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Background: As with many high-income countries, vaccination coverage against human papilloma virus
(HPV) infection is not high in New Zealand (NZ) at 47% in school-aged girls for three doses. We estimate
the health gains, net-cost and cost-effectiveness of the currently implemented HPV national vaccination
programme of vaccination dispersed across schools and primary care, and two alternatives: school-based
only (assumed coverage as per Australia: 73%), and mandatory school-based vaccination but with opt-
out permitted (coverage 93%). We also generate estimates by social group (sex, ethnic and deprivation
group).

Methods: A Markov macro-simulation model was developed for 12-year-old girls and boys in 2011, with
future health states of: cervical cancer, pre-cancer (CIN I-III), genital warts, and three other HPV-related
cancers (oropharyngeal, anal, vulvar cancer). In each state health sector costs, including additional health
sector costs from extra life, and quality-adjusted life years (QALYs) were accumulated.

Results: The current HPV vaccination programme has an estimated cost-effectiveness of NZ$18,800/QALY
gained (about US$9700/QALY gained using the OECD’s purchasing power parities; 95% UIl: US$6900 to
$33,700) compared to the status quo in NZ prior to 2008 (no vaccination, screening alone). The incre-
mental cost-effectiveness ratio (ICER) of an intensive school-based only programme of girls, compared to
the current situation, was US$33,000/QALY gained. Mandatory vaccination appeared least cost-effective
(ICER compared to school-based of US$117,000/QALY gained, but with wide 95% uncertainty limits from
$56,000 to $220,000). All interventions generated more QALYs per 12-year-old for Maori (indigenous
population) and people living in deprived areas (range 5-25% greater QALYs gained).

Interpretation: A more intensive school-only vaccination programme seems warranted. Reductions in
vaccine price will greatly improve cost-effectiveness of all options, possibly making a law for manda-
tory vaccination optimal from a health sector perspective. All interventions could reduce ethnic and
socioeconomic disparities in HPV-related disease.
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1. Introduction

There is widespread acceptance that human papilloma virus
(HPV) vaccination of adolescent girls, regardless of setting, is cost-
effective [1,2]. Existing economic evaluations of HPV vaccination
have addressed issues such as bivalent versus quadrivalent vac-
cines [2], inclusion of multiple future diseases (e.g., cancers other
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than cervical cancer, anogenital warts and cervical intraepithelial
neoplasia states) [2,3], cross-protection [4], the marginal impact of
vaccinating boys [2], and interacting effects with cervical screening
programmes [5-7]. This paper presents disease modelling and eco-
nomic evaluation of a quadrivalent vaccine using a multiple disease
model for New Zealand, with a particular focus on two issues not yet
well addressed internationally: (i) variation in health gains, costs
and cost-effectiveness by socioeconomic and ethnic groups, and
hence quantifying the impact of HPV vaccination on health inequal-
ities; and (ii) examination of the incremental cost-effectiveness of
interventions to increase vaccine coverage of girls, including a law
for mandatory immunization (with opt-out permitted).
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Disease sequelae of HPV infection contribute to health inequal-
ities. Between countries, there are higher rates of cervical cancer in
low income countries. Projected increased HPV vaccination glob-
ally from 2011 to 2020 has been estimated to be capable of averting
half a million future deaths, or 15.1 deaths per 1000 girls vacci-
nated [8], which will inevitably contribute to reducing between
country cervical cancer inequalities. Within countries, cervical can-
cer rates [9-12] and other HPV-associated cancer rates are higher
among lower socioeconomic, and minority and indigenous popu-
lations [13,14]. Accordingly, HPV vaccination should - so long as
vaccine coverage is not lower among socially disadvantaged popu-
lations - lead to future reductions in health inequalities. Some
modelling of the impact on HPV prevalence in social groups when
either or both the vaccine coverage and the number of lifetime
sexual partners vary has been undertaken [15]. But to our knowl-
edge there has not previously been modelling which includes
actual data on social group differences in baseline epidemiological
parameters (e.g., cancer rates) taken through to quantified health
gains (mortality and morbidity) and cost-effectiveness by social
group.

In New Zealand there are also social inequalities in HPV-related
disease [12], but at least the HPV vaccination uptake to date appears
to be somewhat higher among Maori (indigenous) and Pacific
peoples (compared to other New Zealanders), and so might be
modestly contributing in closing health gaps [16]. But it is ideal
to explore the potential for health inequalities reduction further
by considering a wider range of vaccination scenarios and also the
cost-effectiveness of vaccination by social group.

Many countries have struggled to obtain high HPV vaccination
coverage. Herd immunity will reduce the marginal impact for fur-
ther increases in vaccination coverage - especially for HPV 6/11
caused disease (i.e., largely anogenital warts) which appears to have
more marked herd immunity than HPV 16/18 caused disease (pri-
marily cancers)[17]. Most economic evaluations have assumed that
the incremental cost of increasing vaccination coverage is simply
that due to increased use of vaccine and delivery costs. However,
increasing vaccination coverage may require a restructuring of cur-
rent programmes or more intensive effort at the margin, both
carrying costs; although prior modelling studies have suggested
that this can be a cost-effective investment [18]. In New Zealand,
a national girls’ HPV vaccination programme began in 2008 with
a catch-up phase (older adolescent girls), followed since by rou-
tine vaccination of 12-year-old girls either in school or through
primary care providers. Achieved coverage is 47% for the third dose
(Unpublished data for 2011 from the National Immunization Reg-
ister), although higher coverage of 56% has been achieved for Maori
(indigenous population) and Pacific peoples [16]. Possible reasons
for low coverage are that the programme is not exclusively school-
based (as in Australia, where coverage is 73%) [19], and that HPV
immunization is free for females up to their 20th birthday, suggest-
ing that ‘choice’ in provider and timing can also result in failure to
be vaccinated.

