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ABSTRACT

Many health technology assessment (HTA) agencies limit their assessments of vaccines to the health ben-
efits for the vaccinated individual, the costs associated with vaccine administration and the disease
avoided. However, because the value of vaccines tends to accrue to a large extent beyond the vaccinated
individual, they are systematically undervalued in many current HTA processes. This is also the case in
the UK, where the Joint Committee on Vaccination and Immunisation (JCVI) is in charge of assessing pre-
ventative vaccines, while therapeutic vaccines fall in the realm of the National Institute for Clinical
Excellence (NICE).

To contribute to a forward-looking perspective, we designed a framework to capture the broader value
of vaccination. We reviewed the current state of the global vaccines pipeline and selected seven preven-
tative and three therapeutic vaccines that are likely to enter the UK market within five years. We assessed
on which value elements the selected vaccines would potentially generate value, and compared those
against the novel broader value framework. A review of the current value elements considered by the
JCVI and NICE allowed identifying the critical gaps between potential value generation and value recog-
nition.

To our knowledge, this is the first time that the broader value of vaccination has been pro-actively
assessed for pipeline vaccinations. Our findings show that the existing narrow evaluation frameworks
are likely to systematically undervalue the value of potential future vaccines coming to the UK market.
This is particularly relevant, where their impact on AMR and other health interventions, and on the pro-
ductivity of the workforce is of concern. Recommendations to overcome this include an explicit and more
consistent inclusion of, and data collection on, the impact of vaccines on AMR and other health interven-
tions by JCVI and NICE; the consideration of a societal perspective and the fiscal impact of vaccines to
societies.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

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

1. Introduction

In this context, it may be surprising that many health technol-
ogy assessment (HTA) bodies, organisations that conduct value

Vaccination programmes have been shown to be cost-effective
or even cost-saving to the healthcare system and society [1-4].
Moreover, the COVID-19 pandemic painfully exposes the human
and economic costs of not having a vaccine available against highly
infectious and potentially deadly disease. Central to the debate on
how to respond to this pandemic are considerations of individual
patient suffering, impact on patient’s families and loved ones, on
people needing care for non-COVID-19 conditions, on healthcare
workers and the broader healthcare system, and on the (global)
economy affecting the population’s health and welfare today and
in the future.
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assessment of vaccines to inform adoption and reimbursement
decisions by policymakers, limit their assessments to the health
benefits for the vaccinated individual and the costs associated with
vaccination and the disease avoided [5]. Some will also consider
herd-immunity [6] if data is available and when analytic expertise
allows. The recent recommendation in some countries (e.g. the UK,
the Netherlands) to vaccinate boys against HPV is an example and,
so far, an exception.

Because the value of vaccines tends to accrue to a relatively
large extent beyond the vaccinated individual, they are systemati-
cally undervalued in many current HTA processes [7]. Undervalua-
tion can lead to underutilisation and reduces incentives for
manufacturers to innovate. Health economists have therefore long
called for explicitly considering the ‘broader value aspects’ of vac-
cines, including for example cost offsets to the broader healthcare
system and society [8,9], or potential impact on antimicrobial
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resistance (AMR) by preventing diseases that otherwise would
require antibiotic treatment [10].

Arguments provided by HTA bodies for using a more narrow
perspective, in practice if not on paper, are that the perspective
adopted for economic evaluations should be the same for all inter-
ventions, that sufficient data are lacking [7], that analytic ability to
incorporate such impact is suboptimal [9,11] and/or that the
understanding of relevant decision-making processes is insuffi-
cient to change the status quo [12]. Yet, if ever there was a time
to reconsider the way we assess vaccines, it would be now, while
we are facing the broad implications of a pandemic and shaping
the post-COVID world.

To contribute a forward-looking perspective on what the impli-
cations may be of using a broader assessment framework, this
study will answer the following questions: 1) How could a frame-
work for broader value assessment of vaccines look like? 2) To
what extent would including broader value elements in HTA be
relevant for the vaccines that are coming through the pipeline in
the near future? 3) To what extent do the current HTA frameworks
allow to capture those broader values and where are the critical
gaps? The study focuses on the UK, which has one of the world-
leading immunisation programs. By identifying the gap between
the broader value that might be expected from future vaccines to
the UK and the readiness of the UK's HTA bodies to capture it,
the results aim to inform future methodological and policy discus-
sions on the valuation of vaccination.

2. Material and methods
2.1. Overview

We used a multiple-methods approach including 1) a literature
review to identify existing value frameworks for vaccines; 2) a
review of the vaccine pipeline relevant to the UK; 3) a qualitative
analysis of all value elements on which the vaccine would poten-
tially have an incremental effect, and 4) a gap analysis comparing
the results of step 3 to the value elements considered in the rele-
vant HTA frameworks in the UK.

We sought feedback on the results of each step via interviews
with eight experts: five interviewees had an industry background,
two interviewees were experts in value assessment of vaccines and
one interviewee was a representative of the UK’s Joint Committee
on Vaccine and Immunisation (JCVI).

