
Vaccine xxx (2018) xxx–xxx
Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier .com/locate /vacc ine
Determining the optimal strategy for the herpes zoster vaccine in adults
https://doi.org/10.1016/j.vaccine.2018.06.059
0264-410X/� 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author at: Department of Health Management and Policy,
University of Michigan, Ann Arbor, MI 48109, USA.

E-mail address: harveymj@umich.edu (M.J. Harvey).

Please cite this article in press as: Harvey MJ et al. Determining the optimal strategy for the herpes zoster vaccine in adults. Vaccine (2018), https://d
10.1016/j.vaccine.2018.06.059
M.J. Harvey a,b,⇑, B.T. Denton c, L.A. Prosser a,d, D.W. Hutton a

aDepartment of Health Management and Policy, University of Michigan, Ann Arbor, MI 48109, USA
bAquarius Population Health, London N6 5HX, UK
cDepartment of Industrial and Operations Engineering, University of Michigan, Ann Arbor, MI 48109, USA
dChild Health Evaluation and Research Center, Department of Pediatrics and Communicable Diseases, University of Michigan, Ann Arbor, MI 48109, USA

a r t i c l e i n f o
Article history:
Received 10 December 2017
Received in revised form 19 June 2018
Accepted 27 June 2018
Available online xxxx

Keywords:
Herpes zoster
Stochastic dynamic programming
Optimization
Health policy
a b s t r a c t

The optimal strategy for the vaccinating against herpes zoster (HZ) vaccine remains unknown.
Cost-effectiveness analyses provide insight to the most cost-effective age groups but results vary across
studies. The optimal strategy is important given that vaccine efficacy and duration vary depending on
vaccination age. Therefore, small changes from the optimal age can affect long-term outcomes and
produce sub-optimal results. The objective of this research was to determine the optimal timing policy
for HZ vaccination. We simulated cohorts of men and women and use stochastic dynamic programming
to evaluate the decision to vaccinate or defer each year from age 50 to 100. If the decision was to defer,
the cohort risked developing HZ. If HZ occurred, the cohort was subjected to cost and quality-adjusted life
year (QALY) loss for a typical HZ infection (including complications) at that age. If HZ did not occur, the
decision was evaluated at the next age. Then, we extend the model to consider the case in which a
booster vaccine is available. A set of probabilistic sensitivity analyses were conducted to check model
robustness. Results show the optimal policy for women is to vaccinate between ages 66 and 77, and
for men between ages 66 and 74, assuming a willingness to pay (WTP) of $100,000 per QALY. It becomes
optimal to vaccinate earlier if a booster vaccine is available, and women have a wider range of ages than
men. This research is the first to examine exactly when the HZ vaccine should be administered. It is also
the first study, to our knowledge, that used stochastic dynamic programming to examine the question of
a second dose for any vaccine. This research provides the first simple policy on when to vaccinate and
re-vaccinate against HZ.
� 2018 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

It is estimated that one third of adults will develop herpes zos-
ter (HZ – known commonly as shingles) in their lives and half of
adults older than age 85 will experience or have already experi-
enced HZ. HZ causes intense pain which can affect quality of life
and has a substantial economic burden[1,2]. A vaccine is available
to prevent the disease, and currently this is the best tool available
for combating HZ.

However, the optimal strategy for the age of administering the
herpes zoster (HZ) vaccine remains unknown. In the US, cost-
effectiveness analyses (CEAs) using state-transition models (STMs)
give some indication of the most cost-effective age group but
results vary across studies [3–6]. However, in STMs, only one
decision is evaluated in each model iteration [7], and it is difficult
to account for future decision options, and outcomes. Therefore,
STMs may lead to sub-optimal decisions if there are many
decisions required to define a certain treatment strategy.

The optimal strategy is of particular importance given that vac-
cine efficacy and duration can wane over time depending on the
age at vaccination [8–12]. Thus even small changes in the age of
administration could affect the long term outcomes and produce
sub-optimal results if not administered at the correct time. The
key decision tradeoff in this situation is, therefore, vaccination or
deferral. People (patients, doctors, etc.) must decide between
vaccinating at earlier ages when HZ incidence is lower but the vac-
cine has a higher initial efficacy and longer duration, or deferring
vaccination to a time when HZ incidence is higher but the vaccine,
conversely, will have less efficacy and a shorter duration.

Further complicating decisions is the anticipation of a booster
vaccine for HZ. Given the waning efficacy in the vaccine and age-
dependent risk of HZ the optimal time of a first dose and a booster
are interdependent. The Markov decision process (MDP) model
allows for the consideration of multiple or sequential decisions
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over time [13]. MDP models come from stochastic, dynamic
optimization [14,15] and have recently been applied to optimal
allocation of medication or treatment policy problems in health
care [16–21]. The MDP method optimizes a dynamic policy over
a particular decision objective [16] and can therefore be used to
optimize sequential annual decisions to vaccinate.