The purpose of this study was to assess the health impact
(quality-adjusted life years gained [QALY]), cost (health system
perspective) and cost-effectiveness for three interventions: (1) the
2008 ‘as implemented’ HPV vaccination programme of girls only in
New Zealand; (2) modification to ‘as implemented’ to be a school-
only programme as per Australia; (3) added inclusion of a new
mandatory law requiring active opting-out of vaccination (as per
some US states). All three interventions are compared to a baseline
of no vaccination programme (i.e., business as usual pre-2008), as
well as to each other. Due to existing social inequalities in HPV-
related cancers and HPV infection rates and the rich availability
of data in New Zealand by social group, different impacts (or het-
erogeneity) by ethnicity and socioeconomic deprivation was also a
specific focus. Included in the evaluations are the spill-over effects

for males and unvaccinated females (i.e., herd immunity leading to
less HPV infection among these groups) and multiple disease and
health state outcomes (e.g., anal cancers, cervical cancer, cervical
neoplasia and anogenital warts). Scenario or sensitivity analyses
about a range of variables are included, most importantly vaccine
price, lesser herd immunity benefits in the first vaccinated cohort
and the discount rate.

2. Methods
2.1. Perspective and general approach

Study methods followed the Burden of Disease Epidemiology,
Equity and Cost-Effectiveness Programme (BODE3) Protocol [20].
Briefly, a health system perspective was used, and so the vari-
ous costs and consequences beyond the health system were out
of scope (e.g., productivity costs). The eligible vaccination popula-
tion was 12-year-old girls in 2011. This cohort, and the equivalent
cohort of boys, was modelled through to death or age 110 years.
HPV vaccination was modelled as contributing to the prevention of
cervical cancer, a range of other cancers (oropharyngeal, anal, vul-
var; vaginal and penile were not included as they contribute only
2-3% of HPV16/18-related cancer burden), cervical intraepithelial
neoplasia (CIN I and CIN II/III) and anogenital warts. As much of the
recurrent respiratory papillomatosis (RRP) burden is through verti-
cal transmission to children, and the data on its incidence, severity,
morbidity, mortality and health services utilization in New Zealand
is sparse, we could not include it in the model. A 3% discount rate
was applied to costs and QALYs gained, and unrelated health system
costs were included (i.e., average expected costs to health system
by sex and age).

2.2. Core model structure

The core model was a Markov macro-simulation model, with
annual cycles (Fig. 1). The population of 12-year-olds in 2011 com-
menced in a disease-free ‘healthy state’ and were followed for 98
cycles, until the residual cohort members reached age 110. The
model structure was such that individuals could only have one
disease condition at one time. Neither did we allow for different
cancer rates based on previous CIN status. Disadvantages of our
approach include that we may slightly misestimate costs and util-
ities (but given most states are rare these will be inconsequential
compared with other uncertainties such as health-related quality
of life for CIN states), and also that we could not extend our model
to evaluate additional interventions (e.g., modifications to cervical
screening programmes). The advantages include simplicity, parsi-
mony to answer our research questions regarding HPV vaccination
and ethnic and socioeconomic heterogeneity, and adherence to the
available data (e.g., detailed data by socio-demographics of inci-
dence and survival).

For equity analyses, we stratified the New Zealand 12-year-old
population by sex, ethnicity (Maori, non-Maori) and area-based
socioeconomic deprivation tertile, giving 12 discrete cohort popu-
lations.

2.3. Quality-adjusted life years

The QALY metric captures both years of life lost from premature
death, and loss of quality of life through morbidity. QALYs use many
different health status valuation methods (e.g., EuroQol (EQ5D) and
Health Utilities Index questionnaire); we used disability weights
(DW)onascale from O(full health)to 1.0 (death)applied to the non-
fatal health state in question (Supplementary Table 1). Expected
population morbidity due to other diseases and injury was allowed
for by using the average ethnic and age-specific prevalent years of
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r, = rates of all-cause mortality from population lifetables, by sex, age, ethnicity (Maori, non-Maori) and area deprivation (approximate tertiles), and projected to future. Source: [32]

ry = excess mortality rates of death from cancer i, by sex, age, ethnicity and deprivation, and by time since diagnosis. Source: [21] and see Supplementary Table 1.

ry = incidence rates for cancer i, by sex, age, ethnicity and deprivation. Source: [33]

r4 = incidence rates for morbidity states j, by sex and age (and ethnicity for CIN I, CIN II/1ll and anogenital warts). Source: see Supplementary Table 1 and Appendix.

Fig. 1. Stylized Markov model for HPV-related disease states [32,33].

life lived in disability (YLD) from the New Zealand Burden of Disease
Study [20], limiting the maximum health gain with increasing age.
For example, a Maori woman aged 60-64 has an expected YLD of
0.288, meaning a year of life gained in this population group has
a maximum value of 0.712. We formally use the term QALYPW in
Sections 2 and 3 to denote the use of DWs and expected YLDs in
estimation, but shorten it to QALY in Section 4.

2.4. Model input parameters

Input parameters are shown in Supplementary Table 1. Can-
cer incidence rates were those predicted for 2011 (and beyond
to 2026 for cervical and oropharyngeal) based on regressions on
New Zealand Cancer Registry data. Cancer excess mortality rates by
time since diagnosis were modelled for 1994-2008 national cancer
registrations, followed up to December 2010 for deaths [21]. Inci-
dence rates for other states were obtained from various sources,
and likewise the proportion due to HPV 16/18 or 6/11. Australian
burden of disease models were used to allocate durations for each
cancer in diagnosis and treatment, remission, pre-terminal and ter-
minal states, with attendant DWs sourced from the Global Burden
of Disease 2010 study [22], with modification to the New Zealand
distribution of cancers [20]. For the cancer states in the Markov
model, a survivor is in this state for 5 years accumulating QALYsPW,
then returns to the healthy state. There is considerable variation
and uncertainty in the international literature of (dis)utilities to
assign CIN and anogenital warts states. Our assumptions, and there-
fore generous specification of uncertainty about these DWs (i.e., 1
minus the utility weight), are described in Supplementary Table 1
and Appendix.

