ incidence in the Temp model, whereas it only partially mitigated the increase in HZ incidence in the Prog
model. Consequently, the strategies that included both CP and HZ vaccination became optimal in both models at higher
WTP values, with variations in the WTP values depending on the model and time horizon considered. The substantial
differences in both effectiveness and cost-effectiveness between the two models underscore the extent of the underlying
uncertainties regarding the mechanisms of VZV reactivation to HZ. Therefore, to conclusively elucidate the impact of CP
vaccination on HZ incidence, further research into these underlying mechanisms is needed.

To attain a more profound understanding of the extent and magnitude of the exogenous boosting hypothesis postu-
lated several decades ago, real-world evidence is imperative [21,22]. A multidisciplinary systematic review conducted by
Ogunijimi et al. [22] aimed to investigate the risk reduction of HZ through exposure to CP patients. This review concluded
that exogenous boosting does exist, albeit not in all individuals or circumstances, and its magnitude remains inadequately
quantified across various research domains, particularly due to limitations related to insufficient follow-up duration and
study heterogeneity [22]. An updated review by Talbird et al. [21] sought to summarize new evidence on exogenous
boosting. Overall, this updated review corroborated the findings of Ogunjimi et al. regarding the existence of exogenous
boosting. Hence, given the epidemiological plausibility of exogenous boosting, supported by both epidemiological and
immunological studies as highlighted in the two reviews, exposure to VZV can, at times, mitigate the risk of HZ. Thus, it
is crucial to investigate the magnitude and duration of individual-level protection, as well as the extent of population-level
effects [22,58].
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A self-controlled case series study conducted in the UK to explore the risk of HZ after exposure to VZV found that in
adults, the risk of HZ within 2 years of exposure to a CP infected child in the household was 33% lower than in the
baseline period. Furthermore, the study indicated that in the 10-20 years after exposure, the risk of HZ was 27% lower,
suggesting that re-exposure to VZV provides some protection from the risk to HZ, but not complete immunity [59]. An
empirical study by Ogunijimi et al. [23], concluded that boosting only occurred in 17-25% of grandparents who were
exposed to their CP infected grand child and that this boost lasted for less than one year. An individual-based study
integrating both within-host and between-host VZV-CMI data to explore HZ incidence estimated the duration of exog-
enous boosting to be 2 years [60]. Findings from these studies suggested reduced boosting and protective effects at
individual-level following VZV re-exposure, compared to previous predictions that suggested it might last 20 years [14].
Therefore, it can be argued that a re-evaluation of prior mathematical modeling studies could be needed, as the major-
ity had assumed an average duration of protection of 20 years [14]. The population-level impact of exogenous boosting
remains inadequately understood. In the aforementioned updated review by Talbird et al. [21], 14 of the 22 observational
studies that provided HZ incidence data both pre- and post-CP vaccine implementation generally reported increasing
rates of HZ incidence over time in both the pre- and post-universal CP vaccination phases. Additionally, the rates of HZ
incidence across age groups did not demonstrate consistent differences, hence making it difficult to ascribe the HZ inci-
dence increases to CP vaccination alone versus other factors. A recent systematic review and meta-analysis performed
to explore the impact of CP vaccination on HZ incidence with a focus on population-level effects revealed an increase in
age-adjusted HZ incidence before implementation of CP vaccination which did not change thereafter [61]. A recent study
in USA by Leung et al. comparing HZ incidence in birth cohorts preceding and following CP vaccination program launch,
concluded that empirical data do not support earlier model predictions suggesting that the program would increase HZ
incidence among persons who previously experienced CP [58]. Nonetheless, it is noteworthy that this study also found
a greater rise in HZ incidence in adults living with children relative to those living without children in the post-vaccination
era [58]. A population-based cohort study conducted in Minnesota, USA to explore the temporal changes in HZ incidence
using data from 1945-1960 and 1980—2007 showed that the HZ incidence increased > 4-fold over that period with no
change in the rate of increase pre- and post introduction of the CP vaccination program [62]. Another study in USA found
no difference in HZ incidence in states with low versus high CP vaccination coverage rates [63]. A recent study in Ger-
many showed the rate of increase in HZ-related hospitalizations has remained steady following the launch of the CP vac-
cination program [64]. Other real-world studies in countries with no CP vaccination program such as the UK have shown
an increased rate of HZ incidence over time [13]. Hence, it could be alluded that the re-exposure of VZV to HZ suscepti-
ble individuals does not have noticeable population-level impact on HZ incidence because of the limited individual-level
boosting effects and short-lived duration of protection [58]. However, since previous studies indicated that factors such as
demographic changes (i.e., aging of the population and changing fertility rates) [26,47], comorbidity of chronic illnesses
[65], psychological stress and immunosuppressive drugs [66], could have a subtle impact in the observed increase in HZ
incidence, more research on the association of these factors and HZ incidence is crucial both in countries with and without
universal CP vaccination programs. This is key in gaining more insights on the role of CP vaccination on HZ incidence.

