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Abstract

Objectives Invasive meningococcal disease, an uncommon but severe disease, imposes catastrophic health and economic
burdens. Cost—utility analysis (CUA) assumes separability in lifetime health and economic variables and cannot capture the
full value of preventing such burdens. We overcome these limitations with a retrospective societal perspective cost—benefit
analysis (CBA) of meningococcal serogroup B vaccination (4CMenB) of one infant cohort in the United Kingdom using
a health-augmented lifecycle model (HALM) incorporating health’s interactions with consumption, earnings, non-market
time and financial risk.

Methods We used a static Markov model of vaccination’s health impact and an HALM to estimate the private willingness
to pay (PWTP) for the intrinsic and instrumental value of health under perfect capital markets, financial risk protection in
the absence of insurance against permanent disability, parental spillovers, and acute phase disability. We estimated social
WTP (SWTP) incorporating social severity preferences. We estimated rates of return that inform health payer reimbursement
decisions, finance ministry budgeting decisions, and legislature taxation decisions. An expert Advisory Board investigated
the validity of applying the HALM to infant 4CMenB.

Results The PWTP for a 2+ 1 vaccination schedule is £395, comprising £166 of disability insurance value, £79 of positive
parental spillover value, £28 in the value of averting acute phase disability, and £122 in residual intrinsic and instrumental
value of health. SWTP is £969.

Conclusions HALM-based CBA provides an empirically richer, more utility—theoretically grounded approach to vaccine
evaluation than CUA, demonstrating good value for money for legislatures (based on private values) and for all decision-
makers (based on social values).
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Introduction

Invasive meningococcal disease (IMD), an uncommon but
severe disease, affects mostly infants to young adults. Sero-
group distributions vary globally [1] but meningococcal
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serogroup B (MenB) is most prevalent in Europe and the
United States (US) [2]. IMD progresses rapidly and has a
high acute phase mortality. In England, from 2008 to 2015,
patients’ risk of death across all ages was 7.4%, and 85% of
deaths occurred within a day of diagnosis [3]. Survivors risk
life-long severe health and socioeconomic consequences,
which in turn affect families, caregivers, and wider society
[4-6]. Despite its low incidence (in 2011/2012 in England
and Wales, there were 25 IMD cases per 100,000 infants
[7]), the severity of IMD has created significant public con-
cern [8], leading to the United Kingdom’s (UK) introduction
of meningococcal conjugate vaccine against serogroup C in
1999 (and later a quadrivalent vaccine against A, C, W and
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Y) for young adolescents and meningococcal B vaccination
(4CMenB, Bexsero) in 2015 for infants.

The infant 4CMenB vaccine was particularly contro-
versial. Immunizations are typically included in the UK
National Health Service (NHS) immunization schedule fol-
lowing recommendations for such inclusion by the UK Joint
Committee on Vaccinations and Immunizations (JCVI).
JCVI recommendations, in turn, depend in part on outcomes
of a cost-effectiveness analysis of cost-effectiveness (CEA)
[9]. In 2013, JCVI issued an interim statement concluding
that infant 4CMenB vaccination was “unlikely to [be cost-
effective] at any price” [10], such cost-ineffectiveness in
part reflecting MenB’s low incidence [11]. This statement
was met by widespread protest, including from experts, the
Meningitis Now charity, and shadow ministers [12], citing
the severity of its impacts [13]. These protests led JCVI to
consult with stakeholders and to conduct a revised CEA that
included a broader range of vaccine benefits and revised
model assumptions. These added benefits included vaccine-
averted litigation costs and parental quality-of-life losses
[10]. An important element of the revised analysis was the
assumption, no doubt informed by the protests, that society
attributed extra value to preventing severe over mild disease.
They modeled this societal value through a quality-of-life
adjustment factor (QAF) that multiplies long-term QALY
losses from MenB (and therefore long-term 4CMenB-related
QALY gains) by 3 [14]. Thus, a QALY gained from prevent-
ing severe long-term disease was valued three times as much
as a QALY gained from preventing mild disease. The revised
CEA led JCVI to conclude that infant 4CMenB could be
cost-effective at a low enough price, and to recommend its
inclusion in the NHS immunization schedule [10]. This led
to the UK being the first country to offer 4CMenB in its
infant immunization schedule [15].