The objective of this study was to estimate the optimal strategy
for vaccination against HZ. First, with a single dose of vaccine, we
determined the optimal vaccination strategy. Second, we extend
the MDP model to consider the more complex case in which a
booster vaccine was available. We discuss the validation of our
model and present results, including probabilistic sensitivity
analyses.
Fig. 1. STM model structure. HZ: Herpes zoster. PHN: Post-herpetic neuralgia. OC:
Ocular complications. The diagram shows the overview of the 4-state STM as well
as the possible states within the HZ state.
2. Methods

Answering when should you vaccinate someone who is age Y
given that they have not received the vaccine is different than
the CEA question of, is it cost-effective to vaccinate someone of
age Y at age Y? CEA results may be favorable, but it may be more
optimal to defer vaccination. Two separate MDP models: (1) One-
dose MDP, (2) Two-dose MDP, were created. Each will be discussed
in turn. All models were constructed in R (v.3.2.3). All individuals
in the cohorts were assumed to be immunocompetent, to have a
history of varicella zoster virus (VZV – known commonly as chick-
enpox – a necessary condition to be at risk for HZ), to have no his-
tory of HZ, and to have no history of HZ vaccination (except in the
two-dose MDP).

2.1. State-transition models

STMs were used to estimate the immediate outcomes associ-
ated with the states the MDP. STMs projected the lifetime costs
and quality-adjusted life years (QALYs) for receiving a vaccine or
developing HZ at any age between 50 and 100. The four state
STM is shown in Fig. 1. For outcomes associated with vaccination,
the STM simulated a cohort as vaccinated and disease free from
every age from 50 to 100. In this simulation the individuals in
the cohort had the chance to transition to HZ or death at the end
of each model period (1 year). HZ was an all-inclusive transient
health state that provided a cumulative estimate of the QALYs
and costs with a case of HZ, which may include post-herpetic neu-
ralgia (PHN) or ocular complications. For outcomes associated with
HZ, the STM simulated a cohort as beginning in the HZ health state
from every age from 50 to 100. Similar to the vaccine simulation,
this simulation included costs and health outcomes related to
PHN or ocular complications. Further information on the STMs
and the data used to generate them is available in Table 1 and
Appendices A–C.

2.2. One-dose MDP

The STMs provided both lifetime costs and QALYs. MDP rewards
are expressed as net monetary benefits (NMB) and Eq. (1) was used
to convert those costs and QALYs from the STMs into NMB, under
an assumed willingness-to-pay (WTP) of $100,000 per QALY [22].
MDPs were built to solve the optimality Eqs. (2) and (4) using back-
wards induction [14]. Data used across the STM and MDP models
are presented in Table 1.

NMB ¼ WTP � QALY � Cost ð1Þ
2.2.1. Structure
In the one-dose MDP a cohort starts at age 49, and an initial

decision on vaccination is made when reaching the first decision
Please cite this article in press as: Harvey MJ et al. Determining the optimal stra
10.1016/j.vaccine.2018.06.059
period at age 50 (t ¼ 0). The model has two decisions: (1) Vacci-
nate (v), (2) Wait (defer vaccination) (w). Decisions are made at
annual periods from age 50 (t ¼ 0), to age 100 (t ¼ 50). In choosing
vaccinate, the individuals in the cohort gain immediate rewards for
being vaccinated at that age. If the decision was to wait, the indi-
viduals in the cohort remain unvaccinated for 1 period (1 year),
and face the choice to vaccinate or defer again at the next period.
Outcomes generated from the STMs were converted to NMB and
applied to the terminal states of the MDP model; in which the
patient has chosen to be vaccinated or develops the disease and
no future decisions are left to be made.

The one-dose MDP is governed by Eq. (2). In this equation VtðstÞ
is the optimal value function for the model at time t (t ¼ 0; . . . ; T) in
state st . The action set a at time t includes two actions: fv ;wg,
vaccinate and wait, and two states: fvx;nvxg, vaccinated, and
non-vaccinated. RtðvxÞ is the immediate rewards gained from vac-
cinating at time t as determined by the vaccine STM. RtðnvxÞ is the
immediate QALYs gained for spending one cycle in a disease free
state at time t. RtðnvxÞ is summed with the discounted lifetime
rewards associated with dying, pðDÞ, or transitioning to HZ,
pðHZÞ, in the next cycle (t þ 1). Vtþ1ðstþ1Þ is the optimal value func-
tion at t þ 1. Vtþ1ðstþ1Þ is initially set by the boundary condition of
the model, VTðsTÞ, at age 100. At age 100 (t ¼ 50), Vtþ1ðstþ1Þ ¼ 0 and
the probability of death, pðDÞ, is 100%. Therefore, VTðsTÞ is the opti-
mal value function at the boundary of the model and is the maxi-
mum between the immediate rewards for vaccinating and not
vaccinating at age 100; shown by Eq. (3). Future outcomes were
discounted by 3% (k = 0.97).
tegy for the herpes zoster vaccine in adults. Vaccine (2018), https://doi.org/
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Table 1
Model inputs.

Variable Base Distribution Refs.