2.2. Literature review

We conducted a targeted literature search in quarters 3 and 4 of
2019 using the “snowballing” approach to identify peer-reviewed
literature describing broader value elements or value frameworks
for HTA of vaccines. Snowballing is an effective strategy for con-
ducting a systematic yet targeted search [13]. It is based on select-
ing a relatively recent and authoritative paper as the starting point
and identifying any articles that are cited in or have cited that
paper. To this end, the conference report of Gessner et al. [11]
was selected as the starting paper for the literature search as it
describes the work and recommendations of a panel of 30 interna-
tional experts on estimating the full public health value of vaccina-
tion. It references papers previously published on this topic and is
referenced in authoritative journals like Vaccine. In addition, we
searched Google Scholar to find other papers, using various terms
such as: ‘vaccines economic value’, ‘vaccines economic assess-
ment’, ‘vaccines health technology assessment’, and ‘vaccines
HTA criteria’. From the papers found we extracted the value ele-
ments mentioned and their definitions. Given the geographical
scope of this study, we focused on broader value elements that
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are most relevant in high-income settings like the UK. We organ-
ised these elements in a framework that underpins the next steps
of this study.

2.3. Pipeline review

The pipeline review was performed in quarters 3 and 4 of 2019
and based on three key sources of information including the pub-
licly available vaccines pipeline trackers from the WHO! and the
Pharmaceutical Research and Manufacturers of America (PhRMA)?,
and the commercial products pipeline database ‘Pharmaprojects”.
Vaccines in Pharmaprojects were identified using the following fil-
ters for therapeutic classes: prophylactic vaccine, anti-infective;
therapeutic vaccine, anticancer, vaccine; recombinant vaccine.
Duplicates between all sources were removed based on the product
name, sponsor, and phase. We resolved instances of similar but non-
identical names, and discrepancies in the reported development
phase across datasets, using additional sources, notably company
websites and clinicaltrials.gov. We excluded vaccines targeting dis-
eases that currently have very low prevalence and incidence in the
UK, including Dengue Fever, Ebola, Lassa Fever, Nipah Virus, MERS,
Malaria, Zika, West Nile Virus, Plague | Yersinia Infections, although
we are aware of the pandemic risk. We also excluded all vaccines
that were not in Phase I, II or IIl development at the time of review.
A flow chart of the review process is shown in Fig. 1.

The indications of the eligible vaccines were manually matched
to the ICD-11 classification of the targeted disease. Due to different
market access and HTA pathways, preventative and therapeutic
vaccines in the pipeline were considered separately in the analy-
ses. We distinguished preventative from therapeutic vaccines, by
checking the product name, indication and, where available, infor-
mation from clinicaltrials.gov using the keyword ‘prevention’ and
‘preventative’ or ‘therapy’, ‘treatment’, ‘therapeutic’. Unless speci-
fied otherwise, we assumed that every vaccine targeting neo-
plasms was a therapeutic vaccine. In any other case of doubt, the
vaccine was classified as preventative.

We verified and complemented the final data extraction with
input from representatives of eight vaccine manufacturers that
are either large contributors to the global vaccine supply” or major
suppliers to the UK vaccination program.

2.4. Qualitative assessment of value elements relevant to pipeline
vaccines

The qualitative assessment of a selection of pipeline vaccines
was done by assessing on which value elements the selected vac-
cines would potentially generate value, and compared those value
elements against the novel broader value framework. This
approach was based on so-called ‘early HTA’ methodology [14],
which aims to inform industry and other stakeholders about the
potential value of new medical products in development. For this
part of the analysis, we selected a sample of ten vaccines that were
in phase Il development. By focussing on phase Il developments,
we aimed to increase the significance of the analysis because these
vaccines have a larger chance to successfully move to market and
undergo HTA in the next couple of years. Also, while a set of 10
vaccines will not be fully representative for the entire pipeline,

1 'WHO vaccine pipeline tracker. http://www.who.int/immunization/research/vac-
cine_pipeline_tracker_spreadsheet/en/ (accessed October 16, 2019).

2 PhRMA. Medicines in Development: Vaccines. 2017.

3 Pharma Intelligence. Pharmaprojects n.d. http://pharmaintelligence.informa.com/
products-and-services/data-and-analysis/pharmaprojects (accessed October 16,
2019).

4 Based on a report published by the Access to Medicine Foundation “Access to
Vaccines Index (2017)" Available at https://accesstomedicinefoundation.org/access-
to-vaccines-index/about-the-index.
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Fig. 1. Flow chart of vaccines pipeline review.

we strived to include a diverse set of vaccines by considering the
characteristics of the vaccine-preventable disease (e.g. severity,
prevalence and incidence, burden of disease), the target population
(e.g. demographic, size) and whether it was a preventative or ther-
apeutic vaccine.

As the impact of these ten phase IIl vaccines on the various
value elements was unknown at the time of assessment, we
searched for published data on the direct and indirect health and
economic consequences of the specific diseases that the vaccines
aim to prevent, to establish for which value elements there would
be potential ‘headroom’ [15] for improvement. The assessment was
binary (likely yes/ likely no) and does reflect the potential magni-
tude of the effect. We also sought feedback from the eight experts
to face validate the assessment. We refer to the Appendix for a
more detailed description of the value assessment for specific
elements.

2.5. Gap analysis

The gap analysis involved reviewing HTA and cost-effectiveness
methodology guidelines [16-19] and previously published reviews
[20] to list the value elements considered as part of the economic
evaluation model or as additional criteria in the appraisals con-
ducted by the JCVI, in charge of assessing preventative vaccines,
and by the National Institute for Clinical Excellence (NICE), the
organisation assessing therapeutic vaccines. We compared this list
to the value elements on which the pipeline vaccines would have a
potential impact, to identify the gaps. This provides insight into

which value aspects might potentially be overlooked when these
vaccines will be appraised using the current guidelines.