The lack of clear understanding on the role of exogenous boosting in CP and HZ epidemiology initiates inherent
difficulties in exploring the relationship between CP and HZ and thus creates considerable uncertainty from the different
modeling hypotheses currently employed in the literature. Our comparative study used both the temporal and progressive
immunity boosting mechanisms. The validity of either of these boosting mechanisms is still debated as the underlying bio-
logical/immunological mechanisms are largely unknown to date. Thus, more studies elucidating the underlying biological
mechanisms of the exogenous boosting hypothesis as well as understanding the HZ pathogenesis are needed in order
to gain more insights on the relationship between VZV and HZ [19,21,22]. Additionally, there is need for mathematical
models to explore the VZV and HZ transmission dynamics in countries with high quality data on age-specific HZ incidence
both before and after CP vaccination programs, and also high quality data on social contact patterns. Such models could
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facilitate the comparison of model predictions and the available observed incidence data. This could shed more light on
whether there is real-world evidence of exogenous boosting at population level [21].

This work has several limitations. First, we utilized social contact data collected before the COVID-19 pandemic in
Belgium and assumed constant social contact patterns in our model predictions. The pandemic seems to have initiated
changes in contact patterns which may have important implications on the epidemiology of many pathogens, including
CP and HZ [67]. Second, although we took into consideration demographic changes in both models through predicted
estimates for fertility and mortality for the Belgian population, these predictions are characterized by different assump-
tions. Third, the two models had slightly different assumptions about CP vaccine protection, leading to small differences
in the long-term incidence and cumulative CP cases. Fourth, substantial underlying uncertainty persists regarding the risk
of HZ due to reactivation of the vaccine-strain, owing to limited data available for evaluating the relative incidence of HZ
in individuals vaccinated against CP. This uncertainty is further compounded by the fact that existing data are predomi-
nantly collected from young individuals and over a limited time span [55]. Furthermore, there is limited data to explore the
average duration of vaccine-induced immunity against both CP and HZ in vaccinated individuals. Clearly, more studies are
needed in the above areas. A fundamental limitation of standard health economic analyses is that the implied utilitarian
ethical framework under which policy makers seek to maximise the total sum of QALYs in a population under a budget
constraint is not the only possible framework. For instance, contractualism could serve as an alternative to utilitarianism,
and the accurate quantification of VZV boosting effects then becomes much less important. This could lead to prioritising
the protection of children through CP vaccination despite increases of HZ incidence in elderly [68].

5. Conclusion

The predicted impact of universal CP vaccination on HZ incidence is dependent on how exogenous boosting is imple-
mented in dynamic transmission models. Different implementations can lead to significant differences in the cost-
effectiveness of CP vaccination. Policy makers should be aware that model predictions for CP and HZ may depend
heavily on the exogenous boosting mechanism adopted, which should be taken into account when evaluating CP and HZ
vaccination policies. Finally, additional research is needed to determine which mechanism of exogenous boosting is most
likely and to explore other plausible mechanisms.

Supporting information

S1 File. Details on the dynamic transmission models employed, equations governing the models, model calibra-
tion procedures, epidemiological and health economic parameter values, dataset description, and Supplementary
Figures and Tables.

(PDF)

Acknowledgments

We would like to thank Kevin Bakker for reading through the manuscript and for his input.

Author contributions

Conceptualization: James Wambua, John C. Lang, Benson Ogunjimi, Niel Hens, Philippe Beutels.
Data curation: James Wambua, John C. Lang.

Formal analysis: James Wambua, John C. Lang.

Funding acquisition: Niel Hens, Philippe Beutels.

Investigation: James Wambua, John C. Lang, Niel Hens, Philippe Beutels.

PLOS One | https://doi.org/10.1371/journal.pone.0342896 March 19, 2026 13/16



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342896.s001

PLO\Sﬁ\\.- One

Methodology: James Wambua, John C. Lang, Benson Ogunijimi, Niel Hens, Philippe Beutels.
Project administration: John C. Lang, Philippe Beutels.

Software: James Wambua, John C. Lang.

Supervision: John C. Lang, Niel Hens, Philippe Beutels.