Epidemiology
Probability – HZ⁄

Men – (L; x0; k) (13.93,773.20,184.47) L� lnNð0; 0:099Þ [24–26]
Women – (L; x0; k) (19.23,824.03,199.41) L� lnNð0; 0:099Þ [24–26]

Probability – HZ – Any pain 0.95 bð10:17; 0:82Þ [35,36]
Probability – HZ – Mild j Any Pain 0.12 bð1:22; 8:95Þ [35,36]
Probability – HZ – Moderate j Moderate or Severe 0.44 bð13:21; 17:87Þ [35,36]
Probability – PHN⁄⁄ – (b1; b2) (1.77e-07,2.01) b1 � lnNð0; 0:29Þ [28–34]
Probability – PHN – Moderate or Severe⁄⁄⁄ ðb1; b2Þ (0.006,0.11) P þNð0; 0:05Þ [30]
Probability – PHN – Moderate j PHN – Moderate or Severe 0.50 lnNð�0:69; 0:20Þ Assumption
Duration (months) – PHN – Mild 6.7 lnNð1:90; 0:05Þ [30]
Duration (months) – PHN – Moderate 10.0 lnNð2:30; 0:05Þ [30]
Duration (months) – PHN – Severe 12.5 lnNð2:52; 0:07Þ [30]
Probability – Ocular complications⁄⁄⁄ ðb1; b2Þ (�0.010,0.0008) P þNð0; 0:01Þ [34]
Duration (months) – Ocular complications 3.0 lnNð1:10; 0:22Þ [2]
Vaccine – Initial efficacy (g) See Appendix A Nð0; 0:035Þ [8–12]
Vaccine – Waning efficacy (f) See Appendix A Nð1; 0:12Þ [8–12]

Costs
HZ 957 Cð414:59; 1=2:31Þ [2]
PHN 5831 Cð34:69; 1=168:08Þ [2]
Ocular complications 4163 Cð40:77; 1=102:11Þ [2]
Vaccine 173.97 Cð23:33; 1=7:5Þ [37–39]
Vaccine – Administration 31.38 Cð2196:6; 70Þ [37–39]
Vaccine – Severe adverse reaction 0.18 Cð18; 100Þ [40,41]

Hours productivity lost
HZ – No painy 5 Nð1; 0:13Þ [42,43]
HZ – Mildy 6 6=5�Nð1; 0:13Þ [42–44]
HZ – Moderatey 22 22=5�Nð1; 0:13Þ [42–44]
HZ – Severey 61 61=5�Nð1; 0:13Þ [42–44]
PHN – Mild� 4 Nð1; 0:13Þ [43]
PHN – Moderate� 30 30=4�Nð1; 0:13Þ [43]
PHN – Severe� 81 81=4�Nð1; 0:13Þ [43]
Disutilities - Health
HZ – No painyy 0.150 bð24:75; 140:25Þ Assumption
HZ – Mildyy 0.200 20=15� bð24:75; 140:25Þ [45]
HZ – Moderateyy 0.300 30=15� bð24:75; 140:25Þ [45]
HZ – Severeyy 0.450 45=15� bð24:75; 140:25Þ Assumption
PHN – Mild�� 0.310 31=77� bð8:85; 2:65Þ [45]
PHN – Moderate�� 0.550 55=77� bð8:85; 2:65Þ [45]
PHN – Severe�� 0.770 bð8:85; 2:65Þ [45]
Ocular complications 0.240 bð38; 120Þ [45]
Vaccine – Common adverse reaction 0.001 bð6; 6000Þ [8,36]
Vaccine – Severe adverse reaction 2.13e�05 bð2:13; 100;000Þ [41,46]

Note, negative intercept in ocular complications – P > 0 if age P20.
� Hours of productivity lost for PHN are correlated with mild PHN state, all other PHN health states are multiplied by factors listed in the table.
y Hours of productivity lost for HZ are correlated with no pain HZ state, all other HZ health states are multiplied by factors listed in the table.
⁄ Logistic function used for HZ incidence: L 1þ e

x0�age
kð Þh i.

.
�� Disutility for PHN states are correlated with severe PHN state, all other PHN health states are multiplied by factors listed in the table.
yy Disutility for HZ states are correlated with no pain HZ state, all other HZ health states are multiplied by factors listed in the table.
⁄⁄ Power function used for PHN risk: b1 � ageb2 .
⁄⁄⁄ Linear equation used for probability of moderate or severe PHN and probability of ocular complications.
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VtðstÞ ¼ max
at2fv;wg

�
RtðvxÞ;RtðnvxÞ þ k pðDjst ;nvxÞRtþ1ðDÞð

þ pðHZjst ;nvxÞRtþ1ðHZÞ

þ pðDFjst ;nvxÞVtþ1ðstþ1ÞÞ
�

For all st and t ¼ 0; . . . ; T � 1 ð2Þ
vx: Vaccination state, nvx: Waiting state.