2.5. Health system costs

Just as QALYsPW are awarded to each individual as they travel
through states, so are health system costs. For the healthy and can-
cer states, we used the New Zealand Ministry of Health’s Health
Tracker. This is a collection of datasets from administrative health

data collections, including hospitalizations, mortality, cancer regis-
trations, mental health and addiction service use, pharmaceutical
and laboratory claims, primary health care enrolment, and out-
patient/emergency department visits for the entire New Zealand
population with costs attached as described elsewhere [20]. Thus,
we assigned health system costs by sex and single year of age to
the healthy state (i.e., the simple average of all health system use
and attendant cost for each sex by age group, as estimated in 2012;
we assumed real costs to be the same in the future). Using these
data, the additional costs for cancer patients at different stages
of their care (diagnosis, remission, terminal) were estimated. The
costs for the other states in the model were estimated relying on
other New Zealand-based data. Examples of the health system costs
in 2011 are shown for selected age groups in Supplementary Table
2 (and detailed in Appendix). All costs were represented in 2011
New Zealand dollars.

2.6. Intervention effectiveness: vaccination coverage and future
reduction in HPV prevalence

The vaccination coverage levels for the various scenarios are
detailed in Table 1. The rationale for the vaccine coverage achieved
with interventions 2 (73%) and 3 (93%) are given in Appendix; vac-
cine coverage for Intervention 1 is that observed as of 2011 in New
Zealand. To determine the total impact of vaccination on future
reduction in risk of HPV infection (both direct effect of vaccination
and herd immunity effects for females, and herd immunity effects
only for males), a meta-regression approach of Brisson et al.’s
(2011) existing infectious disease model was used, with vaccine
efficacy of 99% and vaccine duration of 20 years, at vaccine cover-
age levels of 30%, 50%, 70% and 90% [17]. The method is described
in the Appendix, and distributions of the long-run HPV prevalence
reduction are shown in Table 1 for the central estimate of vaccine
coverage for each intervention. Summarizing to this point, for each
intervention a random draw from the estimated vaccine coverage
distribution was made (e.g., for intervention 2 from a Beta distribu-
tion with alpha=56.8 and beta=21.0), and then this value was used



Table 1

Intervention parameters: vaccination coverage, reduction in future HPV prevalence and intervention costs.

Interventions Vaccination Beta distribution Reduction in HPV infection for central estimate of vaccination Vaccination costs (NZ$;
coverage for vaccination coverage only (i.e., 56%/45%, 73% and 93%, respectively, for the three incurred in 2012 only, only for
coverage intervention scenarios) (95% uncertainty interval) girl recipients; SD as % of
expected valued used for
Gamma distribution)
Females Males
HPV6/11 HPV16/18 HPV6/11 HPV16/18
Intervention 1: Maori: 56%, Alpha=344, Maori: 75% Maori: 49% Maori: 75% Maori: 47% Scenario A: $760 (10%)
Programme as per assumed SD=2% beta=271 (57-83%) (41-59%) (56-83%) (41-53%) [($113+$141)x 3]
NZin 2011
Non-Maori: 45%, Alpha=278, beta Non-Maori: 67% Non-Maori: 41% Non-Maori: 66% Non-Maori: 37% Scenario B: $395 (10%)
assumed SD=2% =340 (48-76%) (33-50%) (47-74%) (32-43%) [($113+$19) x 3]
Intervention 2: 73% (no variation Alpha=56.8, 81% (67-88%) 63% (53-73%) 81% (65-88%) 61% (53-67%) Scenario A: $716 (10%)
Enhanced uptake as by ethnicity or beta=21.0 [($113+$126) x 3]
per Australia with deprivation level; Scenario B: $395 (10%) [see
school-only delivery assumed SD = 5%) Intervention 1]
Intervention 3: 93% (no variation Alpha=66.3,beta=5.0 83% (77-89%) 77% (63-87%) 83% (77-89%) 73% (65-81%) Scenario A: $716 (10%) [see
Mandated (with by ethnicity or Intervention 2]
opt-out permitted) at deprivation level; Scenario B: $395 (10%) [see
school assumed SD =3%) Intervention 1 and 2]

Cost of a new law (pro rata per
12-year-old in the population,?
3% discount rate and 10-year
annuitization period): $7.36
(25%)

Scenario A=Top-down costing. Scenario B=bottom up costing (see Section 2 and Appendix).
2 Note that the cost of a new law is a fixed total cost which is independent of vaccine coverage (unlike other costs in this column).
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to generate a random draw of long-run HPV prevalence reduction
(using equations described in Appendix).

This prevalence reduction was then multiplied by the percent-
age of cancer/disease due to HPV 6/11 or 16/18 (Supplementary
Table 1), and then the disease incidence into the future reduced
by this amount. These disease reductions will take some years to
be realized after the introduction of HPV vaccination (see graphs in
[17]), due to HPV circulation in older age cohorts and the long devel-
opment time between infection and cancer. Thus our assumptions
are more consistent with HPV vaccination in a future ‘steady state’.
However, even for the first vaccinated cohort herd immunity effects
would be occurring: unvaccinated girls would still benefit from
herd immunity effects from vaccinated girls in their age-cohort
and younger cohorts and to an extent in older cohorts included
in the catch-up programme (females up to 9 years older); boys
would still benefit from lower risk sexual contact with vaccinated
girls and emerging herd immunity more generally; given maxi-
mum sexual activity of the first cohort of 12-year olds probably
occurs in the 5-20 years after they have been offered vaccina-
tion, there is ‘time’ for much of the herd immunity to emerge.
Nevertheless, our method probably overestimated the benefits for
the initial cohort, so we present ‘no herd immunity’ and ‘low
herd immunity’ scenarios in Table 4 (details in footnotes to this
table).

2.7. Intervention cost

The overall costs of each vaccination intervention are shown in
the final column of Table 1, and detailed in Appendix. Briefly, the
vaccination costs were calculated per fully vaccinated girl, which
was in accordance with the vaccination schedule of three doses.
The vaccine cost-per-dose was $113 based on the annual vaccine
cost paid by the Ministry of Health. The delivery and administra-
tion costs of the three main interventions were $141 or $126 per
dose depending on whether the vaccination was delivered through
schools and primary care settings (Intervention 1) or schools only
(Interventions 2 and 3), respectively. The third intervention also
included the cost of enacting a new immunization law based on
the average cost of new act in New Zealand [23]. We annuitized
this cost of a law over 10 years (scenario analyses for 5 and 20
years also shown), and distributed it evenly across all girls and
boys. In addition, separate scenario analyses (Scenario B in Table 1)
were conducted involving alternative bottom-up costing estimates
derived from information from a vaccination programme organizer
in the Wellington Region and the GAVI vaccine purchase price
resulting in delivery and administration cost of $19 per dose. More
detailed information on deriving the costs by intervention is pro-
vided in Appendix.

