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ABSTRACT

Introduction: New  vaccines are  being
developed to improve the efficacy of seasonal
influenza immunization in elderly persons aged
>65 years. These products require clinical and
economic evaluation to aid policy decisions.

Methods: To address this need, a two-part
model has been developed, which we have

applied to examine the potential clinical and
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economic impact of vaccinating elderly persons
with adjuvanted trivalent inactivated influenza
vaccine (aTIV) relative to conventional trivalent
(TIV) and quadrivalent (QIV) vaccines. We
compared outcomes in the US population for
(1) aTIV in persons aged >65 years and QIV in
all other age cohorts; (2) QIV in all cohorts; (3)
TIV in all cohorts. Low, average, and high
intensity seasons with low, average, and high
vaccine match compared.
Probabilistic sensitivity analysis was conducted

scenarios were

within each discrete scenario to explore the
impact of variation in model inputs on
potential outcomes.
Results: Assuming current vaccination
coverage rates in the US population with
(a) 25% better efficacy of adjuvanted versus
non-adjuvanted vaccine against any strain and
(b) 35% better efficacy of non-adjuvanted
vaccine against matched B versus mismatched
B strains, use of aTIV in persons aged >65 years
and QIV in persons <65 years could reduce
influenza cases by 11,166-1,329,200,
hospitalizations by 1365-43,674, and deaths
by 421-11,320 versus use of QIV in all cohorts.
These outcomes are reflected in a corresponding

increase in quality-adjusted life-years (QALYs)
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of 3003-94,084. 1If the
mismatched influenza B was >54.5% of all
circulating strains, use of QIV in all cohorts
would offset the clinical benefits of aTIV.
Elderly aTIV or QIV vaccination was associated
with improved outcomes over non-adjuvanted
TIV in many of the scenarios, particularly in low

prevalence of

match seasons of any intensity. Total cost
savings  (including
healthcare costs plus productivity impacts)
with aTIV in the elderly versus QIV in the
whole population ranged from $27 million (low

direct and indirect

intensity, low match) to $934 million (high
intensity, high match). Univariate sensitivity
analysis of relative vaccine prices in the average
intensity, average match scenario indicated that
aTIV could be marginally cost saving relative to
QIV at the currently published Medicare price
for influenza vaccines offering enhanced
efficacy in the elderly. Elderly vaccination
with aTIV was associated with a higher overall
cost compared with TIV in only two scenarios
(low intensity with average or high match); the
incremental cost/QALY relative to TIV was
$9980 in the average match scenario and
$28,800 in the high match scenario.
Conclusions: Vaccination of persons aged
>65 years with aTIV has the potential to
provide clinical and economic benefit relative
to QIV and TIV. The new model allows the
assessment of various alternative strategies for
available influenza vaccines.

Funding: Novartis Vaccines.
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INTRODUCTION

The clinical and economic burden of influenza

is significant, particularly in vulnerable

populations, such as children, persons with
compromised and the
elderly. Notably, the risk of influenza-related
[1-3],
influenza-associated hospitalizations are most
among elderly aged =65 years
(especially in those with underlying medical
[4-8], and up to 90% of
influenza-attributable mortality is seen in this
cohort [9-11].

Significant direct healthcare costs are linked

immune function,

complications increases with age

common

conditions)

to influenza in persons aged =65 years [6].
These costs are driven by substantial numbers
of influenza-related hospitalizations, and are
increasing as the overall population ages [9].
Moreover, influenza-related hospitalizations in
the elderly are associated with significant
disability and impairments in activities of
daily
implications as they can be long lasting, and
catastrophic disability after
hospitalization is a significant problem in this

living. These effects have societal

influenza

age cohort [12, 13]. Influenza vaccination in the
elderly provides substantial benefits [14], and
past cost-benefit and cost-effectiveness studies
from a number of countries have indicated that
this intervention in this age cohort is always
cost-effective and is frequently cost saving [15].
Influenza vaccination policy in most developed
countries, targets people aged
>65 years as part of the effort to reduce the
mortality and disability burden in this
population [16].