VTðsTÞ ¼ max
aT2fv;wg

fRTðvxÞ;RTðnvxÞg ð3Þ

2.2.2. Probabilistic sensitivity analysis
To examine robustness, we performed second-order Monte

Carlo probabilistic sensitivity analysis (PSA) to estimate the opti-
mal strategy given simultaneous uncertainty of multiple model
parameters. To accomplish this, we converted model inputs from
discrete values to distributions. More detail is available in
Please cite this article in press as: Harvey MJ et al. Determining the optimal stra
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Appendices A–C. We examined the PSA results to determine which
simulated policies recommended vaccination at any age. We also
searched the same set of policies by age to determine the probabil-
ity that an age would be selected into any optimal strategy.

2.3. Two-dose MDP

To examine the two-dose booster problem we made two
assumptions. First, we assumed the booster had the same risks
and costs as the first dose. Second, the booster vaccine would not
have an additive effect with any ‘‘remaining” efficacy from the first
dose – i.e. the booster dose would, in effect, reset the clock and pro-
vide the expected efficacy from age it was given.

2.3.1. Structure
This total model is evaluated as two sub-models; each sub-

model has two actions: fva;wg, vaccinate again and wait, and
tegy for the herpes zoster vaccine in adults. Vaccine (2018), https://doi.org/
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Fig. 2. Age-specific vaccine waning parameterization.
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two states: fvxa;nvxag, vaccinated again, and not vaccinated
again. MDP booster sub-models that examine the booster dose
decision were evaluated first and independently. In these booster
models, we assume the individuals in the cohort received a first
dose at age j. After this initial dose, each subsequent year the deci-
sion was made to vaccinate again (va), or wait (w). The second dose
models were governed by optimality Eq. (4). The notable differ-
ences between Eqs. (2) and (4) are the probability and reward for
HZ. In the booster model, pðHZjs;w;v jÞ was adjusted by the age
of the initial vaccine j and then adjusted by its waning function
noted by conditional dependence v j. Rtþ1ðHZjv jÞ is calculated from
an STM model that simulated the lifetime QALYs and costs for peo-
ple who developed HZ at some age Y given they had been vacci-
nated at age j. This is further discussed and the waning function
for the vaccine are covered in Appendices A–C. To evaluate the
two-dose MDP, 50 independent booster MDPs were run that eval-
uated all possible combinations of st and v j, each conditional upon
the initial age of the first dose j. These MDPs were started at the
boundary condition (age 100) and were evaluated backward to j.

Vtðst jv jÞ ¼ max
at2fva;wg

�
RtðvxaÞ;RtðnvxaÞ þ k pðDjst ;nvxaÞRtþ1ðDÞð

þ pðHZjst; nvxa; v jÞRtþ1ðHZjv jÞ

þ pðDFjst ;nvxaÞVtþ1ðstþ1ÞÞ
�

For all j; st and t ¼ 0; . . . ; T � 1 ð4Þ
vx: Vaccination state, nvx: Waiting state.

VTðsT jv jÞ ¼ max
aT2fva;wg

fRTðvxaÞ;RTðnvxaÞg ð5Þ
2.3.2. Probabilistic sensitivity analysis
We also performed second order PSA for the booster model. For

this analysis, we utilized the same procedure as for the one-dose
model. More detail is available in Appendices A–C. The policies
per age of initial vaccination were searched by age to determine
the probability a certain age would be selected into the optimal
strategy for the second dose.

2.4. Vaccine parameterization

Vaccine efficacy against HZ was comprised of: (1) age-specific
vaccine efficacy – defined as time from vaccination through the
first year, t ¼ ½0;1Þ; (2) vaccine waning – defined as time of vacci-
nation until the vaccine provided no protection, t ¼ ½0;X�, where X
is some number of years in the future. The component pieces were
estimated and combined using published methods [23]. These two
components are important as vaccine efficacy has been shown to
decline with age and vaccine waning has been shown to increase
with age. Fig. 2 provides a 3D overview of the results of the waning
by age. More detail on the parameterization is available in Appen-
dices A–C.

2.5. HZ and PHN parameterization

To estimate HZ age-specific incidence, midpoints of age ranges
in three selected papers [24–26] were plotted against reported
incidence and fit using a logistic function. The logistic function
was selected a priori as a recent systematic review [27] suggests
that incidence follows a logistic pattern.

To calculate the risk of PHN given HZ, seven papers were used
[28–34]. Midpoints of the age ranges were plotted against the cor-
responding risk of PHN. Different functions were tested with the
data; the power function was selected due to goodness-of-fit. Data
from ages 18 to 100 were used to create the estimate. There is no
Please cite this article in press as: Harvey MJ et al. Determining the optimal stra
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distinction made between the risk of PHN for men and women.
Fig. 3a and b shows the fit and the confidence interval for HZ inci-
dence and PHN risk.

3. Results

3.1. One-dose MDP

Results from the base case analysis for the one-dose model are
presented in Fig. 4a and b. The model recommends vaccination
between the ages of 66–77 for women, and 66–74 for men who
had no prior vaccination. Taking the perspective of a 50-year-old
person following the optimal strategy would mean vaccinating
no earlier than age 66.