2.8. Markov modelling and cost-effectiveness analyses

Monte Carlo simulation of 2000 iterations was run based on
the Markov macro-simulation model for the HPV related disease
states (Fig. 1). QALYsPW gained, net cost and incremental cost-
effectiveness ratios (ICER) were calculated for each iteration to
give the ‘total population’ results. Likewise, average values were
calculated for ‘Maori only’ and other population groups of inter-
est. Within each of the 2000 iterations the comparator and three
intervention arms were run using the same random draw from
the uncertainty intervals about all input parameters in Supplemen-
tary Table 1. (In additional modelling (Supplementary Table 5) we
set a correlation of 1.0 between the long-run reductions in HPV
prevalence between the three intervention arms. The uncertainty
in both QALYsPW gained and costs reduced modestly, meaning
uncertainty about the ICER changed little, except Intervention 3
compared to 2 where marginal changes are small and the ICER

unstable (see Supplementary Table 5).) Net monetary benefit and
cost-effectiveness acceptability were determined including param-
eter uncertainty. Scenario analyses were based on the expected
values only excluding parameter uncertainty. One-way sensitiv-
ity analyses were conducted using the 2.5th and 97.5th percentile
values for input parameters, with all other parameters at their
expected value, and presented with tornado plots. Analyses were
undertaken in TreeAge Pro 2012 and Microsoft Excel.

3. Results

Total costs and QALYsPW gained in the remainder of their lives
for all 58,582 12-year-olds (girls and boys combined) in New
Zealand in 2011 for Interventions 1-3 are shown in Table 2. Com-
pared to no HPV vaccination, the current programme (Intervention
1) has an estimated additional net cost of NZ$4.65 million (95%
uncertainty interval [Ul] $2.44-6.97 million). This net cost is less
than the actual cost of the intervention ($10.33 million), due to off-
setting from health system costs averted in the future by preventing
HPV-related disease. A total of 266 (95%UI: 164-413) QALYsPW
were gained from the current programme, with anticipated reduc-
tions in anogenital warts contributing 45% of the QALYsPW gained
for females, and 67% for males (Supplementary Table 3). Cervical
(33% females), oropharyngeal (6% females and 24% males) and anal
cancers (6% and 10%) were the next major contributors. The ICER
for Intervention 1 (compared to no HPV vaccination) was $18,800
per QALYPW gained ($7300-35,400).

Regarding Intervention 2 (73% coverage in a school-based pro-
gramme), there were diminishing marginal QALYsPW gained due
to proportionately less herd immunity effects (especially for HPV
6/11) compared to Intervention 1. Specifically, total QALYsPW
increased from 266 to 348 (24% increase) (Table 2). The mandated
immunization law (Intervention 3; 93% coverage) led to a further
increase in QALYsPW to 382 (9% increase). Percentage increases in
net costs across interventions were more marked, increasing 31%
from Intervention 1 to 2 and 24% to Intervention 3.

The plots of all 2000 simulations for each intervention compared
to no HPV vaccination are shown as a cost-effectiveness plane in
Fig. 2. Also shown in Fig. 2 as bold lines is the cost-effectiveness
frontier, connecting the points of mean cost by QALYsPW gained.
The slope of each segment is the ICER, respectively, for Interven-
tion 1 compared to no HPV vaccination, Intervention 2 compared to
1 ($34,700 per additional QALYPW gained; Table 2), and Interven-
tion 3 compared to 2 ($122,500 per additional QALYPW gained).
Whilst there is considerable overlap in the three clouds of net cost
by QALYsPW gained, the uncertainty about the ICER is less than
this visual image suggests as there are actually 2000 separate fron-
tiers (and hence ICERs) that can be formed by connecting up the
dots from the same iterations (i.e., 2000 different random draws of
parameter uncertainty). For Intervention 3 compared to 2, the 95%
Ul is $58,800-230,600. However, for Intervention 2 compared to 1,
more than 2.5% of the incremental costs are negative (i.e., net cost
saving) rendering the 2.5th percentile of the ICER ‘dominant’.

To decipher the optimal intervention in cost-effectiveness
terms, it is useful to examine the cost-effectiveness acceptability
curves as shown in Fig. 3. This curve is constructed by calculating
the probability that any of the three interventions (or having no
HPV vaccination programme) is the optimal choice across all 2000
simulations, for selected values of a governmental willingness-to-
pay (x-axis; $1000 increments of cost per one QALYPW gained). Up
to awillingness-to-pay of about $17,000/QALYPW gained, having no
vaccination programme is the optimal choice. Between $17,000 and
$30,000 Intervention 1 is optimal, between $30,000 and $115,000
Intervention 2, and only above $115,000/QALYPW gained would
Intervention 3 be optimal.
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Costs, QALYsPW and ICERs (95% uncertainty intervals) for all 12-year-olds in New Zealand in 2011, for the three interventions each compared to no vaccination programme

and for incremental comparisons.

Each intervention compared to no HPV vaccination

Incremental comparisons

Intervention 1: Intervention 2:

Intervention 3: Intervention 2 c.f. Intervention 3 c.f.

replicating the NZ intensive mandated, Intervention 1 Intervention 2
programme in programme, immunization law
2011 school-based
Cost of intervention (NZ$; 1000s) $10,333 $14,885 $19,392 $4552 $4507
($8275-12,587) ($11,706-18,532) ($15,763-23,340) ($557-870) ($2221-6970)
Net cost (NZ$; 1000s) $4650 $7423 $11,207 $2773 $3784
($2443-6973) ($4114-10,943) ($7227-15,179) (dominant-$6626) ($1980-5814)
QALYsPW gained 266 348 382 82 35
(164-413) (224-527) (246-573) (47-128) (12-71)
ICER $18,800 $22,600 $31,000 $34,700 $122,500

($7300-35,400) ($9800-40,200)

($15,400-$52,000) (dominant-$88,100) ($58,800-230,600)

ICERs rounded to nearest 100. Discount rate 3%.