Visualization: James Wambua.

Writing — original draft: James Wambua.

Writing — review & editing: James Wambua, John C. Lang, Benson Ogunjimi, Niel Hens, Philippe Beutels.

References
Arvin AM. Varicella-zoster virus. Clin Microbiol Rev. 1996;9(3):361-81. https://doi.org/10.1128/CMR.9.3.361 PMID: 8809466

2. Gershon AA, Breuer J, Cohen JI, Cohrs RJ, Gershon MD, Gilden D, et al. Varicella zoster virus infection. Nat Rev Dis Primers. 2015;1:15016.
https://doi.org/10.1038/nrdp.2015.16 PMID: 27188665

3.  Oxman MN. Herpes zoster pathogenesis and cell-mediated immunity and immunosenescence. J Am Osteopath Assoc. 2009;109(6 Suppl 2):S13-
7. PMID: 19553630

4. Lopez AS, Marin M. Strategies for the control and investigation of varicella outbreaks manual. National Center for Immunization and Respiratory
Diseases (NCIRD), Division of Viral Diseases. 2008.

5. Gershon AA, Steinberg SP, Gelb L. Clinical reinfection with varicella-zoster virus. J Infect Dis. 1984;149(2):137—42. https://doi.org/10.1093/inf-
dis/149.2.137 PMID: 6321605

6. Boeren M, de Vrij N, Ha MK, Valkiers S, Souquette A, Gielis S, et al. Lack of functional TCR-epitope interaction is associated with herpes zoster
through reduced downstream T cell activation. Cell Reports. 2024;43(4).

7. Ultsch B, Siedler A, Rieck T, Reinhold T, Krause G, Wichmann O. Herpes zoster in Germany: quantifying the burden of disease. BMC Infect Dis.
2011;11:173. https://doi.org/10.1186/1471-2334-11-173 PMID: 21679419

8. Bilcke J, Ogunjimi B, Marais C, de Smet F, Callens M, Callaert K, et al. The health and economic burden of chickenpox and herpes zoster in Bel-
gium. Epidemiol Infect. 2012;140(11):2096-109. https://doi.org/10.1017/S0950268811002640 PMID: 22230041

9. Coplan PM, Schmader K, Nikas A, Chan ISF, Choo P, Levin MJ, et al. Development of a measure of the burden of pain due to herpes zos-
ter and postherpetic neuralgia for prevention trials: adaptation of the brief pain inventory. J Pain. 2004;5(6):344-56. https://doi.org/10.1016/j.
jpain.2004.06.001 PMID: 15336639

10. Pawaskar M, Méroc E, Samant S, Flem E, Bencina G, Riera-Montes M, et al. Economic burden of varicella in Europe in the absence of universal
varicella vaccination. BMC Public Health. 2021;21(1):2312. https://doi.org/10.1186/s12889-021-12343-x PMID: 34930179

11. Riera-Montes M, Bollaerts K, Heininger U, Hens N, Gabutti G, Gil A, et al. Estimation of the burden of varicella in Europe before the introduction of
universal childhood immunization. BMC Infect Dis. 2017;17(1):353. https://doi.org/10.1186/s12879-017-2445-2 PMID: 28521810

12. Organization WH, et al. Varicella and herpes zoster vaccines: WHO position paper. Wkly Epidemiol Rec. 2014;89(25):265-87.

13. Kawai K, Gebremeskel BG, Acosta CJ. Systematic review of incidence and complications of herpes zoster: towards a global perspective. BMJ
Open. 2014;4(6):e004833. https://doi.org/10.1136/bmjopen-2014-004833 PMID: 24916088

14. Woutzler P, Casabona G, Cnops J, Akpo EIH, Safadi MAP. Herpes zoster in the context of varicella vaccination - An equation with several variables.
Vaccine. 2018;36(46):7072—82. https://doi.org/10.1016/j.vaccine.2018.09.013 PMID: 30309745

15. van Oorschot DAM, Vroling H, Bunge E, Briquet B, Diaz-Decaro J, Curran D. Systematic literature review of herpes zoster incidence worldwide. In:
2019.