3.1.1. Probabilistic sensitivity analysis
Approximately 9% of PSA simulations show that, for women,

the optimal strategy would not include vaccination at any age
at a WTP of $100,000. For men, this probability increases to
approximately 23%. Results from Fig. 5a are to be interpreted as
the probability that vaccination at a given age is included in the
optimal strategy. For women, results show that ages 63–85 have
some probability of being selected in the optimal strategy. Ages
67–71 have more than an 85% chance of being selected; age 68
has the highest probability of being selected into an optimal
strategy. Fig. 5b shows results from the PSA for men. For men,
the age range extends from 62 to 84; age 68 also has the highest
probability of being selected. As examples, if a woman and man
were both unvaccinated at age 68, there is a 90% and 75% chance,
respectively, that it would be recommended that they each be
vaccinated at that age.

3.2. Two-dose model

The results from the base case analysis for the two-dose model
are presented in Fig. 6a and b. These figures define the strategy
space for the optimal second stage decisions under all conditions
of receiving a first dose, including the possible case that a patient
had the initial vaccination at a suboptimal point in time.
tegy for the herpes zoster vaccine in adults. Vaccine (2018), https://doi.org/
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Fig. 3. HZ and PHN parameterization. Panel (a) shows the fitted logistic function for
HZ incidence. The grey color is for women, and the red color is for men. The shaded
regions represent the confidence intervals. Panel (b) the fitted power function for
the risk of PHN given an HZ infection. The risk of PHN was capped at 35%.

Fig. 4. Optimal strategy: vaccination decisions by age – one-dose MDP – WTP:
$100,000. Panel (a) shows results for women, panel (b) shows results for men.
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If a woman received her first dose at age 66 (the first age the
vaccine was considered optimal in the one-dose model), the
optimal strategy would recommend a second dose between
the ages of 75–77. The optimal strategy includes a second dose
for any women who received their first dose between the ages
of 50 and 67.

If a man received his first dose at age 66, the optimal strategy
would not recommend second dose at any point. For men, the opti-
mal strategy includes a second dose for those who received their
first dose between the ages of 50 and 63.

3.2.1. Probabilistic sensitivity analyses
Fig. 7a and b shows a heat map of a second dose at a given age

being included in the optimal strategy conditional upon the age of
the first dose. For women, ages 67–73 have the highest probability
of being recommended for an optimal strategy for the second dose
with a probability of between 80% and 89%. The range of ages for
the second dose for women extends from 64 to 84, depending on
the age of the initial dose. Ages 81–84 never have more than a
19% chance of being selected. For men, similar to the one-dose
PSA, there is less chance for the second dose to be optimal at any
age. Ages 67–70 have the greatest chance of being selected into
an optimal strategy with a probability of between 70% and 79%.
The range of ages for a second dose for men extends from 64 to
Please cite this article in press as: Harvey MJ et al. Determining the optimal stra
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83. Ages 81–83, regardless of the age of the initial vaccine have less
than a 10% chance of being selected.
4. Discussion

This research provides a first look at an optimal strategy for HZ
vaccination based on age, sex, and prior vaccination history. As it is
difficult to use STMs to optimize multiple decisions or sequential
decisions over time, MDP models were used to decide when to vac-
cinate or defer vaccination. This research is also the first to exam-
ine the opportunity of receiving a second dose of the HZ vaccine
given the original dose may have been given at any time
previously.

In the base case analysis, results suggest that age 66 is the first
age recommended for vaccination assuming a single dose. For
women, there are more ages where vaccination is recommended
compared to men (66–77) and (66–74) respectively. The PSA
showed that there are more scenarios where the vaccine would
not be optimal for men compared to women. Some possible expla-
nations for the differences are life expectancy and disease inci-
dence. Women have a longer life expectancy than men [47].
Women also have an increased risk of disease compared to men
[48]. Thus, more women are likely to be alive and those who are
alive aremore likely to get the disease than theirmale counterparts.
tegy for the herpes zoster vaccine in adults. Vaccine (2018), https://doi.org/
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Fig. 5. Probabilistic sensitivity analysis – one-dose model – WTP: $100,000. Panel
(a) shows results for women. Panel (b) shows results for men.

Fig. 6. Optimal strategy – two-dose model – WTP: $100,000. Panel (a) shows
results for women. Panel (b) shows results for men.
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Results from the two-dose model match the same trend
presented for the one-dose model. In the base case analysis the
objective was to determine if and when a person should receive a
second dose conditional upon having received a first dose at any
time previously. Results for women show that it would be optimal
to receive the second dose over a wider age range than men. The
two-dose PSA provides further confirmation of this two-dose rec-
ommendation for women. Comparing the two heat maps (Fig. 7a
and b), the PSA suggests that a second dose is more likely to be rec-
ommended, and over a wider age range for women than men.
Because women are more likely to live longer than men [47], they
are more at risk for the disease, and aremore likely to develop com-
plications (due to increased life expectancy and increased probabil-
ity of complications with age), it follows that it would be more
likely to recommend a second dose for women so that they are cov-
ered during the periods when they are most at risk.
4.1. Other studies