3.1. Heterogeneity and equity analyses around ethnicity

Table 3 shows how the expected QALYsPW gained, net cost
and ICER per 12-year-old vary by sex, ethnicity and deprivation.
Note that these analyses do not involve Monte Carlo simulation or
parameter uncertainty, and accordingly the sum of these expected
values for individuals do not (quite) match the total population
results in Table 2.

About 75% of the total QALYsPW gained was for females.
Regarding differences by ethnicity and deprivation, all three inter-
ventions appear pro-equity in that there were greater health gains
for Maori and those living in the most deprived areas (tertile 3)
compared to no HPV vaccination programme. For example, Maori
had 26% greater QALYsPW gained per person for Intervention 1 than
non-Maori (0.0053 and 0.0042, respectively). This larger Maori gain
was partly a function of the higher vaccine coverage for Maori in
Intervention 1, but there was still an approximately 10% greater
QALYsPW gained per Maori for Interventions 2 and 3, which had
equal vaccination coverage across ethnicities. The greater QALYsPW
gained from Interventions 2 and 3 arise from higher background
burden of HPV-related disease among Maori (e.g., cervical cancer
has both higher incidence and worse survival for Maori). To explore

this further, we conducted a Maori ‘equity analysis’ (also in Table 3)
by recalculating the Maori QALYsPW using non-Maori mortality and
morbidity rates, because the higher background mortality and mor-
bidity rates for Maori meant that in the baseline analysis a life saved
for Maori is weighted less compared to a life saved for non-Maori.
We found an approximately 20% increase in QALYsPW gained and
commensurate favourable reductions in the ICER. The increased
QALYsPW gained for the most deprived population (tertile 3) com-
pared to the least deprived (tertile 1) were less pronounced than
differences across ethnic groups. The pattern of net costs tend to
follow those for QALYsPW gained, thus the ICERs do not vary greatly
by ethnicity or deprivation - although the ICERs for Maori are lower
than for the total population.

3.2. Uncertainty analyses

Fig. 4 shows the impact on the ICER for univariate sensitivity
analyses using the 2.5th and 97.5th percentile values from the
uncertainty distribution for each input parameter, with all other
input parameters held at their expected value. For all three incre-
mental comparisons, uncertainty in the vaccination cost results in
large variation in the ICER. Uncertainty in future cervical cancer
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Fig. 2. Cost-effectiveness plane for the three HPV vaccination programmes compared to no HPV vaccination (bold black lines join average values).
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Fig. 3. Multiple cost-effectiveness acceptability curves for the three HPV vaccination programmes and no HPV vaccination from our ‘best’ model.

incidence, DW for genital warts, and incidence rate of genital warts
also resulted in notable variation in the ICERs. Still, the variation in
ICERs for these univariate sensitivities was considerably less than
the variation in ICERs reported in the scenario analyses below.

Table 3

3.3. Scenario analyses

Model outputs were clearly sensitive to differing assumptions.
The net costs were very sensitive to vaccination programme costs
and vaccine price (Table 4). For example, halving the vaccine price -
a plausible expectation in the short-term future - shifted all ICERs
to be less than $19,000/QALYPW gained, except for Intervention

Sub-population heterogeneity within our ‘best’ model: incremental costs, QALYsPW and ICER per 12-year-old (expected value analysis).

No HPV Each intervention compared to no HPV vaccination Incremental comparisons
vaccination
(baseline)
Intervention 1: Intervention 2: Intervention 3: Intervention 2 c.f. Intervention 3 c.f.
replicating the NZ intensive mandated, Intervention 1 Intervention 2
programme in programme, immunization law
2011 school-based
Net cost (NZ$)
Total population $43,807 $81 $128 $193 $47 $65
Maori $41,166 $98 $126 $190 $28 $64
Maori: equity analysis® $44,286 $98 $126 $190 $27 $64
Non-Maori $44,621 $76 $129 $194 $53 $65
Least deprived tertile $45,103 $82 $135 $200 $53 $65
Most deprived tertile $42,336 $88 $132 $197 $44 $65
QALYsPW gained
Total population 26.2830 0.0045 0.0059 0.0065 0.0014 0.0006
Maori 24.7895 0.0053 0.0064 0.0070 0.0010 0.0006
Maori: equity analysis® 26.6423 0.0068 0.0080 0.0089 0.0013 0.0008
Non-Maori 26.7432 0.0042 0.0057 0.0063 0.0015 0.0006
Least deprived tertile 26.7357 0.0041 0.0055 0.0060 0.0014 0.0005
Most deprived tertile 25.7543 0.0045 0.0058 0.0064 0.0013 0.0006
Males? 26.3533 0.0024 0.0032 0.0036 0.0007 0.0004
Females® 26.2092 0.0067 0.0087 0.0095 0.0021 0.0008
ICER
Total population $18,000 $21,800 $29,800 $33,700 $111,500
Maori $18,400 $19,800 $27,100 $27,100 $98,800
Maori: equity analysis® $14,500 $15,600 $21,400 $21,400 $77,200
Non-Maori $17,900 $22,400 $30,700 $35,100 $116,100
Least deprived tertile $19,900 $24,600 $33,400 $39,000 $126,100
Most deprived tertile $19,500 $22,700 $30,800 $33,900 $111,300

All costs and ICERs rounded to nearest 100.

2 QALYsPW only are shown by sex. Calculating cost and ICERs by sex is somewhat artificial given that there is no vaccination cost attributed to males.
b As Maori have higher background mortality rates and higher morbidity, this essentially ‘penalizes’ health gain for Maori in the analyses. So we present an equity analysis

with non-Maori morbidity and mortality rates applied to Maori.



Table 4

Scenario analyses (expected value analysis; costs and QALYsP" gained per 12-year-old in 2011).