16. Hope-Simpson RE. The nature of herpes zoster: a long-term study and a new hypothesis. SAGE Publications. 1965.

17. Lee YH, Choe YJ, Lee J, Kim E, Lee JY, Hong K, et al. Global varicella vaccination programs. Clin Exp Pediatr. 2022;65(12):555-62. https://doi.
0rg/10.3345/cep.2021.01564 PMID: 36457198

18. Brisson M, Melkonyan G, Drolet M, De Serres G, Thibeault R, De Wals P. Modeling the impact of one- and two-dose varicella vaccination on the
epidemiology of varicella and zoster. Vaccine. 2010;28(19):3385-97. https://doi.org/10.1016/j.vaccine.2010.02.079 PMID: 20199763

19. Guzzetta G, Poletti P, Del Fava E, Ajelli M, Scalia Tomba GP, Merler S, et al. Hope-Simpson’s progressive immunity hypothesis as a possible
explanation for herpes zoster incidence data. Am J Epidemiol. 2013;177(10):1134—42. https://doi.org/10.1093/aje/kws370 PMID: 23548754

20. Varela FH, Pinto LA, Scotta MC. Global impact of varicella vaccination programs. Hum Vaccin Immunother. 2019;15(3):645-57. https://doi.org/10.1
080/21645515.2018.1546525 PMID: 30427766

21. Talbird SE, La EM, Mauskopf J, Altland A, Daniels V, Wolfson LJ. Understanding the role of exogenous boosting in modeling varicella vaccination.
Expert Rev Vaccines. 2018;17(11):1021-35. https://doi.org/10.1080/14760584.2018.1538801 PMID: 30354696

PLOS One | https://doi.org/10.1371/journal.pone.0342896 March 19, 2026 14/16



https://doi.org/10.1128/CMR.9.3.361
http://www.ncbi.nlm.nih.gov/pubmed/8809466
https://doi.org/10.1038/nrdp.2015.16
http://www.ncbi.nlm.nih.gov/pubmed/27188665
http://www.ncbi.nlm.nih.gov/pubmed/19553630
https://doi.org/10.1093/infdis/149.2.137
https://doi.org/10.1093/infdis/149.2.137
http://www.ncbi.nlm.nih.gov/pubmed/6321605
https://doi.org/10.1186/1471-2334-11-173
http://www.ncbi.nlm.nih.gov/pubmed/21679419
https://doi.org/10.1017/S0950268811002640
http://www.ncbi.nlm.nih.gov/pubmed/22230041
https://doi.org/10.1016/j.jpain.2004.06.001
https://doi.org/10.1016/j.jpain.2004.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15336639
https://doi.org/10.1186/s12889-021-12343-x
http://www.ncbi.nlm.nih.gov/pubmed/34930179
https://doi.org/10.1186/s12879-017-2445-2
http://www.ncbi.nlm.nih.gov/pubmed/28521810
https://doi.org/10.1136/bmjopen-2014-004833
http://www.ncbi.nlm.nih.gov/pubmed/24916088
https://doi.org/10.1016/j.vaccine.2018.09.013
http://www.ncbi.nlm.nih.gov/pubmed/30309745
https://doi.org/10.3345/cep.2021.01564
https://doi.org/10.3345/cep.2021.01564
http://www.ncbi.nlm.nih.gov/pubmed/36457198
https://doi.org/10.1016/j.vaccine.2010.02.079
http://www.ncbi.nlm.nih.gov/pubmed/20199763
https://doi.org/10.1093/aje/kws370
http://www.ncbi.nlm.nih.gov/pubmed/23548754
https://doi.org/10.1080/21645515.2018.1546525
https://doi.org/10.1080/21645515.2018.1546525
http://www.ncbi.nlm.nih.gov/pubmed/30427766
https://doi.org/10.1080/14760584.2018.1538801
http://www.ncbi.nlm.nih.gov/pubmed/30354696

PLO\Sﬁ\\.- One

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ogunjimi B, Van Damme P, Beutels P. Herpes Zoster Risk Reduction through Exposure to Chickenpox Patients: A Systematic Multidisciplinary
Review. PLoS One. 2013;8(6):€66485. https://doi.org/10.1371/journal.pone.0066485 PMID: 23805224

Ogunjimi B, Van den Bergh J, Meysman P, Heynderickx S, Bergs K, Jansens H, et al. Multidisciplinary study of the secondary immune response in
grandparents re-exposed to chickenpox. Sci Rep. 2017;7(1):1077. https://doi.org/10.1038/s41598-017-01024-8 PMID: 28439065

Anderson R, Kim S, Roberts N, Petrou S. Systematic review of economic evaluations of varicella vaccination programmes. PLoS One.
2023;18(3):e0282327. https://doi.org/10.1371/journal.pone.0282327 PMID: 36972249

Brisson M, Gay NJ, Edmunds WJ, Andrews NJ. Exposure to varicella boosts immunity to herpes-zoster: implications for mass vaccination against
chickenpox. Vaccine. 2002;20(19-20):2500—7. https://doi.org/10.1016/s0264-410x(02)00180-9 PMID: 12057605