The efficacy of conventional inactivated
[trivalent  (TIV) or
quadrivalent (QIV)] decreases with advancing
age because of

therefore,

influenza  vaccine
reduced production of
vaccine-specific antibodies [17]. Attempts to
increase immunogenicity have been made
with alternatives such as high-dose TIV (60 pg
of hemagglutinin (HA)/strain) [18] and an
intradermal vaccine [19]. Constant evolution
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of the influenza strains in circulation further
challenges protection with
approximately 35% reduction in

vaccine
efficacy
against mismatched versus matched strains
[20, 21]. As a result, QIV may offer benefit in
seasons where the B lineage selected for TIVs
does not match the dominant circulating strain
[22]. Notably, however, TIV adjuvanted with
the squalene-containing oil-in-water emulsion
ME59 (aTIV) increases seroprotection [23, 24]
and has been associated with a 25% reduction
in risk of hospitalization for influenza or
pneumonia elderly
population aged >65 years [25]. Moreover, in
the elderly, aTIV has been reported to provide
better
strains than conventional vaccine [26].

As the economic burden of influenza is

versus TIV in the

cross-reactivity against mismatched

disproportionately concentrated in the elderly
[27], improvements in vaccine immunogenicity
and efficacy in this group have economic
implications that warrant investigation.
Economic modeling is an important and
generally accepted method for estimating the
economic effects of an intervention [28]. A
two-part epidemiologic and economic model
was, therefore, developed to assess the clinical
and economic impact of vaccination with aTIV
in persons aged >65 years and QIV in those aged

<65 years versus QIV or TIV in all age cohorts.

METHODS

Scenarios of Interest

This analysis compared clinical and economic
outcomes over a l-year period in the United
States (US) population for three vaccination
strategies: (1) aTIV in those >65 years (elderly)
and QIV in all other age cohorts; (2) QIV in all
cohorts; (3) TIV in all cohorts. We compared

outcomes in nine discrete scenarios for low,

average, and high intensity (i.e.,
transmissibility) seasons, factoring in low,
average, and high vaccine match against

circulating seasonal strains, in a 3 x 3 matrix.
The analysis in this article is based on
previously conducted studies, and does not
involve any new studies of human or animal
subjects performed by any of the authors.

The average match scenarios (based on the
arithmetic means of strain circulation in the US
from 1999-2000 through 2013-2014 [29-33])
were 48.3%, 30.4%, 11.0%, and 10.3% for
A/H3N2, A/HIN1, B/Victoria, and B/Yamagata,
respectively. The low and high match scenarios
were based on the 2000/2001 season, during
which there was a very high prevalence of
influenza B/Yamagata (1.7%, 51.9%, 0%, and
46.4% for A/H3N2, A/H1N1, B/Victoria, and
B/Yamagata, respectively).

The TIV and aTIV vaccines contain the
dominant circulating B strain (B/Yamagata) in
the high match scenarios, but not in the low
match scenarios. We also investigated a
match,

modeled for a low intensity season in which

breakeven scenario for vaccine
the low attack rate minimizes the clinical
impact
(a) 25% better efficacy of adjuvanted versus
non-adjuvanted vaccine against any strain and

of vaccine efficacy. We assumed

(b) 35% better efficacy of non-adjuvanted
vaccine against matched B versus mismatched
B strains.

The Two-Part Model

The model is programmed in Microsoft Excel,
and consists of a compartmental, dynamic

“epidemiologic module” to estimate the

number of influenza cases and a

tree-structured “outcomes module” to estimate
deaths,

complications, hospitalizations,
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life-years, quality-adjusted life-years (QALYs),
and costs associated with influenza cases over
a 1-year period (Fig. 1). The model assumes no
adverse events of influenza vaccination or
treatment, and mutual exclusivity of
complications. It also does not consider the
impact of strain mutation within a season, and
recovered/protected patients remain immune

for the duration of the simulation.

Epidemiologic Module

The “epidemiologic module” simulates the

transmission of seasonal influenza with

a susceptible-infectious-recovered/protected/

removed (SIR) model consisting of 6
compartments (Fig.2). It estimates the
dynamic changes over one year with or
without vaccination (three unique

age-stratified strategies can be defined) in the
uninfected, infected with influenza, and the
recovered/protected/removed populations. The
population size is constant and proportions in
the different compartments (or health states)
can vary by age cohort i (0-3 years, 4-6, 7-9,
10-19, 21-34, 35-49, 50-64, 65-69, 70+). No

Age cohorts

I ‘
Mortality

patients enter or leave the system over the
modeled year, and proportions in each
compartment sum to 1. Patients recovered/
protected/removed from infection (including
patients who die as a result of infection) are
fully immune and, therefore,
re-infected or infect others for the remainder

cannot be

of the simulation (effectively removed from the
simulation).