3. Results
3.1. Value frameworks for vaccines

The literature review identified four key publications reporting
a description of value elements or a framework for assessing the
full value of vaccines from a societal perspective [9,21-23]. These
frameworks differentiate between ‘narrow’ and ‘broad’ value ele-
ments of vaccines. Elements labelled as ‘narrow’, focus on (short-
term) effects for vaccinated individuals and are considered in most
vaccines HTAs. Elements labelled as ‘broad’ include downstream
effects and externalities [21] and are not typically considered in
most vaccine appraisals.

Building on previously published vaccines frameworks [9,21-
23], we distinguish four categories of value: (1) health effects, con-
cerning the impact of vaccines on the health of vaccinated individ-
uals and their informal caregivers, (2) productivity-related effects,
concerning the impact of vaccines on the productivity of vacci-
nated individuals and their informal caregivers, (3) health system
and community health impact, namely the impact of vaccines on
the health of the unvaccinated population, and (4) health system
economic effects. Each category includes multiple value elements
that have previously been defined in the literature.

This study’s focus on higher-income countries led us to exclude
value elements from previous frameworks. Examples of those ele-
ments are outcome-related productivity gains (i.e., changes to
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household fertility and consumption choices) and household secu-
rity (i.e., avoidance of financial instability due to catastrophic
health expenditure) which were considered more relevant to
middle- and lower-income settings®. Table 1 shows the framework
that was used for the remainder of this study.

3.2. Pipeline review

The pipeline review identified 782 products currently in phase I,
II or III that are relevant to the UK. Of those, 478 (61%) were clas-
sified as preventative vaccines and 304 (39%) as therapeutic.

For both types of vaccines, research and development (R&D) are
heavily concentrated: ~90% of preventative vaccines in develop-
ment target infectious or parasitic diseases (Fig. 2A) while 85% of
therapeutic vaccines in the pipeline target neoplasms (Fig. 2B).

Among preventative vaccines, R&D activity centres on infec-
tious or parasitic diseases (including influenza, pneumococcal dis-
ease and pentavalent vaccines for diphtheria, haemophilus
influenzae type b, pertussis, polio and tetanus). This is especially
visible in phase III, where this ICD-11 class captures 53 out of 54
ongoing developments. This is followed by products targeting dis-
eases of the respiratory system (including meningococcal disease
and tuberculosis) of which with 38 are mainly concentrated in
phase I and II.

For therapeutic vaccines, most R&D activity targets neoplasms
and is concentrated in phase Il. Phase Il includes vaccines that tar-
get prostate cancer (n = 2), liver cancer (n = 2) or multiple cancers
(n = 3). There are also a few (0-5) developments in other ICD 11
classes, except for the genitourinary system.

3.3. Qualitative assessment of value elements relevant to pipeline
vaccines

The results of the value assessment for the selected 10 vaccines
in phase Il are shown in Table 2. White cells indicate the value ele-
ments on which the vaccine might potentially have an incremental
effect; grey cells indicate value elements that are not likely
affected by the vaccine. In the case of burden of disease, a white
cell indicates that the vaccine targets a disease which is in the
top two deciles of the diseases contributing to the total UK disease
burden; orange cells indicate it not.

Among the health effects included in our framework, quality
and length of life of vaccinated individuals were judged relevant
to 10 and eight vaccines respectively, and QoL of caregivers to
seven vaccines. Over half of the selected vaccines (n = 6) are
expected to show community and health system effects relating
to burden of disease, transmission and enablement value. Trans-
mission value, in particular, is relevant to six out of the seven pre-
ventative vaccines in the sample. Prevention of AMR is likely to be
relevant to four vaccines in the sample. The productivity impact of
vaccinated individuals and caregivers were considered relevant to
six and eight vaccines respectively, and cost-offsets to the health
system to all 10 vaccines in the sample.

Below we provide the details of our assessment for one preven-
tative (Escherichia Coli) and one therapeutic vaccine (Breast can-
cer). For similar descriptions of each vaccine assessment, we
refer to the Appendix.

3.3.1. Escherichia Coli (E. Coli)

Health effects: E. Coli infections can affect patients’ long-term
Qol. In particular, patients’ mental health may be worse than the
general population’s for six months [30] to one year [31] after

5 We note that this part of the study had been performed before the COVID-19
pandemic
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recovering from the infection. E. Coli infections may also be
responsible for the development of chronic conditions, e.g. chronic
fatigue [31]. Most E. Coli infections improve in five to seven days,
but more severe ones affecting children, elderly and immunocom-
promised individuals can be life-threatening [32]. Hence, a vaccine
against E. Coli can a priori be expected to potentially impact QoL
and length of life of patients. The length of E Coli infections epi-
sodes is considered short enough to exclude a significant impact
on the QoL of informal caregivers.

Health system and community health impact: E. Coli is gener-
ally community-transmitted through consumption of contami-
nated foods [32]. In England, the incidence of E. Coli bacteraemia
has increased, and about 60% of these cases have had a hospital-
onset or have manifested in hospital-discharged patients with a
history of healthcare interventions, such as urinary catheterization
or antibiotic therapy within the previous four weeks [33,34]. Con-
sequently, an E. Coli vaccine is expected to deliver transmission
value benefits.

