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Abstract

Background: Varicella zoster virus (VZV) and its re-emergence as herpes zoster (HZ) is associated with
significant morbidity and mortality. While studies show that VZV vaccination is effective in reducing
VZV incidence, many decision makers have not added VZV to their vaccination schedule, largely due
to uncertainty surrounding the effect of VZV vaccination on HZ incidence (exogenous boosting, EB),

and the cost-effectiveness (CE) of vaccination.

Methods: A systematic review was conducted to identify the current published evidence of CE of VZV

vaccination strategies where both VZV and HZ incidence were modelled.

Results: Six studies (one published in 2003 and five between 2010 to 2019), were identified with all
conducting cost-utility analysis using a dynamic transmission modelling approach and assuming EB.
All predicted that mass infant VZV vaccination would rapidly reduce VZV incidence, but HZ incidence
would increase. Compared with no-vaccination, the CE of VZV vaccination strategies ranged from
higher costs and poorer outcomes (dominated), towards CE (incremental cost-effectiveness ratios of
between $7,000 to $61,000 USD), or lower cost and better outcomes (dominant). However, without
EB, HZ incidence immediately dropped below pre-vaccination levels making VZV vaccination quickly

CE and/or dominant to a no vaccination strategy.

Conclusions: Current models are sensitive to assumptions of EB suggesting that future studies consider
an agent-based modelling approach to address the individual nature of variables that determine the

infectiousness of VZV.

Key words: Varicella; herpes zoster; vaccination; cost-effectiveness;

systematic review
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Abbreviations

CADTH: Canadian Agency for Drugs and Technologies in Health

CE: cost-effectiveness

CHEERS: Consolidated Health Economic Evaluation Reporting Standards (checklist)

CUA: cost-utility analysis

DTM: dynamic transmission modelling

EB: exogenous boosting

HZ; herpes zoster

ICER: incremental cost-effectiveness ratio

INAHTA: International Network of Agencies for Health Technology Assessment

MeSH: Medical Subject Heading

MMRV: measles, mumps, rubella, varicella (vaccine)

NHS-EED: The NHS Economic Evaluation Database

NMB: net monetary benefit

Pl: progressive immunity

QALY: quality adjusted life year

Tl: temporary immunity

USD: United States dollars

VZV; varicella zoster virus
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Introduction:

Varicella zoster virus (VZV or chickenpox) is a highly contagious human alpha-herpesvirus,
most commonly occurring in children, with infection rates ranging from between 61% to 100 % [1].
Following recovery the virus enters a latency period residing in the hosts dorsal root ganglia posing a
lifetime risk of re-emergence in the form of herpes zoster (HZ or shingles) of between 23.8% and 30%
[2]. This risk of HZ increases with age [3] and/or immunocompromise [4]. While considered a mild
disease in children, VZV can be more severe in adults, even fatal in immunosuppressed individuals [5-
7]. HZ is primarily an adult onset disease and has a significant health and quality of life impact in the
majority of cases [8] with approximately 60% to 90% of patients experiencing postherpetic neuralgia

(PHN) [9, 10].

In an unvaccinated population the direct health costs in Australia of VZV and HZ have been
estimated at $3.2 million / year [11] and $28.2 million / year [8] respectively, with a societal burden
of VZV due to lost days of work and or school attendance of approximately $168 million per year (all
in 2019 USD) [12]. Similarly, in the UK, hospital costs for VZV has been reported as over $8 million /
year [13], and over $71 million / year to the Canadian health system [14], with societal costs in
Germany of over $326 million per year (all in 2019 USD) [15]. The annual societal cost of HZ varies by
country with estimates of $28 million in Sweden, [16], $63 million in Italy, and $216 million in Germany
[17] (in 2019 USD). This is comparable to an estimated average of $18.5 million / year in health care
costs (in 2019 USD) spent by each of 11 audited countries to treat and control another vaccine

preventable disease, measles [18]