As illustrated in Fig. 2, in the proportion of
the population that will be vaccinated (Cv)),
some people who receive vaccination are
susceptible (S;) and some are already protected
by previous vaccination or influenza exposure
(R;)). Among those not yet protected (S;),
vaccination can be successful (the individual
enters compartment VR;) or unsuccessful (enters
compartment VS;). Vaccine efficacy (1 —P))
determines distributions over the V§; and VR;
compartments. All persons already protected
vaccination (R;) will
compartment VR;.

before move to

The rate at which individuals in age cohort
i transition from susceptible S; to infected/
infectious I; is the force of infection, /;.
Patients who are not fully protected after

Number of influenza cases

Y I
I
Contact patterns Number of

I
Transmission probabilities
|
Vaccination strategy

deaths, complications

'

Cost effectiveness

Cost |
I Y Budget impact
QALYs lost |

— Economically justifiable price

Fig. 1 The two-part epidemiologic and economic model. QALY quality-adjusted life-year
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i a Recovered/
Susceptible (5 ———  Infectious () ——— Removed/
Protected (R;)
Cv;P; Cv;(1-P;) Cv,
Vaccinated
Vaccinated b)\i Vaccinated a Recovered/
Susceptible (VS;) Infectious (V1) Removed/
Protected (VR;)

Fig. 2 The susceptible-infectious-recovered (SIR) com-
partment model for seasonal influenza. Si(#) = Fraction
of susceptible individuals to influenza in age cohort 7 at
time z I(¢) = Fraction of infectious individuals in age
cohort i at time . R,(#) = Fraction of recovered/protected/
removed from influenza in age cohort i at time
t. V§{t) = Fraction of vaccinated but still susceptible for
influenza in age cohort i at time ¢ VI,(¢) = Fraction of

vaccination (V§;) can be infected, but at a rate

lower than or equal to wunvaccinated
individuals, represented by b/;, where
O<b<1. Upon infection with influenza,

individuals recover according to rate o and
move to R; (or VR;); they are immune to
further influenza infection for the remainder
of the year and, therefore, cannot infect others
(i.e., effectively removed from the simulation).

Changes in the proportion of patients over
the compartments are defined by the

differential equations:

dscigt) = =Si(t)4i(t) — Si(t)CviP;
— Si(HCvi(1 — Py)
st;(t) = =VSi(t)bai(t) + Si(t)CviP;
dri(t)
ar = St — Lty

influenza cases despite being vaccinated in age cohort 7 at
time # VR,(#) = Fraction of vaccinated recovered/pro-
tected/removed in age cohort 7 at time £ Cv; = Vaccine
coverage in age cohort i. P; = Probability of unsuccessful
vaccination in age cohort i. A,(#) = Force of infection in
age cohort i at time z bA,(¢) = Force of infection in
vaccinated cohort in age cohort 7 at time £ o = Recovery
rate

WED _ s i) — Vit
dt
dR;(t) ‘ _p. )
a - Ii(t)x — Ri(t)Cv;
ch}f;(t) = VIi(t)x + Si()Cvi(1 ~ Pi) + Ri(H)Cv;

The force of infection A;(f) is the rate at
which susceptible individuals in age cohort i are
infected at time t. It is the summation of the
rates of infection at time t from all infected/
infectious in age cohorts j:

ity = > (D)
j
where:
Zij(t) = oy @i & Li(t) = By - Li(t)

where:
o is the transmissibility parameter.
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77 is the average number of contacts per day
between susceptible individuals in age cohort
i with infectious individuals in age cohort j.

¢;is the susceptibility of a susceptible
individual in age cohort i.

{;is the infectivity of an infective individual
in age cohort j.

I;(t) is the fraction of infectious individuals in
age cohort j at time .

Bijis the rate of infection of susceptible
individuals in age cohort i by infectious
individuals in cohort j (referred to as the
WAIFW or Who Acquired Infection from
Whom matrix; see Electronic Supplementary
Material (ESM) for further
derivation and implications for transmission
dynamics).

Inputs of the model include age-stratified

discussion of

population [34], an age-stratified contact matrix
(1) representing
individuals in the population leading to spread
of the disease ([35], adapted to fit this model’s
age structure; Table S1), duration of infection

interactions between

(1/v) (assumed gamma distribution with mean
of 4days and standard deviation of 1 day
[36-38], strain circulation [29-33], vaccine
coverage by age [39], and vaccination efficacy
by strategy by level of vaccine match to
circulating strains by age [20, 21 25, 40]. The
susceptibility ¢;, infectivity {;, and transmission
o parameters are derived through a calibration
process described below and in the ESM. Full
details of these
Tables S1-S8.

inputs are shown in

Outcomes Module

The “outcomes module” calculates the
outcomes associated with influenza according
to a tree structure (Fig. 3; Tables 1, 2, 3 [27, 39,