Melegaro A, Marziano V, Del Fava E, Poletti P, Tirani M, Rizzo C, et al. The impact of demographic changes, exogenous boosting and new vacci-
nation policies on varicella and herpes zoster in Italy: a modelling and cost-effectiveness study. BMC Med. 2018;16(1):117. https://doi.org/10.1186/
$12916-018-1094-7 PMID: 30012132

Age specific population estimates, life expectancy, and age specific prospective mortality rate data in Belgium from STATBEL (statistics Belgium).
https://statbel.fgov.be/nl

den Boon S, Jit M, Brisson M, Medley G, Beutels P, White R, et al. Guidelines for multi-model comparisons of the impact of infectious disease inter-
ventions. BMC Med. 2019;17(1):163. https://doi.org/10.1186/s12916-019-1403-9 PMID: 31422772

Guzzetta G, Poletti P, Merler S, Manfredi P. The Epidemiology of Herpes Zoster After Varicella Immunization Under Different Biological Hypothe-
ses: Perspectives From Mathematical Modeling. Am J Epidemiol. 2016;183(8):765-73. https://doi.org/10.1093/aje/kwv240 PMID: 26994062

Belgian Center for Pharmacotherapeutic Information. Vaccine against zona. https://www.bcfi.be/nl/chapters/13?7frag=20636. 2023. 2023 March 21.

The General Practitioner: Price Consultations in Belgium in 2023. https://www.cm.be/diensten-en-voordelen/ziekte-en-behandeling/terugbetalin-
gen-behandelingen/huisartsen/raadplegingen 2023 March 21.

Thiry N, Neyt M, Van De Sande S, Cleemput |. Belgian guidelines for economic evaluations. International Journal of Technology Assessment in
Health Care. 2014;30(6):601-7.

Bilcke J, Beutels P. Generating, Presenting, and Interpreting Cost-Effectiveness Results in the Context of Uncertainty: A Tutorial for Deeper Knowl-
edge and Better Practice. Med Decis Making. 2022;42(4):421-35. https://doi.org/10.1177/0272989X211045070 PMID: 34651515

Drummond MF, Sculpher MJ, Claxton K, Stoddart GL, Torrance GW. Methods for the economic evaluation of health care programmes. Oxford
University Press; 2015.

Marin M, Seward JF, Gershon AA. 25 Years of Varicella Vaccination in the United States. J Infect Dis. 2022;226(Suppl 4):S375-9. https://doi.
org/10.1093/infdis/jiac251 PMID: 36265845

Kauffmann F, Bechini A, Bonanni P, Casabona G, Wutzler P. Varicella vaccination in Italy and Germany - different routes to success: a systematic
review. Expert Rev Vaccines. 2020;19(9):843-69. https://doi.org/10.1080/14760584.2020.1825947 PMID: 32969747

Bechini A, Boccalini S, Baldo V, Cocchio S, Castiglia P, Gallo T. Impact of universal vaccination against varicella in Italy: experiences from eight
Italian regions. Human Vaccines & Immunotherapeutics. 2015;11(1):63-71.

Gabutti G, Grassi T, Bagordo F, Savio M, Rota MC, Castiglia P, et al. Sero-Epidemiological Study of Varicella in the Italian General Population.
Vaccines (Basel). 2023;11(2):306. https://doi.org/10.3390/vaccines11020306 PMID: 36851184

Gil-Prieto R, Walter S, Gonzalez-Escalada A, Garcia-Garcia L, Marin-Garcia P, Gil-de-Miguel A. Different vaccination strategies in Spain and its
impact on severe varicella and zoster. Vaccine. 2014;32(2):277-83. https://doi.org/10.1016/j.vaccine.2013.11.008 PMID: 24275483

Waye A, Jacobs P, Tan B. The impact of the universal infant varicella immunization strategy on Canadian varicella-related hospitalization rates.
Vaccine. 2013;31(42):4744-8. https://doi.org/10.1016/j.vaccine.2013.08.022 PMID: 23973325

Shrestha AC, Field E, Rajmokan M, Lambert SB. Assessing the impact of chickenpox and shingles vaccination using intermittent enhanced surveil-
lance in Queensland, Australia. Vaccine. 2023;41(50):7539-47. https://doi.org/10.1016/j.vaccine.2023.11.015 PMID: 37980260

Bilcke J, van Hoek AJ, Beutels P. Childhood varicella-zoster virus vaccination in Belgium: cost-effective only in the long run or without exogenous
boosting?. Hum Vaccin Immunother. 2013;9(4):812-22. https://doi.org/10.4161/hv.23334 PMID: 23321955