Value-for-money (VfM) assessments of vaccination pro-
grams typically inform health payer (e.g., the UK Depart-
ment of Health and Social Care (DHSC)) decisions regard-
ing National Vaccine Introduction (NVI). Payers with fixed
budgets should introduce a vaccine only if its VfM exceeds
that of health technologies likely to be displaced by it. VIM
assessments can and should also inform decisions by finance
ministries and legislatures, like the UK Treasury and Par-
liament [16]. If a vaccine has high VIM relative to other
publicly financed non-health expenditures, then finance min-
istries can expand health budgets to accommodate it without
displacing other health technologies. If a vaccine has high
VIM relative to the opportunity cost of household funds,
then legislatures can raise taxes to accommodate the vaccine
without displacing other public spending [17].

Two issues in VM assessment are the choices between
health payer and societal perspectives, and between
cost—utility and cost—benefit analysis (CUA and CBA). The
payer perspective values only a technology’s health gains
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and payer budget consequences, allocates budgets to maxi-
mize health, and reimburses a technology if its incremen-
tal cost-effectiveness ratio (ICER) falls below the finance
ministry’s (“policymaker”) willingness to pay (WTP) for
health, as reflected in the marginal funded health technol-
ogy’s ICER. This perspective assumes optimality of the
payer’s budget and does not aim to inform finance ministry
and legislative decisions. The societal perspective, in con-
trast, considers the broader socioeconomic impacts of health,
and values health and such impacts at individuals’ WTP for
them. It does not assume optimality of the payer’s budget
and can inform finance ministries and legislative decisions
affecting that budget.

CUA assumes every quality-adjusted life year (QALY)
has equal value (“a QALY is a QALY is a QALY”). It can
be used within both payer and societal perspectives, where
that value equals the policymaker’s WTP (e.g., in the UK,
estimated at 50% of per capita gross domestic product
[PCGDP])) [17] and individual’s WTP (benchmarked at 1-3
times PCGDP) [18, 19] per QALY, respectively. But within a
societal perspective, CUA’s equal-value-per-QALY assump-
tion lacks robust utility-theoretic or empirical justification
[20, 21]. A utility-maximizing individual has constant WTP
per QALY only if consumption and non-market time are
constant throughout life and capital markets are perfect (dis-
cussed further below) [20, 21], which are clearly false. The
benchmark individual WTP of one to three times PCGDP
also has been criticized as having uncertain economic justi-
fication and policy relevance [18, 22].

CBA, in contrast, assumes every currency unit of an indi-
vidual’s WTP has equal value, which allows equal quantities
of health to have different monetary values depending on
their differential socioeconomic implications. Since util-
ity theory and economic evidence—e.g., age-varying con-
sumption and non-market time, imperfect capital markets
(ICM)—suggest such differential implications, CBA may
have stronger economic justification than CUA. CBA’s equal-
value-per-pound assumption problematically gives greater
weight to the preferences of the wealthy, who have greater
ability to pay (ATP). The pragmatic solution to this, which
we took, is to focus on a representative individual, thus elimi-
nating ATP differentials. A longer-term solution is to general-
ize CBA using social welfare functions (SWF) [23], which
allows for ATP adjustments and priority for the worse off.

Many past evaluations of 4CMenB used payer perspec-
tive CUA and yielded low VfM estimates or high ICERs
because they inadequately accounted for IMD’s severe health
and socioeconomic burdens [11, 24-32]. Exceptions [26,
33] include Beck et al. [34], who found infant 4CMenB to
be cost-effective in the UK when a societal perspective and
broader health and socioeconomic benefits are considered.
We evaluated infant 4CMenB with a societal perspective
CBA using a health-augmented lifecycle model (HALM)
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to generate expressions for individual WTP for health. The
HALM is a traditional microeconomic lifetime utility maxi-
mization model, augmented to incorporate mortality and
morbidity risks, at whose optimal solution we can derive
individual WTP for changes in the probability of being in one
or another age-specific health state, and which WTP reflects
the impact of disability on lifecycle economic quantities like
wages, earnings, consumption, and financial risk protection.