While E. Coli is one cause of diarrhoeal disease and urinary tract
infections, these conditions have a limited burden compared to
other diseases contributing to the total UK disease burden (0.29%
and 0.36% of total DALYs lost, respectively [35]). However, the bac-
terium is responsible for 84% of the total burden of bloodstream
antibiotic-resistant infections in England [36], making prevention
of AMR a relevant effect. Resistant E. Coli infections, for which
antibiotic prophylaxis may not be effective, can prevent surgeries
in immunocompromised patients. Hence, a vaccine against E. Coli
is also expected to deliver gains in enablement value.

Health system economic impact: E. Coli infections result in
physician visits, emergency department visits and hospitalisation.
The estimated additional length of stay associated with E.Coli
infections, relative to non-infections, is about four days. The esti-
mated hospital costs to E. Coli bacteraemia in England is ~£14 mil-
lion per year [37]. A vaccine against E.Coli is therefore expected to
generate significant cost-offsets to the health system.

Productivity related impact: A study of the economic cost of
E. Coli estimated that the number of days missed days from work
ranges from 0.25 days, for patients that do not see a physician, to
7.13 days, for hospitalised patients [38]. Therefore, a vaccine may
help to prevent productivity losses of infected individuals during
the sickness period. The productivity of informal caregivers is
assumed relatively unaffected.

3.3.2. Breast cancer

Health effects: Breast cancer affects patients’ QoL in both short-
and long-term. At diagnosis, patients may suffer mental distress,
and during chemotherapy, they may experience fatigue and pain
[39]. In the post-treatment stages, patients’ mental health may
be affected by fear of recurrence, while physical QoL will generally
be similar to the general population level, except for potential lym-
phedema and/or feeling of numbness to the arm [39]. Breast cancer
caregivers’ may also be affected by mental distress and depression,
conditions which are in turn correlated with lower QoL [40]. Five-
year survival rates vary from 99% for diagnosis at stage one to 15%
for diagnosis at stage four [41].

A therapeutic vaccine against breast cancer is thus expected to
deliver value with respect to all health effects included in our
framework.

Health system and community health impact: Breast cancer is
the most common cancer in the UK, accounting for 15% of all
new cancer cases in 2016. It ranks third among the diseases
responsible for the largest number of years of life lost in women
and among the top-10 diseases for the number of DALYs lost in
women in the UK [42]. Some treatments for breast cancer can pre-
vent or interfere with other treatments, particularly in severely
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Table 1
Value framework for vaccines.
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Categories

Value Elements

Definition

Health effects

Productivity related impact

Health system and
community health
impact

Health system economic
impact

Impact on QoL of vaccinated
individuals

Impact on caregivers QoL

Impact on length of life of
vaccinated individuals
Impact on productivity of
vaccinated individuals

Impact on caregivers’
productivity
Burden of disease

Transmission value

Prevention of antimicrobial
resistance (AMR)

Enablement value

Cost off-sets to the health
system

Impact on patients’ physical, mental, emotional, and social functioning. It is hypothesised that the QoL
will be affected by ‘peace of mind’ or ‘utility in anticipation’ benefits, occurring when a reduction in the
fear of severe illness and associated disruptions to normal daily life has beneficial effects on the QoL of
vaccinated individuals [24,25].

Impact on caregivers’ physical, mental, emotional, and social functioning. ‘Peace of mind’ and ‘utility in
anticipation’ benefits are also relevant to caregivers [24]. In particular, parents of young children are
expected to gain utility from the moment of vaccination until the time when the illness would have
occurred, knowing that their children are protected against vaccine-preventable diseases [1].

Impact on length of life.

Impact on work productivity due to sickness or death of the patient. Productivity losses may result from
the impact on lost days of work and on the level of productivity, both for getting vaccinated and for
disease avoided. In the case of the latter, it has been argued that vaccines can benefit from ‘outcome-
related productivity’ by providing protection from diseases that can affect individuals’ ability to achieve/
maintain full cognitive potential, higher educational levels, and ultimately work productively during
their lifetime [21].

Impact on caregivers’ work productivity due to time spent caring for a sick individual.

The aggregate impact of disease in terms of total morbidity, as measured by disability-adjusted life years
(DALYs) or quality adjusted life years (QALYs) lost. Consideration of burden of disease may also partly
reflect societal preferences for equity. Where society places more value on the health gains accrued to
worse off population groups, an efficiency-equity trade-off may improve the allocation of resources [26].
Impact on disease transmission patterns and associated morbidity. Vaccines for infectious diseases can
have an impact on population-wide epidemiological outcomes by providing herd immunity to
unvaccinated individuals [21,27].

Impact on the rate of development and transmission of resistant infections. Vaccines targeting resistant
bacterial infections can reduce the transmission and growth of AMR. Vaccines may also reduce the rate
of prescription of antibiotics, thus slowing down the development of AMR [21,27].

Impact on the cost-effectiveness of other non-vaccine interventions. It has been argued that vaccines
should not be evaluated in isolation because they enhance the effectiveness of other non-vaccine
interventions [27]. For example, vaccinating patients with HBV or HCV viral load and concurrent cancer,
may preserve the option to treat with a (higher intensity) chemotherapy, which would otherwise be a
risk as chemotherapy might reactivate the virus [28].