With the development of the Oka varicella vaccine in 1974, VZV infections and related
hospitalisations have been significantly reduced in the US and Australia [19, 20]. Use of the Oka VZV
vaccine in the five-year Shingles Prevention study in 2005 (for older adults > 60 years, mean follow-up
of 3.1 years), saw the incidence of HZ and PHN reduced by 51.3% and 66.5% respectively compared

with placebo treated patients [21, 22].
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Modelling studies have concluded that varicella vaccination is cost-effective from a health
care payer perspective with the cost per hospitalisation averted of <$22,000 (in 2019 USD), and cost
saving from societal perspective with reported benefit cost ratios of 1.3 to 3.7 [23-27]. HZ vaccination
modelling studies reported that strategies could also be also cost-effective at less than $35,000 per
QALY gained (2019 USD) [14, 28, 29]. However, a number of countries do not advocate for or publicly
fund a routine VZV vaccination program due to concerns surrounding the modelled shifts in VZV to
older age groups and a predicted increase incidence of HZ due to a reduction in exogenous boosting
(EB) [30]. EB assumes that the risk of re-activation of HZ is reduced due to a boost of immunity after
re-exposure to circulating VZV [30, 31]. Given the higher morbidity and mortality associated with HZ,
the effects of a VZV vaccination program on EB and resulting HZ incidence, health care costs and
quality of life, could be significant and influence health policy makers decisions to recommend or fund

a VZV vaccination program.

The aim of this review was to identify and summarise existing published cost-effectiveness
(CE) studies that modelled the effect of VZV vaccination programs on VZV and HZ incidence, with or
without the addition of a HZ vaccination program. Of particular interest was the effect of model design

and inputs on the resulting CE.

Methods:

A systematic review was conducted to identify published cost-effectiveness studies that

modelled the impact of VZV and/or HZ vaccination strategies on the incidence of VZV and HZ.

Conduct of systematic literature review
The methods of the systematic review were in accordance to PRISMA guidelines and align with
Cochrane review techniques. The review strategy was developed in consultation with experts in

systematic review methodology within the team.
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Types of studies

This review considered all studies that compare the costs and benefits of providing VZV and/or
HZ vaccination in one strategy (e.g. single vaccination or with booster) or form (e.g. monovalent or
with MMR), to another strategy/form or to no vaccination. Studies must have considered the
vaccination impact on both VZV and HZ incidence. Model design (i.e., decision tree, Markov or other)

was not an exclusion criterion.

Types of participants

This review included studies identifying a healthy population of any age that receive a
vaccination for VZV and/or HZ either as part of a study or program. Whereas studies involving
immunocompromised patients at risk of VZV, such as transplant patients, were excluded, this was not
an exclusion criterion for patients at risk of HZ as immunocompromise is a major risk factor for re-

emergence.

Interventions

The method of delivery and frequency of administration were determined by the studies identified
for inclusion in this review. These methods included:

e Monovalent VZV/HZ vaccination; or

e VZV/HZ vaccination as part of a multi-valent delivery (e.g. MMRV): or

e Vaccination provided at any age in any form of strategy — (e.g. once or with booster(s)).
Comparator
Studies were included if they evaluated a concurrent comparator such as a comparative VZV

and/or HZ vaccination strategy or no vaccination strategy.

Outcomes
Outcomes collected in this review included any reporting of cost and effectiveness measures
such as the cost per patient outcome, incremental cost-effectiveness ratios (ICER), net monetary

benefit and cost per quality-adjusted life year (QALY) or other utility measures.
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Search methods for identification of studies

Key terms were identified by the researchers using both Medical Subject Headings (MeSH)
and generic terms and by referencing existing systematic reviews / protocol(s). The inclusion and
exclusion criteria were drafted by the authors. A structured search strategy with detailed inclusion
and exclusion criteria was constructed. The review intended to identify all relevant literature through

searches of electronic databases.

Electronic searches

The following databases were searched in January 2020 to identify relevant published studies:

Medline (Ovid) — 1946 to present;

e Embase — 1947 to present;

e Cochrane Library — searched for all years;

e Econlit— (1969 to present); and

e Economic evaluation registries and health technology assessment databases (e.g. CADTH,

INAHTA, NHS EED)

Table 1 presents the key search terms included in the search strategy.
Table 1: Search terms included (here)
Identification of Relevant Studies

For both searches, all identified papers were pre-screened for relevance based on title and
abstract by two reviewers (BH and TW) based on the pre-specified inclusion and exclusion criteria. The
full text of publications identified from the previous step and those studies without abstracts was
obtained. Full-text publications were independently appraised by two reviewers to ensure an
acceptable level of agreement for final eligibility. Any disagreement between reviewers was

adjudicated by a third reviewer (JB or PS).
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Assessment of Quality

For assessment of risk of bias in cost-effectiveness studies the Consolidated Health Economic
Evaluation Reporting Standards (CHEERS) checklist was used [32]. While not specifically designed as a
critical appraisal tool this checklist consists of 24 items that must be addressed and reported for a CE

study to be considered of high quality.