Using the HALM has two advantages, one is scientific, the
other decision theoretic. First, the HALM flexibly and compre-
hensively incorporates the complex interactions over the life-
cycle and across health states between health and a full range
of important economic quantities like consumption, paid and
unpaid work, leisure, and financial risks. Variations in such
interactions across age and health states refute the equal-value-
per-QALY CUA assumption since health associated with more
net economic goods generates higher value. Second, the HALM
fits within a value framework (utility theory) with attractive axi-
omatic and ethical foundations (the expected utility axioms and
welfarism) capable of informing policy decisions. Instead of
ICERs, we used a VM indicator, the rate of return (RoR) [16,
35], that informs payer, finance ministry, and legislative deci-
sions. Unlike CUA, our HALM-derived VM formulas have
utility-theoretic foundations more consistent with welfare eco-
nomics and economic theory and evidence.

Methods

We retrospectively evaluated introducing infant 4CMenB
vaccination in the UK in 2015 using a societal perspective
CBA. We compared vaccinating a single birth cohort (at 2,
4 and 12 months using a 2+ 1 schedule) in 2015 relative
to no vaccination and followed this cohort over a 100-year
modeling horizon [34]. Our analysis depended on two mod-
els: a Markov disease model that determines the probabili-
ties of different health states over the lifetime, and a HALM
that quantifies the value of those health states. Vaccination
reduces disease incidence but not severity. We provide high-
level summaries of methods and data here. The Supplemen-
tary Appendix contains more details on model assumptions,
methods, inputs, and calibration. It also includes mathemati-
cal derivations and a full set of input data tables. The model
was programmed in Python.

Disease model

Markov model

Our Markov model has 19 states indexed by j, where j = 1
represents death, j = 2 the uninfected state, j = 3 a tem-

porary disability state, and j = 4, ..., 19 various permanent
physical, neurological, and psychological disability states.

We allowed 100 annual cycles indexed by agei =0, ..., 99,
with cycle graphs presented in Fig. 1. The uninfected birth
cohort faces a sequence of risks: at node A, the risk of dying
from non-MenB-related causes; at node C, the probability
of MenB infection, driven by MenB incidence and vaccina-
tion status; and at node D, the risks of death and disability
from infection, driven by the case fatality rate (CFR) and
disability prevalences among survivors [4, 36].

The temporarily disabled fully recover within the same
cycle and face the same subsequent risks as the uninfected.
For simplicity and conservatively [37], the permanently
disabled face no risks of elevated mortality, reinfection, or
multiple sequelae. Death is the only absorbing state. The
disease model generated age-specific probabilities of each
health state with and without vaccination.

Parameters

Given historical variability in incidence, we used age-
specific incidence rates averaged over 2000 to 2014 [38],
a period prior to 4CMenB introduction. Age-specific CFRs
were from Ladhani et al. [39] and Shigematsu et al. [40].
We took risks of non-MenB-related deaths from 2013 to
2015 National Life Tables [41] and MenB sequelae proba-
bilities from disability prevalences among survivors (Fig. 2)
[42-48]. Figure 2 shows health utilities associated with per-
manent disabilities. In the acute phase, health utility fell to
0.065 and recovered linearly over 50 days [49]. General
population health utilities were from Kind et al. [50].

Vaccine efficacies were 0%, 80%, and 82.8% for doses 1 and
2 and the booster (Portuguese PT-BEST study [51]). Mean dura-
tions of protection were 33, 33, and 38 months [52, 53].

HALM
Constrained utility maximization problem

We derived individual WTP for health gains from a HALM,
a budget-constrained individual lifetime utility maximiza-
tion model based on Murphy and Topel [54]. The individual
maximizes the expected present discounted value (EPDV)
of lifetime utility. Expectations are taken over age and
Markov state combinations (i,j). For each such combina-
tion, the individual takes as given its associated probabil-
ity 5;(i) (determined in part by vaccination status), health
utility ¢;(i), and hourly wage w;(i) and decided on optimal
consumption ¢;(i) and non-market time /,(). Given a time
endowment 7', market time is T — lj(i), and earnings are
y;(@) = w;(@) * (T — [;(i)). Expected utility in each (i, j) com-
bination (“state utility”) is s;(i) * q;(i) * u(z(c;(i), (i), that
is, a product of the state probability, health utility, and eco-
nomic utility # from composite commodity consumption z;
u has constant-relative-risk aversion (CRRA) form; and z is
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Fig.1 Markov model of disease to quantify vaccination’s effect on
mortality and morbidity risk over an individual’s lifetime. The cohort
enters the annual Markov cycle tree at node “M.” The cohort then
faces a sequence of risks: at node A, the risk of dying from non-
MenB-related causes, driven by survivorship values from life tables;
at node C, the probability of Men-B infection, driven by the MenB
incidence rate; and at node D the risks of death and disability from
infection, where the risk of death is given by the case fatality rate,
and the risk of various kinds of MenB-related disabilities are driven