41-48]). Upon infection with influenza, a

person can experience symptoms (first chance
corresponding split path). If
symptoms are present, a patient might seek

node and

medical consultation (second chance node).
Given medical consultation, antivirals and/or
other drugs might be prescribed (third and
fourth nodes). The
probabilities of influenza-related complications

chance conditional
can be influenced by the prescription of
antivirals and other drugs. We assumed the
risk of complications to be the same with and
without
complications is
whether an

vaccination (i.e., the risk of
entirely dependent on
individual is infected with
influenza). The probability of hospitalization
or death in the presence of a complication is the
result of the calibration process described
below. The conditional probabilities with their
sources are shown in Table S9.

Direct costs (US$) for medical care, including
consultation,  prescriptions  for
antivirals and other drugs [42], and costs of

medical

complications with and without hospitalization
[42, 43, 49], were included (Table 1). Indirect
costs covered productivity losses based on the
severity of complications [27]. QALY reductions
for the duration of symptoms of influenza and
its complications (Table 2) and QALY losses due
to life-years lost due to fatal complications were
also included (Table 3). Life-years and QALYs
lost were discounted at 3% per annum.
Expected outcomes and costs for each new
influenza case were calculated by multiplying
the probability of each event as reflected in the
final branches of the tree with the
corresponding
combination with the incidence of influenza

outcomes and costs. In
over the course of a 1-year period as estimated
with the “epidemiologic module”, the expected
outcomes associated with influenza over this
period were obtained.
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Antivirals
Medical consultation Y
Influenza symptoms a5
No antivirals
No medical
Influenza infection consultation

No symptoms

Recovered

O <
Death

Minor complications
Recovered

Hospitalization

No complications

Death

Recovered
Pneumonia

No hospitalization
Recovered

Death

Hospitalization

Recovered
Bronchitis

No hospitalization
Recovered

Death

Hospitalization

Recovered
Other respiratory

No hospitalization
Recovered

Death

Hospitalization
Recovered

No hospitalization

Other drug Recovered
Y Death
Otitis media
Recovered
Death
No complications
No other drug Recovered

Fig. 3 Outcomes associated with influenza. CVD cardiovascular disease

Calibration of the Model

The model was calibrated to the age-stratified
based on age-stratified
estimated gross attack rates [27] and estimates

number of cases
of influenza incidence [27, 29, 50] by adjusting
a factor for transmissibility (¢) and age-specific
susceptibility (¢;).
probabilities for hospitalization and death by

factors for Conditional

complication according to age were then
calibrated to literature-based estimates [27]
(see the ESM for further detail).

Estimation of Model Outcomes
For each scenario and vaccination strategy of

interest, we conducted a probabilistic analysis
(second-order Monte Carlo simulation) by
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Table 1 Input data: costs used in the model

Variable Estimate ($US) Source
Vaccine acquisition

TIV 9.45 CDC [39]

aTIV 13.65 Assumption

QIV 13.65 Assumption
Vaccine administration

All ages 21.00 Prosser [41]
Antiviral cost

All ages 92.35 Talbird et al. [42]
Medical consultation

All ages 98.79 Talbird et al. [42]
Complications

Pneumonia without hospitalization

All ages 206
Pneumonia with hospitalization

0-19 5513

20-64 14,828

>65 14,137

Bronchitis without hospitalization

All ages 221
Bronchitis with hospitalization

0-19 3906

20-64 7449

>65 8834

Other respiratory without hospitalization

All ages 221
Other respiratory with hospitalization
0-19 3906
20-64 7449
>65 8834

CVD without hospitalization

All ages 2711
CVD with hospitalization

All ages 6017

Talbird et al. [42]

Talbird et al. [42]

Talbird et al. [42]

Talbird et al. [42]

Talbird et al. [42]

Talbird et al. [42]

American Heart Association [43]

American Heart Association [43]
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Table 1 continued

Variable Estimate ($US) Source

Otitis media
All ages 224 Talbird et al. [42]
Lost productivity costs

Without complications

0-3 145 Molinari et al. [27]; case not medically attended
4-6 97
7-19 73
20-64 68
65+ 145
Extra loss due to minor complications
0-3 183 Molinari et al. [27]; weighted average of
4ot 209 non-high-risk and high-risk outpatient visit
7-9 191
10-19 186
20-49 167
50-64 386
65+ 832
Extra loss due to serious complications (pneumonia, bronchitis, CVD)
0-3 1333 Molinari et al. [27]; weighted average of
46 1576 non-high-risk and high-risk outpatient visit
7-9 1520
10-19 1603
20-49 1934
50-64 2411
65+ 2256