Marangi L, Mirinaviciute G, Flem E, Scalia Tomba G, Guzzetta G, Freiesleben de Blasio B, et al. The natural history of varicella zoster virus infec-
tion in Norway: Further insights on exogenous boosting and progressive immunity to herpes zoster. PLoS One. 2017;12(5):e0176845. https://doi.
org/10.1371/journal.pone.0176845 PMID: 28545047

van Hoek AJ, Melegaro A, Zagheni E, Edmunds WJ, Gay N. Modelling the impact of a combined varicella and zoster vaccination programme
on the epidemiology of varicella zoster virus in England. Vaccine. 2011;29(13):2411-20. https://doi.org/10.1016/j.vaccine.2011.01.037 PMID:
21277405

Akpo EIH, Cristeau O, Hunjan M, Casabona G. Epidemiological Impact and Cost-Effectiveness of Varicella Vaccination Strategies in the United
Kingdom. Clin Infect Dis. 2021;73(11):€3617-26. https://doi.org/10.1093/cid/ciaa1708 PMID: 33173938

Sharomi O, Xausa |, Nachbar R, Pillsbury M, Matthews |, Petigara T, et al. Modeling the Impact of Exogenous Boosting and Universal Varicella
Vaccination on the Clinical and Economic Burden of Varicella and Herpes Zoster in a Dynamic Population for England and Wales. Vaccines
(Basel). 2022;10(9):1416. https://doi.org/10.3390/vaccines10091416 PMID: 36146493

PLOS One | https://doi.org/10.1371/journal.pone.0342896 March 19, 2026 15/16



https://doi.org/10.1371/journal.pone.0066485
http://www.ncbi.nlm.nih.gov/pubmed/23805224
https://doi.org/10.1038/s41598-017-01024-8
http://www.ncbi.nlm.nih.gov/pubmed/28439065
https://doi.org/10.1371/journal.pone.0282327
http://www.ncbi.nlm.nih.gov/pubmed/36972249
https://doi.org/10.1016/s0264-410x(02)00180-9
http://www.ncbi.nlm.nih.gov/pubmed/12057605
https://doi.org/10.1186/s12916-018-1094-7
https://doi.org/10.1186/s12916-018-1094-7
http://www.ncbi.nlm.nih.gov/pubmed/30012132
https://statbel.fgov.be/nl
https://doi.org/10.1186/s12916-019-1403-9
http://www.ncbi.nlm.nih.gov/pubmed/31422772
https://doi.org/10.1093/aje/kwv240
http://www.ncbi.nlm.nih.gov/pubmed/26994062
https://www.bcfi.be/nl/chapters/13?frag=20636
https://www.cm.be/diensten-en-voordelen/ziekte-en-behandeling/terugbetalingen-behandelingen/huisartsen/raadplegingen
https://www.cm.be/diensten-en-voordelen/ziekte-en-behandeling/terugbetalingen-behandelingen/huisartsen/raadplegingen
https://doi.org/10.1177/0272989X211045070
http://www.ncbi.nlm.nih.gov/pubmed/34651515
https://doi.org/10.1093/infdis/jiac251
https://doi.org/10.1093/infdis/jiac251
http://www.ncbi.nlm.nih.gov/pubmed/36265845
https://doi.org/10.1080/14760584.2020.1825947
http://www.ncbi.nlm.nih.gov/pubmed/32969747
https://doi.org/10.3390/vaccines11020306
http://www.ncbi.nlm.nih.gov/pubmed/36851184
https://doi.org/10.1016/j.vaccine.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24275483
https://doi.org/10.1016/j.vaccine.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/23973325
https://doi.org/10.1016/j.vaccine.2023.11.015
http://www.ncbi.nlm.nih.gov/pubmed/37980260
https://doi.org/10.4161/hv.23334
http://www.ncbi.nlm.nih.gov/pubmed/23321955
https://doi.org/10.1371/journal.pone.0176845
https://doi.org/10.1371/journal.pone.0176845
http://www.ncbi.nlm.nih.gov/pubmed/28545047
https://doi.org/10.1016/j.vaccine.2011.01.037
http://www.ncbi.nlm.nih.gov/pubmed/21277405
https://doi.org/10.1093/cid/ciaa1708
http://www.ncbi.nlm.nih.gov/pubmed/33173938
https://doi.org/10.3390/vaccines10091416
http://www.ncbi.nlm.nih.gov/pubmed/36146493