a constant elasticity of substitution (CES) function of con-
sumption and non-market time. Non-market time consists
of unpaid work and leisure. The multiplicative structure of
expected period utility implies that health and economic
goods are natural complements: the value of health was
higher when economic goods were higher and vice versa.

Specifying the budget constraint requires three assump-
tions regarding capital markets, specifically regarding credit
markets (for borrowing and saving), annuities (for insuring
consumption against longevity risk), and disability insurance
(for insuring consumption against lifetime earnings shocks
from permanent disability).

The simplest assumption is perfect capital markets
(PCM), which assumed perfect credit, annuity, and disabil-
ity insurance markets. Under PCM, the budget constraint
reduces to the requirement that the EPDV across all (i, j) of
lifetime consumption does not exceed initial assets plus the
EPDV across all (i, j) of lifetime earnings. Solving the utility
maximization problem assuming PCM yields optimal values
for ¢;(i), /(i) that has some implausible aspects: consump-
tion that seems too high in early adult life, late life, and in
the disabled states, such implausibility resulting from the
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& SEPARATION ANXIETY

by prevalence of such disabilities among survivors. An individual
who gets temporary disability (j = 3) from MenB achieves perfect
recovery within the same year and faces the same prospects as an
individual in the uninfected state. The structure of the nodes B,—B5
are same as that of node B4 denote all permanent disabilities (i.e.,
sequelae from MenB). To derive node B, replace “SEPARATION
ANXIETY” with “AMPUTATION” at all places. ADHD attention
deficit hyperactivity disorder, /Q intelligence intelligent quotient,
MenB meningococcal serogroup B

assumptions of perfect borrowing, annuitization, and dis-
ability insurance, respectively.

Reality appears closer to ICM. In particular, public and
private disability insurance (including in the UK) is often
imperfect [6, 55, 56]. In such cases, reduced earnings poten-
tial from permanent disability results in lost income and
consumption. Thus, with ICM, preventing permanent dis-
ability has instrumental value by preventing the permanent
disruption to productivity, earnings, and consumption that
occur in the absence of disability insurance. We call this
instrumental value the financial risk protection (FRP) benefit
of vaccination. Furthermore, early-life inability to borrow
against future income implies consumption rising with age
in early adulthood, and annuitization difficulties implies con-
sumption declining with age in late life, both implications
we find plausible. Thus, ICM was our base case assumption
regarding capital markets.

However, given the technical challenges of modeling
an ICM budget within the HALM, we instead adopted a
pragmatic two-stage approach to our ICM base case. First,
we solved the maximization problem using the simpler
PCM budget constraint, and, from this solution, derived
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Fig.2 Lifecycle model inputs for sequelae, probability of sequelae, and respective fraction impact on health utility, wages, earnings, consump-
tion, and hours considered. ADHD attention deficit hyperactivity disorder, /Q intelligent quotient, w/ with

expressions for the value of a statistical life year (VSLY)
as functions of consumption ¢;(i), non-market time (i),
and wages w;(i). Second, we eschewed the ¢;(i), [;(i) values
implied by PCM and instead populated the VSLY expres-
sions with values of consumption, non-market time, and
wages that we estimated would be obtained under ICM. As
discussed below, the intuition behind the VSLY expressions
carries over from the PCM case to the ICM case so our
pragmatic approach used both plausible formulas and inputs
into those formulas.