Impact on medical costs borne by the health system, from a reduction in the number of medical
consultations, treatment, screening, and hospitalisations. Compared to other health-related
interventions, vaccines may also generate savings to the health system through a spending reduction on
measures to prevent and control infection outbreaks [27], and, potentially, of fewer unnecessary clinic
visits [22] due to ‘peace of mind’ benefits of vaccination [29], although evidence of the latter is currently
unavailable.

immunosuppressed patients [28]. Overall, a vaccine against breast
cancer is expected to reduce the burden of disease and have a rel-
evant enablement value. The value of preventing disease transmis-
sion and AMR will likely not be relevant because of the non-
communicable nature of breast cancer, and the use of antibiotics
is limited to surgery prophylaxis.

Health system economic impact: Between 2006 and 2010, in
England, breast cancer reportedly costs the health system £371
million in patients aged < 64 years [43]. Health system’s cost-
offsets from a vaccine are expected to be significant.

Productivity related impact: Women with breast cancer or
undergoing treatment report substantial impact on both work
absenteeism and presenteeism [44]. Men whose partners are
affected by breast cancer are also significantly more likely to stop
working during treatment [45]. Productivity losses appear to dissi-
pate for informal caregivers in the long term [45], but they can per-
sist for survivors, even three years after treatment [46]. Thus, a
vaccine against breast cancer is expected to enhance productivity
gains for patients and informal caregivers.

3.4. Gap analysis

Table 2 also shows which value elements included in this
study’s framework are likely to be considered in the JCVI appraisal
of preventative vaccines and in the NICE appraisal of therapeutic
ones. Cells marked with a dark blue triangle (a), indicate that the
value element is considered ‘likely to be included in the appraisal’;
a black cross (X) indicated that the value element is ‘not likely to be

included in the appraisal’. Potential areas of discrepancy between
the relevant elements of value of vaccines and those that do not
enter the vaccines appraisal are then apparent by light grey cells
marked with a black cross.

Table 2 shows that all value elements related to health effects
and health system economic impact are recognised by JCVI and
NICE.

Areas of discrepancy appear to AMR prevention and enablement
value, which neither JCVI nor NICE currently seem to recognise.
The former is relevant to four of the seven preventative vaccines,
but not to therapeutic vaccines. Enablement value is an area of
value for three preventative and three therapeutic vaccines.

Productivity related effects of vaccinated individuals and care-
givers are not considered by JCVI or NICE. This creates areas of dis-
crepancy among both preventative and therapeutic vaccines.

4. Discussion

The current vaccines pipeline shows significant activity: 23 pre-
ventative and seven therapeutic vaccines that are currently in
phase Il may be launched in the UK within the next five years.
While an appropriate assessment is crucial to assure sufficient
uptake and reimbursement, our results show that some broader
value aspects potentially generated by a selection of these future
vaccines are not likely to be considered in the current NICE or JCVI
appraisals. It should be noted that other health technologies may
also accrue broader value; however, the broader value component
of vaccines is unusually large compared to other many health tech-
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Fig. 2. Results of the pipeline update: preventative (Panel A) and therapeutic (Panel B) vaccines in phase I, I or phase III development, by ICD-11 classified target disease.

nologies. The identified gaps essentially represent a systematic
undervaluation of vaccination, which has detrimental effects on
long-term population health. Undervaluation may lead to underin-
vestment and underutilisation, which may leave our society vul-
nerable to diseases that could potentially be prevented through
vaccination. This scenario seems especially grim given the added
health system pressure from the ongoing COVID-19 pandemic.

It must be noted, however, that JCVI and NICE may consider, on
a case-by-case basis, some of the broader value elements. For
example, if a significant health benefit or cost-saving is known to

exist but is not included in the modelling, the JCVI is willing to
use their judgement to adjust the estimates of the incremental
cost-effectiveness ratio [22]. Also, a previously published review
[47] of NICE assessments shows that carer or family member util-
ities were included or commented on in five of 58 appraisals com-
pleted in 2018. While encouraging examples, current practice does
not assure a consistent and transparent inclusion of broader value
elements and may distort value comparisons between health-
related interventions. Furthermore, in the past NICE has rejected
the use of other methodological alternatives, such as multi-
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Table 2
Value assessment and gap analysis of 10 selected vaccines.
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VALUE ELEMENTS
5 5 < ) E! 5
POPULATION, | © 2 2 5 5 8 > 5 x 2
DISEASE VACCINETYPE | 232 | ¢ |¢ gocZge cZp 2 5 2 2 T o
58w S & ) Lwmlc6=2LwT| 625 5] £ @ < £ D &
583 52 |[go83/58832 8= s 3 £ €5 58
S c D 85 |8 ,£288558 8355 @ = 3 o ) ° £
g8z | 89 |825z2/8882| 8388 = g es § ¢ 3=
T 5] E- 082|238 £ & > c S5 23 <]
ECS ¢ ES Eos>clEs>5c £S5 0O om (I} = > o o O c
Adults,
HIV Preventative v v ‘ 2\l X X v X \ X v
Children, Adults,
Influenza Preventative “I ‘J V X X "I X "I X "I
. Adults,
Alzh: ;
zheimer Preventative ‘I ‘l ‘ ‘l x X ‘l x V X ‘l
Respiratory syncytial | Adults, Senior,
virus (RSV) infection Preventative ‘\I ‘J ‘l x X ‘l X ‘\I X ‘l
Escherichia coli Adults,
infection Preventative ‘I ‘l ‘I x x V x ‘I x “I
Meningococcal Children,
infection Preventative ‘I ‘I ‘l X X ‘J X ‘I X ‘l
Varicella zoster virus Children,
infection Preventative ‘\I ‘J 4 x X “l x ‘\I X ‘l
Senior,
Diabetes, T 2 .
iabetes, Type Therapeutic v v v X X v X X X v
Adult,
Breast cancer Therapeutic "I "I "I X X "I X X X "I
Adult
Prostat .
rostate cancer Therapeutic v v v X X v X X X v