Two reviewers independently assessed the risk of bias (BH and TW), and a third reviewer resolved any

differences (JB or PS).

Data Management

References identified by the database searches were imported into bibliographic software
(Endnote version X9). Data extraction tables (Excel Office 365, 2019), were created to facilitate and
manage the information extracted from the articles and relevant data was extracted by one reviewer
(BH). Data extracted included: study identification, model design, methods, outcomes, costs, and cost-

effectiveness results.

Data analyses

This review summarised the model structures presented in each publication, including model
flow diagrams, strategies tested, general assumptions, perspectives, time horizons and model inputs.
CE outcomes were reported and based on summary outcome measures such as incremental cost-
effectiveness ratios (ICER), net monetary benefit (NMB), and quality adjusted life years (QALY). Given
the heterogeneity of the studies, the results were reported in a narrative summary. All study costs

were converted to 2019 United States Dollars (USD) [33].

Results

The systematic literature search identified six publications that met the inclusion criteria
(Figure 1). All six studies were conducted in European countries and five were published after 2010.

Three studies modelled the effects of VZV vaccination strategies on VZV and HZ incidence [24, 34, 35],
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while the remaining three studies developed models that included both VZV and HZ vaccination

strategies [36-38].

Figure 1: Selection of studies of cost-effectiveness of VZV and/or HZ vaccination strategies (here)

CE = cost-effectiveness: HZ = herpes zoster; SR = systematic review; VZV — varicella zoster virus

Assessment of bias in included studies

Using the CHEERS checklist, all six studies were determined to be of high quality (>92%
adherence to checklist, Table 2). Studies predominantly provided clear presentation of model design,
assumptions, inputs, costs and outcomes, as well as conflicts of interest and sources of funding. Two

of the six studies received funding from industry [24, 35].

Table 2: Included studies adherence to CHEERS checklist items (here)
Characteristics of the evidence base
General study design

While not a criterion for inclusion, all six studies used dynamic transmission modelling (DTM)
to evaluate the cost-utility (CUA) of their proposed VZV and/or HZ vaccination strategies (Table 3 and
Appendix Figure 2). Unlike more static models (e.g. decision tree, Markov) that assume a constant risk
of infection, this method assumes that the infection risk is dependent on the number of infectious

cases at a given point in time [39].

All six studies assumed the influence of exogenous boosting (EB) in their base case modelling.
Five studies compared proposed VZV/HZ vaccination strategies to a no vaccination alternative [24, 34,
35, 37, 38]. Bilcke 2013 modelled a 2-dose childhood VZV vaccination program varying the timing of
the second dose, with or without the assumption of EB and with or without an adult 1-dose HZ

vaccination [36].
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VZV vaccine coverage for the first dose was assumed to be 90% or 95% in five studies and 80%
in one other [37]. One-dose HZ vaccine coverage was assumed to be lower at 60% [37] to 70% [36,
38]. Similarly, the efficacy of VZV vaccine for 1-dose was assumed to be high, between 94% and 100%
[34-36]and for 2-dose vaccination between 95% and 100% [24, 34-38]. The efficacy of a 1-dose HZ
vaccination was assumed to be age dependent but set at only 50% in the base case [35, 36, 38]. All
studies modelled to a minimum 80-year time horizon, with two also reporting results at earlier time
periods [36, 37]. Discounting of costs and outcomes was similar across studies at 3-4% with only Bilcke
2013 applying a discount of 1.5% and 3% for outcomes and costs respectively [36] and Wolfson 2019
failing to report the level of discounting of outcomes [35]. All six studies performed their analyses from
a health care payer perspective, with inputs to the model of the cost of vaccination (and in two cases
a separate cost of vaccine administration [36, 37]), and the direct costs of VZV and HZ infection (GP
visits and/or hospitalisation). Three studies also presented results from a societal perspective where
productivity losses such parents caring for infected children are also included. [24, 34, 35].
Table 3: Model description for included studies (here)
Summary of outcomes
Effect of vaccination strategies on VVZV and HZ incidence