Solving the maximization problem assuming PCM gives
optimal ¢;(i), [;(i) for all (i, ). Given such solution and for
each (i,j) combination, we derived the individual’s WTP
for an increase in the probability s;(i) of being in that state,
which we call the VSLY and is given by:

VLY, () = = e i®)

+ (3D = (D). o))

VSLY is a function of the intrinsic and instrumental
value of an increase in the probability of being in each state.
Intrinsic value represents the goodness of that increased
probability in and of itself, independently of its causal
impact on consumption and non-market time. Such intrin-
sic value (the ratio in (1)) is the level of utility in a state
(g; * u), monetized by dividing with the marginal utility of
consumption (qj * 1) in that state. Instrumental value has
to do with the increased probability’s impact on lifetime
consumption and non-market time, mediated by its impact
on the budget constraint. Such impact equals net savings
(the difference between income (y;) and consumption (c;)),
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representing how much consumption in other states and
ages is facilitated by being in that state. The expressions for
intrinsic and instrumental values are economically plausible
even when markets were imperfect: a state’s intrinsic value
should center on the utility of that state, and net savings is an
approximate measure of how much being in that state instru-
mentally facilitated consumption at other states and times.
The VSLY formula clarifies that:

e Health’s value varies by age and health state along with
consumption, non-market time, and net savings, which
implies that the CUA equal-value-per-QALY assumption
fails to hold in more general lifecycle models like ours.

e Health’s value reflects not only earnings as in the stand-
ard human capital approach (where it proxies for con-
sumption), but also unpaid work and leisure.

Calibrating consumption and non-market time

VSLY (i) Is a function of age- and state-specific consumption
and non-market time values ¢;(i), /;(i). We estimated what
these values would have been under ICM for the following
situations and plug these into (1) to derive VSLY (i) corre-
sponding to such situations.

Children We assumed children younger than 16 did no
paid work and devoted all their time to non-market activi-
ties. We assumed parents ensured children’s consumption
was unaffected by disability, so consumption in all health
states equaled that in the uninfected state, which in turn
equaled that of children in the general population [55, 56].
We refer to the derived values for children as VSLYJ‘.'(i) for
i=0,..,15

Adults For the uninfected state (j = 2), we used consump-
tion, time use, and wage data from the UK general popula-
tion [57] to estimate age-specific full consumption (equal
to the sum of consumption and the value of non-market
time, where the value of non-market time equaled the prod-
uct of the wage and hours of non-market time). We then
applied HALM optimality conditions to determine optimal
consumption and non-market time conditional on full con-
sumption (note that the resulting optimal consumption and
non-market time are different from the data on consump-
tion and non-market time used to estimate full consump-
tion). For disabled states, we used evidence from the UK
and (where unavailable) US (further details given in Sup-
plementary Appendix 1) [58] to estimate the impact of dis-
ability on wages, consumption, and non-market time. We
refer to the derived values as VSLY ;:C’"(i) fori > 15.

Given the VSLZ ;(i) values for children and VSLY ;.C’"(i) val-
ues for adults, the individual’s or private WTP (PWTP) for
vaccination is the present discounted value (PDV) across all
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age-state combinations of the vaccine-induced change in the
probability of that combination multiplied by the VSLY of
that combination_ (which for each state j equals VSLY;'(i) for
i <15and VSLYJ’,"’”(i) for i > 15). We denote this as private

WTP by PWTP“"

PCM We also computed PWTP under PCM and denoted
this by PWTPP", For the uninfected state, we set full con-
sumption, consumption, and non-market time as we did for
the ICM case. In contrast, for the disabled states, we used
HALM optimality conditions (which presume perfect disa-
bility insurance) to determine consumption and non-market
time. These yielded VSLY]’T (i) for i > 15. We assumed
VSLY;.7 i) = VSLY;(i) for children, and PWTPP" follows.

We took the difference PWTP“™ — PWTPP“™ to equal the
FRP value of vaccination and denote this value PWTP”. We
also refer to PWTPP™ as the residual (i.e., over-and-above
FRP) intrinsic and instrumental value of vaccination.

Parental spillovers

To capture parental spillover benefits (PSB), we assumed
that for each individual with MenB-related permanent dis-
ability, one parent faced an annual increased risk of depres-
sion of 0.17 (based on Al-Janabi et al. [59]) for the rest of
the parent’s life (assuming an average age of 32 years) [60],
which we valued using the depressed state components of
VSLY{™ to derive PWTP™.