Notes: White coloured cells: Potentially relevant value element (in case of ‘burden of disease’, the vaccines targets a disease that is in the top two decile of diseases
contributing to the total UK disease burden); Grey coloured cells: Potentially irrelevant value element; (in case of ‘burden of disease’, the vaccine does not target a disease that
is in the top two decile of diseases contributing to the total UK disease burden); »#Likely to be considered by JCVI/NICE; X Not likely to be considered by JCVI/NICE ; Cells with
bolded black borders indicate value elements that are potentially relevant but unlikely to be considered by JCVI/NICE.

criteria decision analysis, that would allow to consider broader
value elements alongside the results of an economic evaluation
model. There are, however, other ways to overcoming the identi-
fied gaps. Methodological advancements such as dynamic disease
modelling already allow to formally incorporate transmission
value on a regular basis. Others would require a more systemic
change in existing approaches. We summarise those below and
refer to a working paper® for further detailed recommendations.

First, for preventative vaccines, while not currently consistently
included, the JCVI acknowledges the importance of considering the
potential of vaccines to prevent AMR and/or to improve the cost-
effectiveness of other non-vaccine interventions (enablement
value). Regarding AMR, substantial cost-savings might be achieved
given their large associated cost-burden. However, a better under-
standing of the patterns of AMR development and models is
needed to quantify the impact of relevant vaccination pro-
grammes. The JCVI has already issued a recommendation for gen-
erating such evidence [18]. For enablement value, an explicit and
consistent inclusion would allow capturing the value of vaccina-
tion that is generated by enabling other cost-effective interven-
tions. This requires a clear definition of what this value element
includes, and methodologies to measure it accurately. A possible
solution may be the joint evaluation of the vaccines with the
non-vaccine interventions that will be ‘enabled’ [27].

Second, possibilities to capture this value by broadening the
perspective would be allowed under the NICE public health guid-
ance [48]. Here, evaluation methods such as cost-benefit analysis
can be applied, which have been found to be more adequate for
the evaluation of vaccines [49] as they allow for including relevant
broader elements. Alternatively, the existing methods applied by
NICE and the JCVI could be complemented with fiscal health anal-
yses [50] which would include the value of vaccination from a trea-

6 See Brassel S, Neri M, O'Neill P, Steuten L. Realising the Value of Vaccines in the
UK. London: Office of Health Economics; 2020. Available at: https://www.ohe.org/
publications/realising-broader-value-vaccines-uk

sury perspective. If justified, the treasury could then reallocate
sufficient funds to the health system to ensure the affordability
of evaluated vaccination program.

Third, the value dimensions of the broader value framework
may not be of equal relevance to the different stakeholders. Those
with responsibility for health planning, budget development, and
management of community-based programmes may be more
interested in the prevention of AMR, whereas for example the trea-
sury, having with broader financial objectives, may place greater
value on vaccines’ productivity-related value. Therefore, allocative
efficiency may be improved by considering who gains and who
pays for vaccination. Expanding employer-funded vaccination pro-
grams to other vaccine-preventable diseases than flu, and poten-
tially open these up to family members if there are substantial
carer productivity costs associated with the disease, is one
example.

This research has limitations. The updated pipeline may exhibit
some redundancy if, despite multiple automatic and manual
checks, some duplicate products were not detected.

The mapping of vaccines to ICD 11 classes skews towards
“Infectious diseases” as this captures every disease that spreads,
directly or indirectly, from one person to another.

The methods used to perform the value assessment are prone to
selection and publication bias. We based the qualitative assess-
ment on published data where possible, yet the data availability
and quality tended to be stronger for the direct health effects than
for the ‘broader’ value elements; a consequence in part of the sta-
tus quo. We aimed to mitigate this by complementing the data
available with expert judgements from representatives of public
health authorities and the pharmaceutical industry. Also, in the
absence of clear target product profiles, this part of the assessment
involved value judgements as to whether the vaccine could poten-
tially generate added value, considering the counterfactual of cur-
rent care without that vaccine. This does not imply that the
vaccine will indeed deliver that value, which remains to be demon-
strated in further research.


https://www.ohe.org/publications/realising-broader-value-vaccines-uk
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5. Conclusion

To our knowledge, this is the first time that the potential
broader value of vaccination has been pro-actively assessed for
pipeline vaccinations. Our findings show that the existing evalua-
tion frameworks are likely to systematically undervalue the vacci-
nes coming to market in the UK. This is particularly the case where
their impact on AMR, on other health interventions, and on the
productivity of the workforce is of concern. Recommendations to
overcome this include an explicit and more consistent inclusion
of, and data collection on, the impact of vaccines on AMR and other
health interventions by JCVI and NICE, and consideration of a soci-
etal perspective and the fiscal impact of vaccines to societies.