All models predicted a sharp decrease in VZV incidence and a rise in incidence of HZ compared
to baseline after implementing an infant VZV vaccination program and assuming EB (Table 4). Van
Hoek (2012), modelling provision of a 1-dose HZ vaccination only, found no change in VZV incidence
but a small decrease in HZ incidence [38]. Melegaro (2018), predicted HZ incidence to naturally
increase even under a no vaccination strategy [37]. When modelling was conducted without EB, HZ

incidence decreased soon after initiation of an infant VZV vaccination program [35, 36].

In the longer term, all studies reported that incidence of HZ would decrease to a rate below that of
pre-vaccination program values at some point during the measured time horizon, with Littlewood

(2015) reporting this decrease in as little as 19 years post-program initiation [24].

10
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Table 4: Summary of outcomes from included studies (here)

Cost-effectiveness of vaccination strategies

The included studies suggest the effects of VZV vaccination strategies on HZ incidence appear
to be inversely associated with the resulting CE outcomes (Table 4). For example, studies of one [34]
and two dose [36, 38] VZV vaccination strategies that predicted the incidence of HZ to be sustained
above pre-vaccination levels for over 50 years that CE was unlikely to be reached before time horizons
of 100 years or longer from either a health care payer [34, 36, 38] or the societal [34] perspective.
However, in three later studies reporting shorter period of increase in HZ incidence (19 and 25 years),
favourable CE outcomes were realised as early as five years post-initiation of a vaccination strategy
from both the health care payer [24, 37] and the societal perspectives [24, 35]. Further, modelling

without the EB assumption produced even more rapid positive CE outcomes [35, 36].

Determinants of HZ incidence

The CE outcomes of all models were highly dependent on the predicted incidence of HZ
infection, which in turn was determined by the rates of VZV recovered cases becoming HZ susceptible
and then HZ infected (Appendix, Figure 2). The overall rate of VZV recovered cases transitioning to an
HZ susceptible state was modelled as a ratio of the waning rate (o) offset by the force of infection
(circulating VZV) to boost HZ susceptible cases back to a resistant state (exogenous boosting, kA(a,t)).
Once in the HZ susceptible state cases could transition to the HZ infected state at a specified

reactivation rate (p(a)).

Period of immunity from HZ (waning rate)

In four of the studies the average period of immunity to HZ following recovery from VzV
infection was assumed to be between 10 years [24] or 20 years [34, 36, 38]. These values were based
on expert opinion only whereas, Wolfson 2019 [35] used an average period of immunity to HZ of 79.7
years based on an analysis of HZ incidence from three European countries [40]. In the Mellegaro study
[37], susceptibility to HZ was modelled under two different assumptions 1) temporary immunity (Tl

model), or 2) progressive immunity (Pl model). In the Tl model as with the other four studies, cases

11
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who recover from VZV infection attain a temporary immunity to HZ but here the average duration of
immunity was set at 113.5 (95% Cl 80.5, 159) years. The Pl model assumes that cases recover from
VZV infection over an average period of three weeks and are immediately susceptible to HZ. Under
the Pl assumption, incidence of HZ is always higher than predicted with the TI model at the same time

horizon, and slower to become less than a no-vaccination strategy (Table 4).

Exogenous boosting rate

In the base case, four models assumed that exposure of an HZ susceptible case to a VZV
infected person will be successfully boosted back to HZ immune status in 100% of contacts (i.e. 100%
successful EB rate) [34-36, 38]. Littlewood assumed an age related EB rate using 50% of the force of
infection in cases over 65 years of age [24]. In the Melegaro (2018) TI model the base case boosting
rate was set at 60% [37]. However, in their Pl model, HZ susceptible cases could be boosted at any age
and time (with 60% success) but with the probability of reactivation of HZ reduced with each

subsequent boost. In every model, the choice of boosting rates was based on expert opinion only.