Acute phase

We valued acute phase health utility loss using a value of
a statistical disability (VSD) derived in Supplementary
Appendix 1. Based on average hospital length of stay of
10 days [25], we also assumed one parent lost 7.14 days of
earnings. We denote PWTP to avoid acute phase disability
(APD) by PWTP*,

Other parameters

We obtained age-specific consumption and earnings from
the National Transfer Accounts Project [61], time use from
the UK Harmonized European Time Use Survey, and hourly
wages from the UK Annual Survey of Hours and Earnings.
The CRRA utility function requires an estimate of subsistence
consumption, which we took to be half the absolute poverty
rate from Allen et al. [62]. It also requires an estimate of the
elasticity of intertemporal substitution, which we determined
by setting the value of a statistical life (VSL) of a 41-year-old
individual in the general population to be equal to £3.36 M,
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based on the upper range for VSL given by the Organisation
for Economic Co-operation and Development (OECD) [63].
We obtained impacts of disability on hourly wages from
Longhi et al. [64], and on hours worked from the Work Health
and Disability Green Paper [65]. These jointly determined the
impact of disability on earnings. In the absence of UK data, we
relied on US evidence from Meyer and Mok [58] and assumed
that the impact of disability on consumption was a third of its
impact on earnings. Figure 2 summarizes the impact of dis-
ability on wages, earnings, consumption, and hours worked.

Currency and costs

All currency units were in 2018 Great British Pounds (GBP)
(this choice of year avoided non-representative COVID-
induced price dynamics). Vaccination costs were £84.80
(including £9.80 administration cost) per dose [34] or £254.40
for three doses. Consistent with a previous 4CMenB CUA by
Hammitt [21], we also considered costs relating to acute-stage
medical treatment, long-term medical treatment, formal long-
term caregiving, outbreak management, litigation, and special
education, presented in Table 1.

Scenario analysis

We performed the following one-way scenario analyses (see
Table 1):

e Scenario A reduced VSL to a conservative £2.68 M, as
proposed for EU-27 countries by an OECD meta-analysis
[63].

e Scenario B introduced non-traditional cost elements used
in Beck et al. [34]: formal long-term caregiving, outbreak
management, litigation, and special education.

e Scenario C applied more conservative 2014 incidence rates
from the European Centre for Disease Prevention and Con-
trol (ECDC) [66].

e Scenario D applied higher vaccine efficacy of 58.2%,
83.2%, and 87.1% following each dose [51].

e Scenario E allowed larger effects of disability on consump-
tion in the absence of disability insurance, assuming a con-
sumption gap the size of the earnings gap.

e Scenario F reduced the discount rate for health to 1.5% and
retained the discount rate for costs at 3.5% [34].

Overall private and social willingness to pay
and rates of return

The overall PWTP and lifetime private rate of return are:

PWTP = PWTP" + PWTPP“" + PWTP*’ + PWTP%¢,
2

RoR” = 100 x (222 — 1), 3)
where vc represents vaccination costs and atc represents
averted treatment costs, comprising averted acute phase
treatment costs (AATC) and averted long-term treatment
costs (ALTCC).

Figure 3 visually represents the determination of RoR?
and one of its central elements, FRP, by the various parts of
our modeling approach.

We follow JCVI and Beck et al. in assuming that society
attributes extra value to preventing severe disease (or that
there are “social severity preferences”) and that such value
can be modeled by scaling up long-term costs of MenB (or
equivalently, long-term gains from 4CMenB) by 3. [14, 25,
34] We apply this scale factor of 3 to the long-term ben-
efits to the vaccinated infant, which includes the financial
risk protection value PWTP"™ and the residual intrinsic and
instrumental value PWTPP", but excludes parental spillo-
vers PWTPP*? and acute phase burdens PWTP%“. This yields
a social WTP (SWTP) and lifetime social rate of return of:

SWTP = 3 x PWTP” 4+ 3 x PWTPP" + PWTP*" + PWTP%<,
4

RoR" = 100 x (242 1), ©)

We revised our RoR formulas for scenario B to include
other novel cost elements: averted litigation costs (ALC),
averted outbreak management costs (AOC), averted long-
term formal care costs (ALFCC) and averted special educa-
tion costs (ASEC):

P _ PWTP+alfcct+asec
RORB aR2e ( ve—ate—alc—aoc 1)’ (©6)
and

s _ SWTP+alfcctasec
RORB = 100X ( ve—atc—alc—aoc 1)' (N

Note that averted costs within the health payer’s budget
were cost offsets in the denominator, while other averted
costs were benefits in the numerator. This allowed us to
interpret RoR as returns per GBP paid out of the health
payer’s budget.