The results of this study extend the work of others. There has
been one clinical study that examined the impact of receiving a
second dose [49]. This study examined the impact of the second
dose 10 years after receiving the first dose. The study included
comparison patients who were receiving an initial dose, however
the metric of efficacy was cellular response. While cellular
Please cite this article in press as: Harvey MJ et al. Determining the optimal stra
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response has been shown to be able to predict efficacy in the zoster
vaccine [50], clinical trial or long-term observational data on the
protective effect of a second dose are not available. Levin et al.
[49] showed no significant difference in cellular response between
receiving a second dose 10 years after receiving the initial dose.
Their study was also restricted to people age 70 and older. In our
study, we assumed the booster would not have an additive effect
with any ‘‘remaining” efficacy from the first dose (as suggested
by [49]), and found a booster dose could still be optimal to receive
for women. Further, we examine the option to get a second dose
any time after the first dose. In their paper, the authors[49] call
for further research to be done on the multiple dose question to
determine the benefits of receiving the second dose. If the objec-
tive of future studies is to determine the potential benefit of the
second dose, we have shown, using a modeling study, that even
if the second dose confers no additive benefit from the first dose
there is still a chance that receiving two doses of the vaccine would
be optimal.
4.2. Policy implications

The results from this model have important policy implications.
Mainly, the MDP is important as it provides policy-makers with a
clear range of ages at which HZ vaccination would be optimal, thus
narrowing the range of the current policy while simultaneously
tegy for the herpes zoster vaccine in adults. Vaccine (2018), https://doi.org/
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Fig. 7. Probabilistic sensitivity analysis – two-dose model – WTP: $100,000. Panel
(a) shows results for women. Panel (b) shows results for men.
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accounting for the risk of deferring vaccination. This analysis also
agrees with CEAs that the vaccine is likely to provide more benefit
to women. Given the results of this analysis, putting a cap on the
recommendations at (or near) age 80 moving the starting age to
(or near) 66 would provide a more optimal vaccination policy than
the current policy. It is also evident that a second dose of the cur-
rent vaccine may be valuable to consider for women, especially for
those women who may have received their first dose at an earlier
age (50–60).

4.3. Limitations

The models were all defined to have annual periods. The choice
of annual periods accurately reflects the policy space for the vac-
cine, however shorter periods could give a more precise estimate
of vaccine durability. The STM uses a collapsed health state for
HZ; all complications occur within this HZ health state. This simple
structure allowed us to perform PSA on both the one-dose and two-
dosemodels. The uncertainty in the parameters is another potential
limitation. However, the PSA helped to examine the impact of
parameter uncertainty and show the robustness of the results.

It would be possible to use STMs to determine the most optimal
age of vaccination by comparing all possible vaccination ages
against one another for a cohort starting at age 50 - the first age
the vaccine is approved for use [10]. However to determine the
optimal strategy (i.e., when to start and stop) using STMs would
Please cite this article in press as: Harvey MJ et al. Determining the optimal stra
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require 250 different simulations (in theory) as there are a mini-
mum of 50 periods in this model (i.e., ages 50–100), each with
two actions. When expanding the problem to include a booster it
becomes apparent that solving an STM by completely solving all
possible combinations of actions would be intractable.

4.4. Conclusions

This is the first paper, to our knowledge, that uses an MDP
model to evaluate the question of multiple vaccine doses. There-
fore, the MDP and the STM should be seen as complements to
one another. The STM, commonly used in CEA, could be used pro-
vide insight as to the possible range for a policy and the MDP can
provide a means to optimize that range in an efficient manner. Fur-
ther, this paper adds a probabilistic sensitivity analysis for both the
one and two-dose questions. This is an innovative application due
to complications with probabilistic sensitivity analysis with MDPs
that could be applied to other vaccines [51]. Results indicate that
there is likely to be an upper limit to the optimal age of vaccination
for both men and women. Current ACIP recommendations are
open-ended (i.e., there is no stopping age); therefore our findings
are potentially valuable for future recommendations given that it
shows a narrower range where the vaccine is most likely to be
optimal.
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Appendix A. Vaccine parameterization

The protection of the vaccine against HZ (efficacy) was com-
prised of two parts. First, the initial vaccine efficacy (b0jHZ ). This
was defined as the efficacy from the time of the vaccination
through the first year (t ¼ ½0;1Þ); j is the age of vaccination, t is
measured in years. This initial efficacy changes by age [8]. Second,
the waning of the vaccine (VEi). Vaccine waning was assumed to
occur from the time of the vaccination through the time when
the vaccine provided no further protection, (t ¼ ½0;X�), where X is
a some random number of years in the future. We assume that
the components (initial efficacy and waning) are combined using
the form of a linear equation to create the age-specific efficacy
and waning of the vaccine (VEij). That is, the initial protection
was assumed to be the intercept (b), the waning was assumed to
be the slope (m), t was the number of years vaccinated from
½0;X�, and y was the protection of the vaccine against HZ. Note, this
does not assume that the components (initial efficacy and waning)
are strictly linear; rather these components were estimated sepa-
rately and then combined using this equation form. The minimum
value for vaccine efficacy was 0%; we assume that the vaccine will
not ever increase the incidence of HZ. Data on the initial vaccine
efficacy and waning came from clinical trial and observational data
tegy for the herpes zoster vaccine in adults. Vaccine (2018), https://doi.org/
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Table 2
b0jHZ fitted values. Rows are the age decade, columns are the age year. For example, [3,2] = 0.635 for age 71.