PLO\Sﬁ\\.- One

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Marziano V, Poletti P, Guzzetta G, Ajelli M, Manfredi P, Merler S. The impact of demographic changes on the epidemiology of herpes zoster: Spain
as a case study. Proc Biol Sci. 2015;282(1804):20142509. https://doi.org/10.1098/rspb.2014.2509 PMID: 25761709

Schuette MC, Hethcote HW. Modeling the effects of varicella vaccination programs on the incidence of chickenpox and shingles. Bull Math Biol.
1999;61(6):1031-64. https://doi.org/10.1006/bulm.1999.0126 PMID: 17879870

Jordan Z, Rowland E. Parental perceptions of chickenpox and the varicella vaccine: A qualitative systematic review. Vaccine. 2024;42(2):75-83.
https://doi.org/10.1016/j.vaccine.2023.12.045 PMID: 38129287

Hesham R, Cheong JY, Hasni JM. Knowledge, attitude and vaccination status of varicella among students of Universiti Kebangsaan Malaysia
(UKM). Med J Malaysia. 2009;64(2):118-23. PMID: 20058570

van Lier A, Lugnér A, Opstelten W, Jochemsen P, Wallinga J, Schellevis F, et al. Distribution of Health Effects and Cost-effectiveness of Varicella
Vaccination are Shaped by the Impact on Herpes Zoster. EBioMedicine. 2015;2(10):1494-9. https://doi.org/10.1016/j.ebiom.2015.08.017 PMID:
26629544

Marchetti S, Guzzetta G, Flem E, Mirinaviciute G, Scalia Tomba G, Manfredi P. Modeling the impact of combined vaccination programs against
varicella and herpes zoster in Norway. Vaccine. 2018;36(8):1116-25. https://doi.org/10.1016/j.vaccine.2018.01.038 PMID: 29366704

Brisson M, Edmunds WJ, Gay NJ, Law B, De Serres G. Modelling the impact of immunization on the epidemiology of varicella zoster virus. Epide-
miol Infect. 2000;125(3):651-69. https://doi.org/10.1017/s0950268800004714 PMID: 11218215

Hambleton S, Steinberg SP, Larussa PS, Shapiro ED, Gershon AA. Risk of herpes zoster in adults immunized with varicella vaccine. J Infect Dis.
2008;197 Suppl 2:3196-9. https://doi.org/10.1086/522131 PMID: 18419397

Civen R, Chaves SS, Jumaan A, Wu H, Mascola L, Gargiullo P, et al. The incidence and clinical characteristics of herpes zoster among
children and adolescents after implementation of varicella vaccination. Pediatr Infect Dis J. 2009;28(11):954—9. https://doi.org/10.1097/
INF.0b013e3181a90b16 PMID: 19536039

Hobbelen PHF, Stowe J, Amirthalingam G, Miller L, van Hoek A-J. The burden of hospitalisation for varicella and herpes zoster in England from
2004 to 2013. J Infect. 2016;73(3):241-53. https://doi.org/10.1016/}.jinf.2016.05.008 PMID: 27283754

Hodgkinson B, Wang T, Byrnes J, Scuffham P. Modelling a cost-effective vaccination strategy for the prevention of varicella and herpes zoster
infection: A systematic review. Vaccine. 2021;39(9):1370-82. https://doi.org/10.1016/j.vaccine.2021.01.061 PMID: 33551300

Leung J, Dooling K, Marin M, Anderson TC, Harpaz R. The Impact of Universal Varicella Vaccination on Herpes Zoster Incidence in the United
States: Comparison of Birth Cohorts Preceding and Following Varicella Vaccination Program Launch. J Infect Dis. 2022;226(Suppl 4):S470-7.
https://doi.org/10.1093/infdis/jiac255 PMID: 36265856

Forbes H, Douglas |, Finn A, Breuer J, Bhaskaran K, Smeeth L, et al. Risk of herpes zoster after exposure to varicella to explore the exogenous
boosting hypothesis: self controlled case series study using UK electronic healthcare data. BMJ. 2020;368:16987. https://doi.org/10.1136/bmj.|6987
PMID: 31969318

Ogunijimi B, Willem L, Beutels P, Hens N. Integrating between-host transmission and within-host immunity to analyze the impact of varicella vacci-
nation on zoster. Elife. 2015;4:e07116. https://doi.org/10.7554/eLife.07116 PMID: 26259874