Output Compared to no HPV vaccination Incremental comparisons
Intervention 1: Intervention 2: intensive Intervention 3: Intervention 2 c.f. Intervention 3 c.f.
replicating the NZ programme, mandated, Intervention 1 Intervention 2
programme in 2011 school-based immunization law
‘Best’ model from Table 3, but for expected value only analysis Net cost (NZ$) $81 $128 $193 $47 $65
QALYsPY gained 0.0045 0.0059 0.0065 0.0014 0.0006
ICER $18,000 $21,800 $29,800 $33,700 $111,500
Scenario analyses
Low delivery/administration cost (bottom-up estimate — g,itl_f(zsl’w [;azii)ed g;‘é‘ts g](;lOSQ ﬁ‘gOGS 3108014 3303006
scenario B) ICER $-800 $2300 $7300 $12,600 $57,400
. . . . Net cost (NZ$ $42 $68 $116 $26 $48
Vaccine price halved (effective negotiating by QALYSDW( gain)ed 0.0045 0.0059 0.0065 0.0014 0.0006
government/purchaser) ICER $9200 $11,500 $17,9400 $18,900 $83,000
. . ) Net cost (NZ$) $8 $16 $50 $8 $34
Very low vaccine price ($7.46), equivalent to the GAVI QALYsPY gained 0.0045 0.0059 0.0065 0.0014 0.0006
price of SUSS - scenario C) ICER $1700 $2700 $7700 $6000 $58,500
Net cost (NZS) $-28 $-24 $23 $5 $46
Discount rate 0% QALYsPY gained 0.0136 0.0187 0.0207 0.0051 0.0020
ICER Dominant Dominant $1100 $900 $22,800
Net cost (NZ$) $123 $186 $258 $63 $72
Discount rate 6% (double baseline) QALYsPY gained 0.0024 0.0031 0.0034 0.0007 0.0003
ICER $50,400 $59,900 $76,200 $95,800 $257,000
Net cost (NZ$) $73 $116 $179 $44 $63
Excluding unrelated health system costs® QALYsPW gained 0.0045 0.0059 0.0065 0.0014 0.0006
ICER $16,200 $19,700 $27,700 $31,200 $109,100
N . . S Net cost (NZ$) $81 $128 $193 $47 $65
ﬁ’g}t‘iﬁ:f:ﬁ:;i‘gs (i.e, no morbidity impacts of QALYsPW gained 0.0011 0.0016 0.0018 0.0006 0.0002
ICER $74,800 $78,400 $105, $85,400 $322,900
. - . Net cost (NZ$) $81 $128 $193 $47 $65
Excluding both background morbidity and disease DWs Life yrs gained 0.0016 0.0023 0.0026 0.0008 0.0003
(i.e., life years gained analysis, ignoring morbidity) ICER $52.000 $55.400 §74.300 $62.500 $231.300
Net cost (NZ$) $200 $71
Set annuitization period for cost of law to 5 years QALYsPY gained n.a. n.a. 0.0065 n.a. 0.0006
ICER $31,000 $127,000
Net cost (NZ$) $190 $62
Set annuitization period for cost of law to 20 years QALYsPWgained na. na. 0.0065 n.a. 0.0006
ICER $29,500 $110,000
Net cost (NZ$) $116 $168 $230 $52 $62
Initial cohort - assume no herd immunity* QALYsPW gained 0.0028 0.0041 0.0046 0.0013 0.0006
ICER $41,500 $41,300 $49,600 $40,700 $110,000
Net cost (NZ$) $99 $146 $202 $47 $56
Initial cohort - assume low herd immunity? QALYsPW gained 0.0037 0.0051 0.0059 0.0014 0.0009
ICER $27,000 $28,700 $34,000 $32,800 $65,400

Note: All ICERs below $100,000 rounded to the nearest $100. All ICERs above $100,000 rounded to the nearest $1000.

2 That is ignoring the health costs from diseases other than those specifically modelled, which increase net costs as living longer is associated with costs from (other) future disease and disability.

b That is, the DWs for cancers, CIN and anogenital warts states are all set to zero - but the background morbidity is retained. The health gain realized from HPV vaccination is therefore only from preventing premature death

from cancer.

¢ For the first cohort vaccinated, they will not enjoy the full herd immunity benefits of the future steady state (i.e., once vaccination in place for 10 or more years). In this ‘most pessimistic’ scenario, we ‘turn off’ all future
reduction in HPV-related disease for males and set future HPV-related disease reduction for females to a minimum of the vaccine coverage or central estimate used in main analyses. (Occasionally the estimated reduction in HPV
prevalence is less than vaccine coverage due to less than perfect vaccine efficacy and attenuation of effect after 20 years).

d As per above scenario, but now assuming half the herd immunity benefits for the first vaccinated cohort (i.e., males get half of the reduction in future HPV-related disease that is estimated in the main or ‘best’ model, and
females get a value half way between the vaccine coverage and that estimated in the main model. For example, for girls only vaccination of 73%, the ‘best’ estimate of future reduction in HPV 6/11-related disease is 81% (Table 1),

so we assign 77% (=73%+0.5 [81-73%]).
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scenarios that shifted all ICERs to be about $50,000 or higher were
those that excluded the morbidity impacts of HPV-related disease
(i.e., setting disease DWs to zero). That is, on a life years gained basis