HZ reactivation rate

In HZ susceptible patients the rate at which an individual would become infected was termed
the reactivation rate and was dependent upon the age of the HZ susceptible individual (p(a), Appendix
Figure 2). In five of the six studies, and in the TI model (Melegaro 2018), the reactivation rate was
assumed to resemble a downwards parabolic curve described by the general equation: we™%% + ma”
that is only dependent upon the age (a) of the individual [24, 34-36, 38]. Note that the first term of
this equation decrease with age and the second term increases with age. However, in the Pl model,

Melegaro (2018) prescribes a different function to describe the reactivation rate:

p(a: T) = Po q(i—l)Z e@a (a—a0)+ eg‘rT

Here, the reactivation rate that remains stable from time of recovery from VZV infection to 45 years
of age (ao) at which time the value of the reactivation rate is a competition between the reduction in

HZ due to exogenous boosting (p, ¢"1P?), and the increased risk of HZ due to age (e?® (@=20)+) and

12
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time since last exposure to circulating VZV (€% 7). This is the only study that incorporates a time

element (1) into the determination of the HZ reactivation rate.

Other differences between studies in determining of the age dependent reactivation rate
were population data (prevalence data) specific to the study country of origin, the assumed period of

immunity to HZ following recovery to VZV, and the boosting rate.

Utility weights

Finally, all studies assumed that QALY losses due to VZV infection were smaller than those
associated with HZ infection resulting in a greater perceived burden associated with HZ (Table 5).
Three studies [24, 37, 38] based QALY loss values due to VZV infection from Brisson 2003 [34] where
values were determined from a study of 42 parents asked to rate the health of their child with chicken
pox using the Health Utilities Index mark 2 (HUI-2). In Bilcke 2013, QALY loss due to VZV infection was
based on estimates made by the authors [36]. The result was therefore relatively similar magnitude

of QALY loss amongst the studies.

For QALY losses associated with HZ, Brisson 2003 estimated values from a weighted
proportion of cases experiencing mild or extreme pain and the duration of that experience arriving at
an average QALY loss per case (of any age) of 0.10 [34]. While the remaining studies also based their
determination of QALY loss due to HZ on duration and severity of pain experienced, three studies
assigned values to specific age categories resulting in lower QALY losses compared to Brisson 2003 in
cases < 60 years of age [24, 37, 38]. In the remaining study by Bilcke 2013, HZ cases of any age received

a QALY loss score based on severity of illness score (also based on severity and duration).

Three studies separated out QALY loss associated with PHN assigning values four [34] to 10-
fold [24] higher than for cases not experiencing pain, whereas the third study assigned an 8%
reduction in utility score [35]. In the three other studies PHN effects on QoL where included in the

resulting QALY loss value [36-38].

Table 5: QALY inputs(here)

13
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Discussion

This review identified six studies that met the inclusion criteria and were of high quality

according to the reporting standards required by the CHEERS checklist.

In agreement with a number of studies modelling VZV vaccination only [41-43] all six studies
predicted that an infant VZV vaccination program would result in a significant decrease in the
incidence of VZV. Under the assumption of EB, a reduced VZV vaccine efficacy would be expected to
result in a reduction in HZ incidence. While this was observed in two studies following sensitivity
analyses. [34, 35] with one exception [35] the range of base case rates for VZV vaccine efficacy
modelled in the included studies were all in agreement with observed trial results and were not a main
driver of the model [31]. However, under the assumption of exogenous boosting (EB), all six studies
did report a concomitant rise in HZ incidence that was expected to last for decades. As HZ is associated
with higher morbidity, mortality and care costs compared with VZV infection, HZ incidence has a
greater influence on the resulting CE outcomes than does VZV. This review found that HZ incidence
in these models was dependent upon chosen waning rates of HZ immunity after recovery from VZV
infection, HZ reactivation rates, and the success of circulating VZV to boost immunity to HZ (EB). In
studies with shorter waning periods (20 years), EB rates of 100%, and high rates of HZ reactivation in
older age groups ( > 45 years), studies were unlikely to be cost-effective (CE) until time horizons of
100 years or more [34, 38], and in a third study only after 60 years [36]. However, in the three later
studies, using longer waning periods, lower EB rates and smaller HZ reactivation rates, produced a
more rapid decrease in HZ incidence and therefore returned a CE outcome well before the time
horizon [24, 35, 37]. The sensitivity of these models to the EB assumption is evident, for when EB is
set to 0% all vaccination strategies were CE at any time horizon [35, 36]. This is problematic given that
a number of recent studies suggest that the impact of EB on HZ incidence may be overstated. While
studies did report that exposure to a VZV infected close contact (e.g. within a household) does provide