Harder T, Siedler A. Systematic Review and Meta-analysis of Chickenpox Vaccination and Risk of Herpes Zoster: A Quantitative View on the
“Exogenous Boosting Hypothesis”. Clin Infect Dis. 2019;69(8):1329-38. https://doi.org/10.1093/cid/ciy1099 PMID: 30590491

Kawai K, Yawn BP, Wollan P, Harpaz R. Increasing Incidence of Herpes Zoster Over a 60-year Period From a Population-based Study. Clin Infect
Dis. 2016;63(2):221-6. https://doi.org/10.1093/cid/ciw296 PMID: 27161774

Leung J, Harpaz R, Molinari NA, Jumaan A, Zhou F. Herpes zoster incidence among insured persons in the United States, 1993-2006: evaluation
of impact of varicella vaccination. Clinical Infectious Diseases. 2011;52(3):332—40.

Zoch-Lesniak B, Tolksdorf K, Siedler A. Trends in herpes zoster epidemiology in Germany based on primary care sentinel surveillance data,
2005-2016. Human Vaccines & Immunotherapeutics. 2018;14(7):1807—14.

Batram M, Witte J, Schwarz M, Hain J, Ultsch B, Steinmann M. Burden of herpes zoster in adult patients with underlying conditions: analysis of
German claims data, 2007—2018. Dermatology and Therapy. 2021;11(3):1009-26.

Chawki S, Vilcu A-M, Etienne C, Finet F, Blanchon T, Souty C, et al. Incidence of complications of herpes zoster in individuals on immunosuppres-
sive therapy: A register-based population study. J Infect. 2022;84(4):531-6. https://doi.org/10.1016/}.jinf.2022.01.003 PMID: 35016899

Jarvis Cl, Coletti P, Backer JA, Munday JD, Faes C, Beutels P, et al. Social contact patterns following the COVID-19 pandemic: a snapshot of
post-pandemic behaviour from the CoMix study. Epidemics. 2024;48:100778. https://doi.org/10.1016/j.epidem.2024.100778 PMID: 38964131

Luyten J, Ogunjimi B, Beutels P. Varicella-zoster virus vaccination under the exogenous boosting hypothesis: two ethical perspectives. Vaccine.
2014;32(52):7175-8. https://doi.org/10.1016/j.vaccine.2014.10.015 PMID: 25454883

PLOS One | https://doi.org/10.1371/journal.pone.0342896 March 19, 2026 16/16



https://doi.org/10.1098/rspb.2014.2509
http://www.ncbi.nlm.nih.gov/pubmed/25761709
https://doi.org/10.1006/bulm.1999.0126
http://www.ncbi.nlm.nih.gov/pubmed/17879870
https://doi.org/10.1016/j.vaccine.2023.12.045
http://www.ncbi.nlm.nih.gov/pubmed/38129287
http://www.ncbi.nlm.nih.gov/pubmed/20058570
https://doi.org/10.1016/j.ebiom.2015.08.017
http://www.ncbi.nlm.nih.gov/pubmed/26629544
https://doi.org/10.1016/j.vaccine.2018.01.038
http://www.ncbi.nlm.nih.gov/pubmed/29366704
https://doi.org/10.1017/s0950268800004714
http://www.ncbi.nlm.nih.gov/pubmed/11218215
https://doi.org/10.1086/522131
http://www.ncbi.nlm.nih.gov/pubmed/18419397
https://doi.org/10.1097/INF.0b013e3181a90b16
https://doi.org/10.1097/INF.0b013e3181a90b16
http://www.ncbi.nlm.nih.gov/pubmed/19536039
https://doi.org/10.1016/j.jinf.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/27283754
https://doi.org/10.1016/j.vaccine.2021.01.061
http://www.ncbi.nlm.nih.gov/pubmed/33551300
https://doi.org/10.1093/infdis/jiac255
http://www.ncbi.nlm.nih.gov/pubmed/36265856
https://doi.org/10.1136/bmj.l6987
http://www.ncbi.nlm.nih.gov/pubmed/31969318
https://doi.org/10.7554/eLife.07116
http://www.ncbi.nlm.nih.gov/pubmed/26259874
https://doi.org/10.1093/cid/ciy1099
http://www.ncbi.nlm.nih.gov/pubmed/30590491
https://doi.org/10.1093/cid/ciw296
http://www.ncbi.nlm.nih.gov/pubmed/27161774
https://doi.org/10.1016/j.jinf.2022.01.003
http://www.ncbi.nlm.nih.gov/pubmed/35016899
https://doi.org/10.1016/j.epidem.2024.100778
http://www.ncbi.nlm.nih.gov/pubmed/38964131
https://doi.org/10.1016/j.vaccine.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25454883