Results

Figure 4 summarizes base case and scenario analysis results.

Vaccination produced a health gain (excluding parental
spillovers) of 0.43 quality-adjusted days of life per infant.
PWTP for vaccination was £394.51, consisting of £165.54
in FRP value, £79.31 in PSB, £27.71 in APD value, and
£121.95 in residual intrinsic and instrumental value of

@ Springer
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Private WTP for vaccination is sum of values
of (i) financial risk protection, (ii) residual

intrinsic and instrumental value, (iii) parental
spillover benefit, and (iv) acute stage benefit.

[PWTP] = [PWTP™]+ PWTPPem + PWTPPsh + PWTPerd

Private WTP for financial risk protection.

99 19 |—| 7
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Formula for PWTPf? comes from the HALM and has an intuitive
interpretation: WTP equals the discounted sum across ages i and

states j of the product of the value of an increased probability of
being in that state and the vaccine-induced increase in the
probability of being in that state.

Numerator of the intrinsic value of being in state j
at age i comes from the lifetime utility function
and equals the period utility of being in state j at
agei.

Formula comes from HALM and assumes

perfect capital markets and equals sum
of intrinsic and instrumental value.

Value of an increased probability of beingin
statejatagei.

Values for consumption, non-
market time, and earnings
under imperfect capital
markets are generated from

Denominator of the intrinsic
value of being in state j at
age i is the marginal utility

a mix of data, HALM
optimality, and assumptions.

of consumption and serves
to monetize the numerator.

Fig.3 Visual representation of important determinants of the private
rate of return. apd acute phase disability, afc averted treatment costs,
¢ consumption, ds impact on vaccination, frp financial risk protection,
HALM health-augmented lifecycle model, i any given year of life, j
health state, / labor trade off, pcm perfect capital market, psb parental

health. The SWTP was £969.49. Averted costs per vacci-
nated infant included £3.33 in acute treatment costs and
£6.36 in long-term treatment costs. The baseline lifetime
private and social RoRs were 61% and 296%, respectively.
In scenario analyses, reducing the VSL (Scenario A) low-
ered the private and social RoRs to 30% and 220%, respec-
tively. Including non-traditional cost categories in Scenario
B raised private and social RoRs to 64% and 300%, respec-
tively. Replacing the average incidence with more recent
incidence (Scenario C) reduced private and social RoRs
to — 35% and 59%, respectively. Raising vaccine efficacy
(Scenario D) raised the private and social RoRs to 83% and
350%, respectively. Setting the consumption gap equal to
the earnings gap (Scenario E) raised the private and social
RoRs to 96% and 383%, respectively. Applying differential

@ Springer

spillover benefits, PWTP private willingness to pay, ¢ health utility,
r rate, RoR rate of return, u period utility, WTP willingness to pay, v
vaccination, ve vaccination cost, VSLY value of a statistical life year,
y earnings

discounting (Scenario F) raised the private and social RoRs
to 318% and 819%, respectively.

Discussion
Policy implications of our results

The estimated RoRs inform decisions by the UK Parliament,
Government, and DHSC. The HALM allows individuals to
either consume or save at the market interest rate, implying
that the RoRs internalize individuals’ opportunity cost in
terms of foregone consumption or savings. The 61% private
RoR in the face of foregone consumption and savings sug-
gests it is good VIM for the UK Parliament to finance the
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£2,500 -
1000% f
800% | M ROR° W PWIPT 1 PWTPe?
£2.000 » 600% B RORs B PWTPeem W PWTP £2,003
' g 400% W PWIP W SWIP
E 200%
g H807 208:;o BC A B _C D 6
g £1701 Eligi
S £969 £969
£1,000 - £783 £779
£448 £
£500 - £395 £319 £395 £389
£158
£0
Base case Scenario A Scenario B Scenario C Scenario D Scenario E Scenario F
Change in VSL to Addition of non- Change in incidence Higher vaccine Consumption gap Lower health related
£2.68M traditional elements base year to 2014 efficacy equals earnings gap discount rates to

consistent with Beck
et al(2020)