Otitis media

All ages 0 Assumed no additional days lost

aTlV adjuvanted trivalent inactivated influenza vaccine, CDC Centers For Disease Control And Prevention, CVD
cardiovascular disease, QI7 Quadrivalent inactivated influenza vaccine, 77V trivalent inactivated influenza vaccine

which variation in the model input parameters to obtain distributions for the following
(summarized  with  probability  density outcomes of interest: number of influenza
functions) was propagated through the model cases, complications, deaths, life-years lost,
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Table 2 Input data: QALY loss with influenza and impact of events

Variable Estimate Low High Distribution Source/comments
Minor complications 0.00000 0.00000 0.00000 Gamma Assumption
Pneumonia 0.01041 0.00674 0.01487 Gamma Lee et al. [44]
Bronchitis 0.00904 0.00585 0.01291 Gamma Lee et al. [44]
Other respiratory 0.00904 0.00585 0.01291 Gamma Lee et al. [44]
CVD 0.10000 0.06471 0.14284 Gamma Dyer et al. [45]
Otitis media 0.01382 0.00894 0.01974 Gamma Prosser et al. [46]

CVD cardiovascular disease, QALY quality-adjusted life-year

Table 3 Input data: life expectancy and QALY loss due to death

Age  Discounted life-years lost

Discounted QALYs lost when dying Source/comments

when dying
Estimate Estimate Low High Distribution
0-3 308 27.7 25.0 30.5 Normal EQ-5D assumed 0.9 over rest of life
4-6 305 27.5 248 30.2 Normal EQ-5D assumed 0.9 over rest of life
7-9 302 272 245 298 Normal EQ-5D assumed 0.9 over rest of life
10-19 293 26.4 238 29.0 Normal EQ-5D assumed 0.9 over rest of life
20-34 272 24.5 22.1 269 Normal EQ-5D assumed 0.9 over rest of life
35-49 235 21.1 19.1 232 Normal EQ-5D assumed 0.9 over rest of life
50-64 18.3 15.8 142 17.3 Normal Fryback et al. [47] adjusted average for
remaining life-years
65-69 14.2 12.0 109 132 Normal Fryback et al. [47] adjusted average for
remaining life-years
70+ 7.1 5.9 54 65 Normal Fryback et al. [47] adjusted average for

remaining life-years

Source: life expectancy: [48]

CDC Centers for Disease Control and Prevention, QALY Quality-adjusted life-year

QALYs lost, and costs. The distributions for
these outcomes were summarized with the
(2.5th
percentile), and high (97.5th percentile)

mean (“probabilistic mean”)

estimates.

,  low

The model output was further used to
estimate budget impacts and cost-effectiveness

of the competing interventions.

RESULTS

The model outputs for the low, average, and
high intensity modeled seasons with low,
average, and high vaccine match are
summarized in Tables 4, 5, 6 and Figs. 4 and 5.
Assuming (a) 25% better efficacy of adjuvanted
versus non-adjuvanted vaccine against any
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strain and (b) 35% Dbetter
non-adjuvanted vaccine against matched B
versus mismatched B strains, clinical benefits

efficacy of

of aTIV vaccination in the population >65 years
and QIV in the population <65 years suggested
by the model (versus vaccination of the whole
population with QIV) included reductions in
of 11,166-1,329,200 (low
estimate reflects probabilistic mean in low
intensity, low match scenario; high estimate
reflects probabilistic mean in high intensity,
high match scenario), 1365-43,674 fewer
hospitalizations, and 421-11,320 fewer deaths
(Table 4). These clinical outcomes were reflected
in gains of 3003-94,084 QALYs. As illustrated in
Fig. 4, elderly vaccination with aTIV or QIV was

influenza cases

associated with improved outcomes over
non-adjuvanted TIV in many of the scenarios,
particularly in low match seasons of any
intensity. Moreover, in all scenarios, elderly
vaccination with aTIV was shown by the model
to be at least as effective as QIV in reducing
cases and other clinical outcome rates (Fig. 4;
Tables 4, 5). The number of influenza cases
(95% Credible Interval [Crl]) when vaccinating
all age cohorts with TIV ranged from 5.6 million
(0.0-35.7) in the low intensity, high match
scenario to 45.9 million (1.4-71.4) in the high
intensity, low match scenario. Total costs (95%
Crl) when vaccinating all age cohorts with TIV
ranged from $6.2 billion (3.8-16.4) in the low
intensity, high match scenario to $19.8 billion
(4.9-29.4) in the high intensity, low match
scenario.