Declaration of Competing Interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: All authors are employees of The Office of Health Eco-
nomics (London, UK), a registered charity and Independent
Research Organisation which receives funding from a variety of pri-
vate and public sector sources. The underlying research was com-
missioned and funded by the Association of the British
Pharmaceutical Society (ABPI).

Acknowledgements

This research was commissioned and funded by the Association
of the British Pharmaceutical Society (ABPI).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jvacx.2021.100096.

References

[1] Drummond M, Chevat C, Lothgren M. Do we fully understand the economic

value of vaccines?. Vaccine 2007;25:5945-57.

[2] Bloom DE. The Value of Vaccination. In: Curtis N, Finn A, Pollard A, editors. Hot

Topics in Infection and Immunity in Children VII, vol. 697, New York, NY:

Springer New York; 2011, p. 1-8. https://doi.org/10.1007/978-1-4419-7185-

2_1.

Drolet M, Bénard E, Jit M, Hutubessy R, Brisson M. Model Comparisons of the

Effectiveness and Cost-Effectiveness of Vaccination: A Systematic Review of

the Literature. Value in Health 2018;21:1250-8. https://doi.org/10.1016/j.

jval.2018.03.014.

Leidner AJ, Murthy N, Chesson HW, Biggerstaff M, Stoecker C, Harris AM, et al.

Cost-effectiveness of adult vaccinations: A systematic review. Vaccine

2019;37:226-34. https://doi.org/10.1016/j.vaccine.2018.11.056.

Sanders GD, Neumann PJ, Basu A, Brock DW, Feeny D, Krahn M, et al.

Recommendations for Conduct, Methodological Practices, and Reporting of

Cost-effectiveness Analyses: Second Panel on Cost-Effectiveness in Health and

Medicine. JAMA 2016;316:1093-103. https://doi.or

10.1001/jama.2016.12195.

Nymark LS, Sharma T, Miller A, Enemark U, Griffiths UK. Inclusion of the value

of herd immunity in economic evaluations of vaccines. A systematic review of

methods used. Vaccine 2017;35:6828-41.. https://doi.org/10.1016/
j.vaccine.2017.10.024.

[7] Bloom DE. Valuing vaccines: Deficiencies and remedies. Vaccine 2015;33:
B29-33. https://doi.org/10.1016/j.vaccine.2015.03.023.

[8] Bloom DE, Canning D, Weston M. The Value of Vaccination. World Econom
2005;6.

[9] Jit M, Hutubessy R, Png ME, Sundaram N, Audimulam J, Salim S, et al. The
broader economic impact of vaccination: reviewing and appraising the
strength of evidence. BMC Med 2015;13:209.

[10] Sevilla JP, Bloom DE, Cadarette D, Jit M, Lipsitch M. Toward economic
evaluation of the value of vaccines and other health technologies in
addressing AMR. Proc Natl Acad Sci USA 2018;115:12911-9. https://doi.org/
10.1073/pnas.1717161115.

[11] Gessner BD, Kaslow D, Louis ], Neuzil K, O'Brien KL, Picot V, et al. Estimating
the full public health value of vaccination. Vaccine 2017;35:6255-63. https://
doi.org/10.1016/j.vaccine.2017.09.048.

[3

[4

[5

6

Vaccine: X 8 (2021) 100096

[12] Schwartz JL, Mahmoud A. When Not All That Counts Can Be Counted:
Economic Evaluations And The Value Of Vaccination. Health Aff
2016;35:208-11. https://doi.org/10.1377/hlthaff.2015.1438.

[13] Greenhalgh T, Peacock R. Effectiveness and efficiency of search methods in
systematic reviews of complex evidence: audit of primary sources. BM]
2005;331:1064-5. https://doi.org/10.1136/bmj.38636.593461.68.

[14] [Jzerman M]J, Steuten LMG. Early Assessment of Medical Technologies to
Inform Product Development and Market Access: A Review of Methods and
Applications. Applied Health Economics and Health Policy 2011;9:331-47.
https://doi.org/10.2165/11593380-000000000-00000.

[15] Chapman AM, Taylor CA, Girling AJ]. Early HTA to Inform Medical Device
Development Decisions - The Headroom Method. In: Roa Romero LM, editor.
XIII Mediterranean Conference on Medical and Biological Engineering and
Computing 2013, Cham: Springer International Publishing; 2014, p. 1151-4.
https://doi.org/10.1007/978-3-319-00846-2_285.

[16] DHSC. Cost-effectiveness methodology for vaccination programmes
Consultation on the Cost-Effectiveness. Methodology for Vaccination
Programmes and Procurement (CEMIPP) Report. 2018.

[17] DHSC. Cost-effectiveness methodology for Immunisation Programmes and
Procurements (CEMIPP). The government’s decision and summary of
consultation responses. 2019.

[18] JOINT COMMITTEE ON VACCINATION AND IMMUNISATION. Joint Committee
on Vaccination and Immunisation n.d. https://www.gov.
uk/government/groups/joint-committee-on-vaccination-and-
immunisation#terms-of-reference.

[19] NICE. Guide to the methods of technology appraisal 2013. 2013..

[20] Angelis A, Lange A, Kanavos P. Using health technology assessment to assess
the value of new medicines: results of a systematic review and expert
consultation across eight European countries. Eur ] Health Econ 2017:1-30.

[21] Bdrnighausen T, Bloom DE, Canning D, Friedman A, Levine OS, O’Brien ], et al.
Rethinking the benefits and costs of childhood vaccination: the example of the
Haemophilus influenzae type b vaccine. Vaccine 2011;29:2371-80.