some protection against HZ emergence (estimated at 33%), it does not confer complete immunity

14
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such as assumed in some of the modelling studies[20, 44-46]. Further, while the use of dynamic
transmission models (DTM) attempt to account for age dependent transmission rates to determine
the force of infection (on which EB is reliant), infection rates within a specified age group are assumed
to be homogeneous [31, 47]. Recent work has suggested that this is unlikely proposing that for directly
transmitted infectious diseases like VZV infectiousness is individual in nature and relies on a complex
mixture of environmental, host and pathogen factors [48]. A preliminary report incorporating agent-
based modelling to evaluate a VZV vaccination strategy showed that MMRYV two-dose vaccination in
a Canadian setting was cost-saving from the societal perspective and CE from the health payer
perspective. While the model did not predict a substantial increase in HZ incidence following VZV
vaccination, aligning with recent Canadian epidemiologic studies, if EB was assumed then VZV

vaccination was never CE [49].

Limitations
A possible limitation of this review is the use of QALY values derived from a UK population as inputs
for studies in Belgium, Italy, France and Turkey However, it could be argued that with one exception,

all populations are first world European cultures and could be assumed to have similar QALY weights.

Conclusions

This review identified six quality studies that evaluated the effect of VZV vaccination strategies
with or without HZ vaccination on VZV and HZ incidence, and the resulting cost-effectiveness (CE).
While the CE of mass VZV strategies was determined in all identified studies to be unlikely for a
number of decades, these results were highly sensitive to the assumption of exogenous boosting (EB).
This is significant as the existence or significance of EB is still under some debate. The use of dynamic
transmission modelling alone cannot capture the individual nature of VZV and HZ infectiousness and
disease transmission and therefore future modelling should include some aspect of agent-based

modelling, to reflect the individual nature of disease infection.

15
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Appendix

Dynamic transmission models (DTM)

All studies identified in this review employed a DTM model similar to the general model presented in
Figure 2 below [47], where ordinary differential equations were used to determine rates of change

from one health state to another.
In general, the models assumed the following structure:

In an unvaccinated population, newborns are initially protected from a particular disease by maternal
antibodies (in previously VZV infected and recovered mothers), that wanes at a rate §, rendering them
susceptible to infection. Depending on the force of infection (A(a,t), the incidence or hazard rate) of a
given disease, susceptibles, in an age and time dependent rate, can become infected and enter a non-
infectious latent phase. Movement from the latent phase to the infectious phase occurs at a rate o.

Recovery with immunity occurs at a rate v.

In a population with the ability to vaccinate against the disease, newborns can again be protected by
maternal antibodies or not. Susceptibles can be vaccinated with complete protection at an age and
time dependent rate s(a,t) or remain susceptible at an age and time dependent rate f(a,t) due to the
failure of the vaccine. As with unvaccinated susceptibles, vaccinated susceptibles can become infected
and enter the latent phase, then the infectious phase and finally recover with immunity occurring at
rates of bA(a,t), o', and v’ respectively. Vaccination imparted immunity can wane at a rate of t but with
re-exposure to the disease (exogenous boosting) at a rate of kA(a,t) can maintain immunity, whereas
vaccinated susceptible population can also experience exogenous boosting at a rate of k'A(a,t) to

attain disease resistance.

In VZV infected/vaccine failure and recovered population, cases are susceptible to HZ at a rate of .

That can be countered by exogenous boosting again equal to the force of infection kA(a,t). HZ
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susceptible cases can express HZ infection at an age dependent rate p and recover (and become HZ

immune) at a rate of a.

Figure 2: Basic dynamic transmission model flow diagram [47]
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