The breakeven analysis, which modeled a
low intensity season in which the difference
between elderly aTIV and QIV in number of
cases was as close to zero as possible, showed
that the prevalence of circulating mismatched
strains would have to exceed 54.5% for QIV to
offset the benefits of aTIV.

The potential impact of aTIV versus QIV
vaccination in the elderly on costs was split
evenly between direct savings ranging from $15
million (low intensity, low match) to
$475 million (high intensity, high match) and
indirect savings from $12 million to
$459 million (Fig. 5; Table 6). Elderly aTIV
vaccination was associated with increased
overall cost over TIV in only two scenarios
(low intensity with average or high match) but
still represented good value for money with an
incremental cost/QALY relative to TIV of $9980
in the average match scenario and $28,800 in
the high match scenario. In both these
scenarios, however, elderly aTIV dominated
QIV with lower cost (—$171,071; —$222,553)
and higher QALYs (14,676; 17,136). Univariate
sensitivity analysis of relative vaccine prices in
the average intensity, average match scenario
indicated that aTIV could be marginally cost
saving relative to QIV at current Medicare prices
for influenza vaccines (Fig. 6 [51-53]).

Inspection of variability of results across
scenarios showed that the outputs were most
sensitive to vaccine match, followed by season
intensity. The probabilistic nature of the model
was illustrated by the probabilistic mean, low,
and high estimates for each outcome within
each discrete scenario, reflecting variation of
inputs in observational studies and surveillance
data.

DISCUSSION

We demonstrate that vaccination of persons
aged >65 years with aTIV has the potential to
provide clinical and economic benefit relative
to QIV and TIV. The dynamic model described
herein can be used to inform policy decisions
regarding vaccination.

seasonal influenza

Similar dynamic compartmental models have
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N been described previously [54-57]. Importantly,
% they enable herd immunity benefits of
@ g 2 vaccination, which are not adequately
\-:"l\: = ‘f g addressed by static models, to be captured.
= % S\i g The use of dynamic models such as that
5 %E N C|>' é described here to inform policy making in
g A § \og _5 persons aged >65years is particularly
3 &\'5 T R % pertinent because significant healthcare costs
T I § are linked to influenza in this population [6].
B Note that the present analysis was based on the
di % results of previous studies and other
‘?é = E information from the literature, and did not
o:o- o @ __5 involve the collection of any new data from
| 73 L E human or animal subjects.
é E [8 E g In the US, a very broad routine annual
é‘:p § [§ ;g E: vaccination recommendation is in place (all
ST 2 § persons aged >6 months with no
< ! ! s contraindications) [58]. Moreover, the US
g Centers for Disease Control and Prevention
g % (CDC) does not currently recommend any one
\ié ;f E influenza vaccine product over another in the
é . T % elderly (i.e., no preference is expressed at
g < ) s | present for QIV, high-dose, or adjuvanted
§ "§ = By b g vaccine over conventional TIV) [58]. As a
g E 5 § ;g § result of recent studies indicating increased
Bl ST % | = . . . .
s8] 9 . o vaccine effectiveness of high-dose influenza
= +§ vaccine in the over-65 population [59, 60],
g\'z ) -c;';; there‘: is éentiment towa'rds using. the high-dose
& % < g vaccine in that pop.ulatlon, despite tbe curre'nt
‘é’ > 2| lack of a preferential recommendation for its
S| B i « ] use. Additionally, as QIV supplies continue to
5 s = 8 ; %o_ ;§ increase within the US, there appears to be
é 5 g é = i o increasing support for its use in the general
2| &%|E| o o [2 : ; ;
-§ g g CRNE I e %) populatlo.n, again desp1.te the lack of a
SlelZ| T — > preferential recommendation for such use by
S g the CDC. Both the QIV and high-dose TIV
o E ; vaccines are covered by insurance in the US. Of
Z B note, the high-dose TIV is covered by the
§ “, 8 58 Medicare Part B program despite its higher
- § 8 ;;f Q' cost; this is significant, as the majority of the
= & 3 = over-65 population in the US is covered by this
= a =IR7 public payer [61].
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The effectiveness of current vaccination
recommendations in the elderly is under
debate, as conventional vaccines are reported
to provide suboptimal protection in this group
[7]. High-dose TIV uptake in the elderly is
expected to increase in the US and other
countries in the near future, but there remains
a need for additional vaccines offering
enhanced immunogenicity in this population
[62].