Fig.4 Base case and scenario model outcomes. apd acute phase
disability, BC base case, frp financial risk protection, M million, p
private, pcm perfect capital market, psb parental spillover benefits,

vaccine through taxation. Absent a familiar UK benchmark
RoR, we consider public spending on female schooling in
low- to middle-income countries, generally considered a
global best buy. Based on a previous study, we estimate the
RoR to such spending, incorporating both earnings and lon-
gevity benefits, at 280% [67]. That study had shorter time
horizon than ours, extending only till retirement, in contrast
to our 100-year horizon. Subject to that caveat (a caveat miti-
gated by discounting), in the base case, our private RoR did
not meet this 280% threshold, but the social RoR did, sug-
gesting that based on the social RoR, infant MenB vaccina-
tion could be attractive relative to that of non-health public
expenditure and would therefore be worth accommodating
through an expansion in the DHSC budget.

Claxton et al. estimated the ICER of the marginal health
technology in the UK at approximately £15,000 per QALY
[68]. The UK Green Book provided a WTP per QALY of
£60,000 [16]. These figures suggest an RoR to the marginal
health technology of ((60,000/15,000)-1)*100=300%. The
private RoR obtained falls below this value, but our social
RoR is very close, which suggests that based on the social
RoR, infant MenB vaccination could be good VfM for the
DHSC, given its fixed budget. These findings are consistent
with those of Beck et al. (2021) and with the DHSC’s deci-
sion to fund infant 4CMenB [34].

We conclude that, based on private values across our base
case and scenario analyses, the UK Parliament would be jus-
tified in raising taxes to expand UK Government and DHSC
budgets to accommodate infant 4CMenB. However, the UK

15%

PWTP private willingness to pay, r rate, RoR rate of return, s social,
SWTP social willingness to pay, VSL value of statistical life, WTP
willingness to pay

Government and the DHSC would not be justified in fund-
ing it out of existing budgets (echoing conventional CUA
conclusions) [34]. However, based on social values, infant
4CMenB is good VM for all three decision-makers, except
when VSL and incidence rates are lower than in the base
case. The most policy-consequential factors we identify are
social severity preferences, baseline incidence, discounting,
VSL, FRP, and the residual instrumental and intrinsic values
of health. Considerably less important are PSB, consump-
tion sensitivity to earnings decline, APD, vaccine effective-
ness, averted treatment costs, and novel cost elements.

Limitations and future work

The HALM is complex, but such complexity, we believe, is
particularly justified in applications where there are impor-
tant but complex interactions between health, on the one
hand, and microeconomic quantities like earnings, consump-
tion, and time use, on the other. Such is the case with MenB
given its impact on long-term disability the microeconomic
consequences of such disability.

An advisory board suggests the need for continued meth-
odological development of the HALM, including deeper
investigation of validity and robustness. One priority area
is to validate our “pragmatic” approach to ICM (in which
we derive value formulas from a maximization problem that
assumes a PCM budget constraint, but in which we populate
those formulas with inputs that we assume reflect the work-
ings of ICM). Such validation can be done by developing a

@ Springer
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fully theoretically rigorous version of the HALM where the
budget constraint reflects ICM and comparing our results to
those of such a version. A second priority area is to validate
the approach of representing social severity preferences by
multiplying long-term costs and benefits by 3. Such valida-
tion can be done by deriving social severity weights in a
fully rigorous way using SWFs and comparing the resulting
weights to 3 [69]. Within the HALM, the natural comple-
mentarity between health and consumption can have poten-
tially inequitable implications: the value of health would be
higher for those with higher levels of consumption (e.g., the
non-disabled). Linking the HALM to SWFs could also help
redress those implications. A third priority area is investiga-
tion of empirical robustness: the evidence base we rely on
for the long-term impact of disability on wages, earnings,
consumption, and time use is underdeveloped and should be
strengthened. Fourth and finally, we simplified by assum-
ing no elevated mortality risk from permanent disability.
Such assumption can be relaxed, and the results made more
empirically robust, by relying on evidence on such elevated
risk from references such as Shen et al. [37].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10198-023-01654-y.
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