a): Intervention 1 (replicating the NZ situation in 2011) vs
Comparator

$5,000 $10,000 $15,000 $20,000 $25,000 $30,000

Genital warts DW T s HPV vaccination is much less cost effective, highlighting the sen-
accatibnicost Ii_ sitivity to how quality of life of common states such as anogenital
-programme 1 g ) A ) A
) . \ warts is quantified - also reflected in the above univariate uncer-
Genital warts incidence rate . . .
convical inci . ?ZI tainty analyses for the anogenital warts DW (Fig. 4).
ervical cancer incidence rate . . .
' Excluding unrelated health system costs (i.e., the costs incurred
# oforophanyngeal cancer diie 10 HFY il in the future due to people not dying of HPV-related diseases) made
Oropharyngeal cancer incidence rate L= —— no meaningful difference to any of the results. Two-way scenario
Analcancerincidence rate LN .9'7 ssie analyses of the discount rate and vaccination cost or vaccine price
% of cervical cancer due to HPV ] ’ are shown in Supplementary Table 4.
Genital warts cost ] Finally, scenario analyses about low herd immunity (that would
Coverage for programme 1 m be the case for the initial 12-year-old cohort vaccinated; see Sec-
9% of anal cancer due to HPV O tion 2) find less health gains and higher net costs (due to less
Vil s inaienca Tt il future prevented disease), such that the ICER for lntgrvention 1
% of valvar cancer due to HPV 0 was $27.OOO/QALY.DW gamed.. The ICER for Intervention 2 com-
pared to Intervention 1 was little changed from the ‘best’ model
% of warts due to HPV 0

and the ICER for Intervention 3 compared to Intervention 2 was
now considerably less, at $65,400/QALYPW gained (due to more
incremental health gain at higher vaccination coverage due to less
herd immunity). A scenario analysis about no herd immunity (bio-
logically implausible in our view and inconsistent with emerging
data from other countries, for example Australia which shows a
reduction in genital warts in males after the commencement of

b): Intervention 2 (school-based intensive programme) vs
Intervention 1 (replicating the NZ situation in 2011)
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Fig.4. Tornado plots for one-way sensitivity analyses of the ICER, for the three inter-
ventions. DW, disability weight; CIN, cervical intraepithelial neoplasia; HPV, human
papilloma virus infection. Vaccination cost includes vaccine price and administra-
tion/delivery cost. New Zealand GDP per capita (NZ$40,000) may be used as a rough
rule of thumb of the society’s willingness to pay per QALY gained.

3 compared to 2 ($83,00/QALYPW gained). As expected, using the
even lower GAVI price for the vaccine improved cost-effectiveness
(lower ICERs). A 0% discount rate made Interventions 1 and 2 cost
saving. Conversely, doubling the baseline discount rate (to 6%)
shifted all ICERs to be above $50,000/QALYPW gained. The other

4.1. Main findings and interpretation

Using the best data we could assemble for the current and
projected situation in New Zealand, and noting our structural
assumptions (e.g., model structure and disease shown in Fig. 1;
and utilization of other simulation model outputs [17] to capture
herd immunity), we conclude that the current HPV vaccina-
tion programme in New Zealand has a cost-effectiveness of
NZ$18,800/QALY gained (about US$9700/QALY gained using the
OECD’s PPP; 95% UI: NZ$7200 to NZ$33,400). We also conclude that
the incremental cost-effectiveness of an intensive school-based
only programme in New Zealand that achieves 73% vaccine cov-
erage of girls, compared to the current vaccination programme
dispersed across schools and primary care (that achieves 56%
coverage for Maori and 45% for non-Maori), has an ICER of
$34,700/QALY gained. A mandatory immunization law appears
cost-ineffective, although this assumes that such a law only applies
to HPV vaccination - if other vaccinations were included in such
a law, then the cost would be shared beyond HPV-related dis-
eases.

Using New Zealand GDP per capita (NZ$40,000) as arough rule of
thumb of the society’s willingness to pay per QALY gained, then our
model suggests the optimal decision on cost-effectiveness grounds
alone is Intervention 2 (school-only) which has the highest proba-
bility of being cost-effective from a societal willingness-to-pay per
QALY of $30,000-115,000 (Fig. 3).

As with many preventive interventions, and especially those
for infectious diseases, there is considerable uncertainty in pro-
jected health gains. HPV vaccination is no exception. Our modelling
suggests that both uncertainty about the current cost of vacci-
nation delivery, and possible future reductions in vaccine price,
moderately to dramatically alter ICERs. Apart from negotiated price
reductions, the cost of the vaccine and of delivering the vaccine
could potentially reduce in future if the vaccine schedule was
adjusted to be two doses rather than the current three doses.
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There is emerging evidence that two doses confer a similar level
of immunity and protection as three doses [25]. To a lesser extent,
uncertainty in future cervical cancer and warts incidence, and
the morbidity experienced from having warts, impact on QALYs
gained and thence ICERs. Alternative structural assumptions about
herd immunity effects may be important. In this paper we used
model outputs from research by Brisson et al. [17], resulting in
diminishing marginal increases in QALYs gained over the popu-
lation for increasing vaccine coverage. Thus, further research to
improve quality of life impacts of warts and the degree of herd
immunity would improve accuracy of model estimates. However,
these aspects dwarf into insignificance (and do not warrant fur-
ther research from the decision-makers’ perspective) if the price of
the vaccine can be reduced as seems plausible given recent inter-
national trends in HPV vaccine prices, and the possibility that two
vaccine doses may be sufficient.

A priori, we expected that HPV vaccination would especially
benefit Maori and low socioeconomic populations more because
of higher cervical cancer incidence rates [12], and worse survival
in these groups [26]. The modelling results obtained supports
this hypothesis, with greater QALY gains for Maori and deprived
populations even allowing for higher background mortality and
morbidity from other causes in these groups. In an ‘equity anal-
ysis’ where we assumed Maori were not ‘penalized’ by these
higher background mortality and morbidity rates, the QALY gains
for Maori increased further. Thus, we conclude that HPV vacci-
nation is a pro-equity intervention, so long as attained vaccine
coverage is as high or higher for Maori and deprived popu-
lations (as might be expected with school-based vaccination
programmes).