Adjuvantation of inactivated vaccines (e.g.,
with oil-in water adjuvants) has the potential to
address unmet influenza vaccination needs in
the elderly [16, 62], and has been reported to
better
mismatched
vaccines in the elderly in several studies [26,

63-65]. The potential for improved outcomes

provide cross-reactivity against

strains than conventional

with adjuvanted vaccine was apparent from the
model, which
reductions in clinical outputs and overall costs
relative to QIV even in modeled low match

showed probabilistic mean

seasons. The breakeven analysis carried out after
the main simulations suggested that QIV would
only offer incremental benefit over aTIV in the
elderly if the proportion of mismatched strains
in circulation was as high as 54.5% or above, a
level which has not been observed in the US
over the last 15 years.

Of note, high-dose TIV has been associated
with a 24.2% increase in efficacy against
laboratory-confirmed influenza [S9] and a 22%
increase in effectiveness for preventing probable
influenza infections and hospitalizations in
persons aged >65 years [60]. This suggests that
economic comparisons of high-dose TIV with
other inactivated influenza vaccine options
using the model would be of considerable
interest and could be the subject of a future
analysis. For now, and on the basis of the data
and assumptions built into the present model
and the above observations with high-dose

Fig. 4 Graphic summary of the main clinical and life-year®™
outputs of the model. All values are probabilistic means
(see Tables4 and S5 for 95% credible intervals for
probabilistically modeled values). 277V adjuvanted TIV,
QALY quality-adjusted life-year, QIV" quadrivalent inacti-
vated seasonal influenza vaccine, 77TV trivalent inactivated
seasonal influenza vaccine

vaccine, we would expect such an analysis to
yield results comparable to those obtained here
with aTIV in subjects aged >65 years. Such a
hypothesis would require future confirmation,
however.

As reported above, the potential impact of
aTIV versus QIV on costs was split evenly
between direct and indirect savings. Direct
reduced

cost savings were derived from

hospitalizations among the elderly, who

experience  increased  serious  influenza
complication rates over younger populations
[27]. Indirect cost savings accrued mainly from
the impact on younger working relatives/
associates, who are likely to experience work
interruptions due to the need for visitation and
care giving, with accompanying losses of
productivity [27].

vaccine prices in the average intensity, average

Sensitivity analysis of
match scenario indicated that aTIV could be
marginally cost saving relative to QIV at current
Medicare prices.

The importance of indirect protection of
older persons through herd immunity effects
is illustrated by experience of influenza
outbreaks in residential institutions [5]. As
mentioned earlier, the structure of the SIR
model on which the analysis was based
accounts for herd immunity effects, through
which the elderly benefit from decreased
transmission of influenza among the broader
population as a result of vaccination [16].

The data used to populate the model were
subject to a number of limitations. Mannino
et al’s study [25] demonstrating the 25%
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(a) Cases

M aTIV 265y; QIV <65y mQWVall mTIVall

High intensity, high match
High intensity, average match
High intensity, low match
45,946
Average intensity, high match
Average intensity, average match
Average intensity, low match
Low intensity, high match

Low intensity, average match

Low intensity, low match

0 10,000 20,000 30,000 40,000 50,000

No. of cases (thousands)

(b) Hospitalizations

W aTIV 265y; QIV <65y mQlvall mTIVall

23
High intensity, high match 500,909
8 ty, hig 499,814

High intensity, average match

High intensity, low match
e . 601,994

663
291,576
290,282

Average intensity, high match
Average intensity, average match
Average intensity, low match
364,768
Low intensity, high match

Low intensity, average match

Low intensity, low match 5
119,250

0 100,000 200,000 300,000 400,000 500,000 600,000 700,000
No. of hospitalizations
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(c) Deaths
maTIV 265y; QIV <65y

High intensity, high match

High intensity, average match

High intensity, low match

Average intensity, high match

Average intensity, average match

Average intensity, low match

8,612

'10,638

Low intensity, high match
Bl 10,403

9,972

Low intensity, average match 11,661

mQvall

79,197
78,954

79,315
83,680

,847
78,792

41,558
43,098
58,292

mTIVall

97,605

12,898
11,111
Low intensity, low match 11,532
18,554
0 20,000 40,000 60,000 80,000 100,000 120,000
No. of deaths
(d) Life years lost
W aTIV 265y; QIV <65y mQlvall mTIVall
High intensity, high match 854,594
852,086
2
High intensity, average match 855,562
900,522
820,806
High intensity, low match 849,283
1,044,395
Average intensity, high match
Average intensity, average match
e B % 458,629
449,394
Average intensity, low match 463,373
621,855
Low intensity, high match 3
B4 DIB 111,62
108,682
Low intensity, average match 125,035
137,566
119,855
Low intensity, low match 123,419
196,872
0 200,000 400,000 600,000 800,000 1,000,000 1,200,000