Age 0 1 2 3 4 5 6 7 8 9

5 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.781 0.780
6 0.779 0.776 0.771 0.765 0.757 0.746 0.733 0.718 0.701 0.681
7 0.659 0.635 0.610 0.584 0.557 0.529 0.501 0.472 0.442 0.414
8 0.384 0.355 0.327 0.298 0.269 0.240 0.211 0.182 0.153 0.124
9 0.095 0.066 0.037 0.008 0 0 0 0 0 0
10 0

Table 3
VEi fitted values.

b1 b2 b3 b4 b5

�0.20834831 0.031716085 �0.065752089 0.034499987 �0.000463984
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[8–12] and were combined using statistical methods similar to
those used in other studies [4,23]. For all analyses, we fit VEij as
the combination of two restricted cubic spline (RCS) models. Our
final models were selected using best fit statistics. The outcomes
of the two RCS models are presented in Tables 2 and 3. The general
form of the vaccine efficacy equation is shown by Eq. (6), where i is
the number of years vaccinated from ½0;X�; j is the age of vaccina-
tion from ½50;100�; g is the adjustor for the initial efficacy in sen-
sitivity analysis (base value = 0), and f is the adjustor for waning
efficacy in sensitivity analysis (base value = 1).

VEijHZ ¼ maxð0; b0jHZ þ gÞ
þb1fi

þb2fmax ði;0Þ3

þb3fmax ði� 1;0Þ3

þb4fmax ði� 2;0Þ3

þb5fmax ði� 7;0Þ3

ð6Þ

There is some data that suggests that the vaccine provides addi-
tional protection against PHN beyond the reduction in HZ inci-
dence [8]. Data were used to provide an estimate of the initial
additional protection benefit of the vaccine against PHN, where
additional protection is defined as any reduction beyond what
can be attributed to a reduction in HZ incidence. Using a synthetic
data set created from available data [8] we constructed a model for
the initial protection benefit against PHN (b0jPHN ) from t ¼ ½0;1Þ.
This construction was based on understanding of the disease, the
vaccine, and discussions with zoster vaccine experts at the US Cen-
ters for Disease Control and Prevention (CDC). There is unfortu-
nately no data on how the additional protection benefit wanes
with time. Therefore, we assume the additional protection benefit
against PHN lasts only as long as the protection against HZ inci-
dence. That is, if the vaccine is assumed to provide X years of pro-
tection against HZ, then the individual is assumed to also receive
the same number of years of extra protection against PHN. We also
assume that the additional protection wanes at the same rate as
the vaccines protection against PHN; this was accomplished using
Eq. (7). We finally assume that the vaccine provides a minimum of
Table 4
b0jPHN fitted values. Rows are the age decade, columns are the age year. For example, [2,2

Age 0 1 2 3 4

5 0.040 0.57 0.075 0.093 0.110
6 0.217 0.234 0.252 0.270 0.288
7 0.394 0.412 0.429 0.447 0.465
8 0.465 0.465 0.465 0.465 0.465
9 0.465 0.465 0.465 0.465 0.465
10 0.465
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0% extra protection against PHN. At 0% additional protection, an
individual who was vaccinated would have the same likelihood
of acquiring PHN given HZ as someone without the vaccine. The
base case additional protection benefit assuming the initial addi-
tional protection is shown in Table 4.

VEijPHN ¼ b0jPHN � VEijHZ
b0jHZ

if b0jHZ > 0

0 if b0jHZ ¼ 0

8<
: ð7Þ
Appendix B. State-transition models for MDP

B.1. STMs for one dose MDP

Data for the one dose MDP was generated from the STM; shown
in Fig. 1. This model was used to generate the lifetime costs and
QALYs for people who were either vaccinated, or who developed
a case of zoster without vaccination. Those who were vaccinated
started the model in the disease free health state. After each cycle,
the cohort had the chance to develop HZ, die, or remain disease
free. The cycle-time for the model was set to one year with a 3%
(0.97) discount rate for costs and QALYs. At age 100, the probability
of death was set to 100%. If HZ occurs, the cohort spends one cycle
with disease. Within that cycle, there is the opportunity to develop
further complications (HZ with PHN, or HZ with ocular complica-
tions), however, these complications occur within the cycle only
(as shown by Fig. 1). The costs and QALYs for the intra-HZ states
were determined by sub-models that will be presented in the fol-
lowing sections. This model structure assumption was based on HZ
without complications typically lasting for one month and the
majority of complications resolving within one year. At the end
of the HZ cycle, the cohort can transfer to disease free with a his-
tory of HZ or to death should death occur. The lifetime costs and
QALYs for HZ without vaccination was determined by using the
same STM but starting the cohort in the HZ state at some age. All
data for this STM and its sub-models comes from data presented
in Table 1 in the main paper.