4.2. Comparison to previous modelling and cost-effectiveness
studies

Comparisons between cost-effectiveness analyses are inher-
ently challenging due to variations in model assumptions and
parameter inputs. In particular to HPV vaccination analyses, the
difficulty is due to differences in vaccination cost estimates, and
assumptions about vaccine efficacy, coverage, and years of pro-
tection. We found that the current programme in New Zealand
had an ICER of about US$9700/QALY gained (2011) and the school-
based programme (73% coverage) had an ICER of US$11,700/QALY
gained (2011) compared to no vaccination programme. Broadly,
both of our findings were more cost-effective than estimates from
Australia [27]. The Australian study used screening alone as the
comparator, assumed life-long protection and 100% coverage, how-
ever it only considered cervical disease outcomes, which led to an
estimated ICER of US$28,601/QALY gained (in 2011, using OECD
inflation data). In New Zealand, analyses of 3-year screening of
women from 20 to 60 years old and 50% coverage of vaccination
produced an estimated ICER of US$3465/QALY gained (2011) com-
pared to screening alone as per the current programme in New
Zealand [6]. These estimates are much lower than ours, likely due
to differences in cost and screening assumptions and inclusions (as
that analysis also reflects cost savings from not screening women
older than 60 years), and the fact that we include a cohort of all
12-year-old boys and girls in our analyses rather than an age and
sex subset of the population. However, using the New Zealand
GDP (US$20,800) as a reference point, both the current programme
and a school-based programme are considered good value from
a willingness-to-pay perspective, while the Australian estimate is
not.

4.3. Strengths and limitations of this study

Key strengths of this study include the modelling of a range
of HPV-related diseases, the use of detailed New Zealand data on
disease rates (including by socioeconomic status and ethnicity;
and projecting future changes in incidence where possible) and
costs, incorporating updated disability weights based on the Global
Burden of Disease Study [22], and considering the health benefits
from herd immunity for both the female and the male population.
Novel features of this study, and not previously reported to our
knowledge, include the modelling of population heterogeneity (by
ethnicity and socioeconomic status) and equity analyses in a real
world setting, and inclusion of the cost of a new law mandating
vaccination.

The limitations include the (inevitable) uncertainty in some
projections, although the inclusion of a range of scenario and
uncertainty analyses can be seen as a strength in light of ‘true’
uncertainty. We estimate that had we included penile and vagi-
nal cancers, the QALYs gained would have increased by perhaps 1%
at most. Also modelling recurrent respiratory papillomatosis (RRP)
(which is relatively expensive to treat surgically) would probably
further improve the results for health gains and cost-effectiveness.
The magnitude of the benefits of HPV vaccination has been found
to be sensitive to the rate of RRP [28], consequently more pre-
cise estimates on the incidence of RRP are ideally required in New
Zealand.

Akey assumption of our method is that sexual behaviour in New
Zealand is broadly similar to that modelled for Canada [17],in order
for the herd immunity ‘benefits’ of HPV vaccination to be applied
to New Zealand. We are not aware of comparable data comparing
sexual contact patterns in Canada and New Zealand. However, if
they are such that herd immunity effects in New Zealand might
be less than in Canada, then the ‘low herd immunity’ scenario in
Table 4 provides an alternative perspective. Conversely, if they were
such that herd immunity effects were greater in New Zealand, then
we would expect the ICER for Intervention 1 versus no vaccination
to improve, but the ICER for Intervention 3 versus 2 to deterio-
rate further. Such uncertainty is inherent in most HPV vaccination
models.

Related, for the comparisons of Maori and non-Maori, and by
deprivation, we are implicitly assuming that sexual behaviour, and
thus herd immunity effects, are similar by social group. Malagon
et al. (2013) have found that modelled future reductions in HPV
prevalence could vary substantially between social groups if sex-
ual activity levels also varied substantially. For example, central
estimates of future relative reductions in HPV16/18 prevalence for
groups with 0-2,3-10,11-39 and 40+ lifetime sexual partners were
62%, 74%, 40% and 28%, respectively (vaccine efficacy = 100%, aver-
age duration of protection =20 years, vaccine coverage =50%). We
are not aware of reliable data on the lifetime number of sexual
partners by ethnicity or deprivation in New Zealand, but data from
various youth (school-age) studies found that Maori were more
likely to start having sex at a younger age, were more likely to be
sexually active at a given age, and less likely to use condoms (sum-
marized in [29]). Rates of presentation for genital warts, however,
do not suggest marked ethnic differences (Appendix). Our results
by ethnicity and deprivation must, therefore, be treated cautiously.
It is our view though that HPV vaccination should secure greater
health gains for Maori and deprived populations, supported by the
results in this paper. The genital warts data suggest that the sex-
ual contact patterns do not vary profoundly enough between these
social groups so as to dramatically alter the herd immunity effects.
Also, given the lower cervical cancer screening coverage for Maori,
ceteris paribus one would expect a larger impact on future cervi-
cal cancer rates for Maori — amplified by the higher cervical cancer
incidence rates.
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We also did not model intersections with likely future changes
in existing cervical cancer screening programmes. The impact of
HPV vaccination will be to both reduce future costs of manag-
ing and testing screen-detected abnormalities and to reduce the
cost-effectiveness of cervical screening [30] (unless screening is
done less frequently, to reflect the reduction in disease risk post-
vaccination). Conversely, if there was a major reduction in cervical
screening then some of the projected future cervical cancer inci-
dence reductions included in our baseline data may be overstated -
if true, then the QALY gains from HPV vaccination would increase
due to a larger counterfactual burden of cervical cancer to address.
However, it must be noted that cervical cancer only contributes
about a third of the female QALYs gained under a 3% discount
rate assumption and other structural assumptions in our modelling
(Supplementary Table 1 for Intervention 1 compared to no HPV
vaccination; [34-43]).

5. Conclusion

The current HPV vaccination programme appears cost-effective
and pro-equity. Our results suggest however that a more inten-
sive school-only programme may be a more optimal intervention
in terms of health gain at reasonable cost-effectiveness, if the 73%
vaccination coverage that we assumed is achieved (as it has been
in Australia). Nevertheless, all interventions modelled are con-
sidered pro-equity and could contribute to lowering HPV-related
disease inequalities. There is considerable uncertainty in many
input parameters and the model structure which could be improved
by future research. Still, this uncertainty pales into insignificance
if the vaccine price can be successfully reduced. If price can be
reduced, then a mandatory law may achieve cost-effectiveness
and would maximize health gain. Alternatively, with low vaccine
costs, there may be additional health gains from vaccinating boys,
but this was not explored in the current research. Finally, if the
vaccine price does not reduce in the near future, further consider-
ation could be given to modelling two dose vaccination schedules
[25,31].
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