Fig. 4 continued

Life-years lost
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(e) QALYs lost

W aTIV 265y; QIV <65y

High intensity, high match

High intensity, average match

High intensity, low match

Average intensity, high match

Average intensity, average match

Average intensity, low match

94,487

111,62,
109,66

Low intensity, high match

107,62
122,3

Low intensity, average match 2
134,

) . 117,72
Low intensity, low match 120,7;

191,326

maQwvall

TIV all

735,083
829,167
826,870

731
830,698
872,887

799,416
824,106
1,008,153

480,757
478,110

445,309

438,909
450,997
601,487

200,000 400,000

Fig. 4 continued

reduction in risk of hospitalization for influenza
or pneumonia versus TIV in adults aged >65
years was observational only, did not assess
aTIV’s impact on the reduction of influenza
cases, and did not compare aTIV directly with
QIV [25]. There was no stratification other than
age in the model, with no account taken of
chronic disease status or residential/contact
status. The model does not account for adverse
effects of influenza vaccination. In addition,
costs were treated deterministically in the
though
in clinical practice.

model even significant variation
Despite these

limitations, the findings are in line with what

occurs

would be expected for a vaccine offering
that has
potentially positive effect on clinical outcomes

enhanced immunogenicity a

and costs relative to conventional vaccines,

600,000
QALYs lost

800,000 1,000,000 1,200,000

given the known economic burden of
influenza [66] and the public health and
economic benefits of vaccination [66, 67].

CONCLUSION

We have developed a dynamic model to assist
vaccination policy decisions directing choices
between different formulations of seasonal
influenza vaccine. The US scenario modeled
suggests that vaccination of persons aged
>65years with aTIV has the potential to
provide clinical and economic benefit relative
to QIV and TIV. We recommend further
investigation of the clinical and economic
impact of aTIV relative to other vaccine
formulations in the elderly.
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(a) Total direct cost

W aTIV 265y; QIV <65y

High intensity, high match

High intensity, average match
High intensity, low match
Average intensity, high match
Average intensity, average match
Average intensity, low match
Low intensity, high match

Low intensity, average match

Low intensity, low match

mQlvall mTIVall

0,167
$10,642
$10,018

$10,304

$10,452
10,578
$11,130

8,102
$8,461

$5,000

$0 $10,000 $15,000
Total direct cost (millions)
(b) Indirect cost
maTIV 265y; QIV <65y mQvall mTIVall
847
High intensity, high match $7,306
$7,291
High intensity, average match
High intensity, low match
$8,652
Average intensity, high match $4,252
$4,235
4
Average intensity, average match ,710
$3,972
. . $3,971
Average intensity, low match 4
. . . $936
Low intensity, high match $1,034
$1,021
Low intensity, average match
Low intensity, low match
,743
$0 $2,000 $4,000 $6,000 $8,000 $10,000

Fig. 5 Graphic summary of the main cost outputs of the
model. All values are probabilistic means (see Table 6 for

95% credible intervals for probabilistically modeled values).

Indirect cost (millions)

aTIV adjuvanted TIV, QIV quadrivalent inactivated
seasonal influenza vaccine, 7TV trivalent inactivated

seasonal influenza vaccine
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(c) Total and indirect cost

M aTIV 265y; QIV <65y

High intensity, high match

High intensity, average match
High intensity, low match
Average intensity, high match
Average intensity, average match
Average intensity, low match
Low intensity, high match

Low intensity, average match

Low intensity, low match

mQlvall mTIVall

$19,782

11,960
$12,517
$11,857

$11,131
$11,570
$11,421

7,000
$7,482

S0 $5,000

Fig. 5 continued

120,000
100,000 -
80,000 -
60,000 -{
40,000 -{

20,000 -

Incremental cost-effectiveness ratio of aTIV vs. QIV (USD/QALY)

-20,000
0 20 40 60 80 100 120 140 160 180 200

Incremental cost per dose of aTIV vs. QIV (USD)

Fig. 6 Univariate sensitivity analysis of relative vaccine
prices in the average intensity, average match scenario.
aTlV adjuvanted trivalent inactivated influenza vaccine,
QALY quality-adjusted life-year, QIV" quadrivalent inacti-

vated influenza vaccine

$10,000 $15,000 $20,000 $25,000
Total direct + indirect cost (millions)
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