B.1.1. HZ sub-model
To determine the costs and disutility due to a case of HZ a deci-

sion tree model was constructed. Model states are shown in
Fig. A.1. In this model it is assumed that every person starts with
HZ, which is differentiated by pain states. Results from the model
produced the average costs and disutility due to uncomplicated
HZ. The time horizon for this model was 1 month.
] = 0.234 for age 61.

5 6 7 8 9

0.128 0.146 0.164 0.182 0.199
0.305 0.323 0.341 0.359 0.376
0.465 0.465 0.465 0.465 0.465
0.465 0.465 0.465 0.465 0.465
0.465 0.465 0.465 0.465 0.465
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Fig. A.1. HZ sub-model structure.

Fig. A.3. Ocular complications model structure.
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B.1.2. PHN sub-model
The costs and disutility due PHN were calculated using a

Markov-like model; shown in Fig. A.2. We assumed the cohort
starts with PHN, initially characterized asmild, moderate, or severe.
The likelihood of starting in any of these three states is age depen-
dent (as PHN severity increases with age) [30]. The data for these
states are given in Table 1. The model contained a laddering struc-
ture where a person must move through all better states of PHN
before reaching the disease free state. At each cycle, a person col-
lected some disutility due to their PHN. There was no background
QOL in this model. This model produces the average disutility and
cost due of a case of PHN. Cycle time was set to 1 month.

B.1.3. Ocular complications sub-model
The costs and disutility due ocular complications were calcu-

lated using a Markov-like model; shown in Fig. A.3. In this model
every person began with an ocular complication, and had a chance
of moving to disease free after each model cycle. Unlike PHN, there
is no stratification for severity. While this is unlikely, there is lim-
ited data on the epidemiology, costs, and disutility for differing
Fig. A.2. PHN sub-model structure.
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levels of severity with ocular complications. At each cycle, the
cohort collects some disutility due to their complication. There
was no background QOL in this model. There is no background
QOL in this model. This model produces the average disutility and
cost due of an ocular complication. Cycle time was set to 1 month.

B.2. STM for booster model

Data for the two dose MDP was generated by creating a one
additional STM. The model follows the same structure as the model
presented in Fig. 1. This model was used to generate the lifetime
costs and QALYs for people who received a vaccine at some age j
and developed HZ at some age Y. Determining when HZ occurs
given the age of vaccination is important as the probability of
developing PHN increases with age as does the probability of more
severe PHN [28–34]. The probability of developing PHN given HZ
was adjusted by the age when the vaccine was originally received
j and the number of years the person had been vaccinated i. HZ was
still a transient state so the initial transition occurred within the
cycle.
Appendix C. Probabilistic sensitivity analysis

A probabilistic sensitivity analysis was conducted for the one
and two dose MDP models. To conduct this analysis, the distribu-
tions were created from discrete inputs. Using R, the STM sub-
model PSA output data was analyzed to define distributions for
the costs and QALY inputs for the STM. Best practice recommenda-
tions were followed when determining the distributions. Once all
parameters had been converted to distributions a second order
Monte Carlo PSA was run for each STM (1000 iterations). To ensure
continuity between the STMs, a priori seeded distributions were
used. To do this, distributions for the PSA analysis were created
in a separate R file; the distributions were drawn, saved, and
loaded into each of the R files for the STMs. Each saved distribution
contained 1000 values. We coded the PSA STMs to load variables
into the model by position. Therefore, PSA STM 1 would load one
set of parameter values from position 1 of the distributions loaded
into the file. This allowed all STMs use one set of distributions
across all models; this also guaranteed that values that needed to
be consistent across all models would be.

For the one dose model PSA was conducted for each age
between 50 and 100 independently. Variables in the analysis were
saved to check the continuity between the models. Each age
between 50 and 100 had 1000 data points, therefore there was
an opportunity to run 1000 different one dose MDP iterations, each
with a complete set of input data. Data was structured so that each
MDP iteration sampled the complete set of outcome data for ages
50–100, from each PSA sample (e.g., MDP iteration 1 used data
from PSA iteration 1 for ages 50–100). Each of the 1000 MDP iter-
ations produced an optimal strategy over the time horizon. Each
strategy was converted into a binary formatted vector (1 = vacci-
nate, 0 = wait), where each location in the vector corresponded to
an age (e.g., vector location 1 = age 50). The sum across each vector
location was taken and divided by the total number of iterations to
produce the probability that a particular age would be part of the
tegy for the herpes zoster vaccine in adults. Vaccine (2018), https://doi.org/
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optimal policy given a certain WTP. The two-dose PSA followed the
exact same procedure, we just also included the use of the two-
dose STM that predicted the lifetime costs and QALYs for an indi-
vidual who was vaccinated at age j and developed HZ at some
age Y. Distributions used for the PSA analysis are shown in Table 1.
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