[22] Bdrnighausen T, Bloom DE, Cafiero ET, O'Brien JC. Valuing the broader benefits
of dengue vaccination, with a preliminary application to Brazil. vol. 25,
Elsevier; 2013, p. 104-13.

[23] Deogaonkar R, Hutubessy R, Van Der Putten I, Evers S, Jit M. Systematic review
of studies evaluating the broader economic impact of vaccination in low and
middle income countries. BMC Public Health 2012;12:878.

[24] Beutels P, Scuffham PA, MacIntyre CR. Funding of drugs: do vaccines warrant a
different approach?. Lancet Infect Dis 2008;8:727-33.

[25] Ultsch B, Damm O, Beutels P, Bilcke ], Briiggenjiirgen B, Gerber-Grote A, et al.
Methods for Health Economic Evaluation of Vaccines and Immunization
Decision Frameworks: A Consensus Framework from a European Vaccine
Economics Community. Pharmacoeconomics 2016;34:227-44. https://doi.org/
10.1007/s40273-015-0335-2.

[26] Nord E. Cost-value analysis in health care: making sense out of
QALYs. Cambridge University Press; 1999.

[27] Jit M, Hutubessy R. Methodological challenges to economic evaluations of
vaccines: is a common approach still possible?. Appl Health Econom Health
Policy 2016;14:245-52.

[28] Ramsey SD, Unger JM, Baker LH, Little RF, Loomba R, Hwang JP, et al.
Prevalence of Hepatitis B Virus, Hepatitis C Virus, and HIV Infection Among
Patients With Newly Diagnosed Cancer From Academic and Community
Oncology Practices. JAMA Oncol 2019;5:497-505. https://doi.or:
10.1001/jamaoncol.2018.6437.

[29] Christensen H, Al-Janabi H, Levy P, Postma M]J, Bloom DE, Landa P, et al.
Economic evaluation of meningococcal vaccines: considerations for the future.
Eur ] Health Econ 2020;21:297-309.

[30] Lowe B, Andresen V, Fraedrich K, Gappmayer K, Wegscheider K, Treszl A, et al.
Psychological Outcome, Fatigue, and Quality of Life After Infection With Shiga
Toxin-Producing Escherichia coli 0104. Clin Gastroenterol Hepatol
2014;12:1848-55.

[31] Riegel B, Broicher W, Wegscheider K, Andresen V, Brdhler E, Lohse A, et al.
Quality of life one year post-Shiga toxin-producing Escherichia coli 0104
infection-A  prospective  cohort study. Neurogastroenterol  Motil
2015;27:370-8.

[32] WHO. E. Coli 2018. https://www.who.int/news-room/fact-sheets/detail/e-coli.

[33] Bhattacharya A, Nsonwu O, Johnson A, Hope R. Estimating the incidence and
30-day all-cause mortality rate of Escherichia coli bacteraemia in England by
2020/21. ] Hosp Infect 2018;98:228-31.

[34] Health Foundation. De-bugging the system: The government’s new push to
tackle E. coli infections 2017. https://www.health.org.uk/blogs/de-bugging-
the-system-the-government%E2%80%99s-new-push-to-tackle-e-coli-
infections.

[35] Institute for Health Metrics and Evaluation. Global Burden of Disease Study -
United Kingdom 2017. http://www.healthdata.org/united-kingdom.

[36] Public Health England. English Surveillance Programme for Antimicrobial
Utilisation and Resistance (ESPAUR). 2018.

[37] Naylor NR, Pouwels KB, Hope R, Green N, Henderson KL, Knight GM, et al. A
national estimate of the health and cost burden of Escherichia coli bacteraemia
in the hospital setting: the importance of antibiotic resistance. BioRxiv
2017:153775.

[38] Frenzen PD, Drake A, Angulo FJ. Emerging Infections Program FoodNet
Working Group. Economic cost of illness due to Escherichia coli 0157
infections in the United States. ] Food Prot 2005;68:2623-30.



https://doi.org/10.1016/j.jvacx.2021.100096
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0005
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0005
https://doi.org/10.1016/j.jval.2018.03.014
https://doi.org/10.1016/j.jval.2018.03.014
https://doi.org/10.1016/j.vaccine.2018.11.056
https://doi.org/10.1001/jama.2016.12195
https://doi.org/10.1001/jama.2016.12195
https://doi.org/10.1016/j.vaccine.2017.10.024
https://doi.org/10.1016/j.vaccine.2017.10.024
https://doi.org/10.1016/j.vaccine.2015.03.023
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0040
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0040
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0045
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0045
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0045
https://doi.org/10.1073/pnas.1717161115
https://doi.org/10.1073/pnas.1717161115
https://doi.org/10.1016/j.vaccine.2017.09.048
https://doi.org/10.1016/j.vaccine.2017.09.048
https://doi.org/10.1377/hlthaff.2015.1438
https://doi.org/10.1136/bmj.38636.593461.68
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0100
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0100
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0100
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0105
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0105
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0105
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0115
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0115
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0115
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0120
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0120
https://doi.org/10.1007/s40273-015-0335-2
https://doi.org/10.1007/s40273-015-0335-2
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0130
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0130
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0135
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0135
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0135
https://doi.org/10.1001/jamaoncol.2018.6437
https://doi.org/10.1001/jamaoncol.2018.6437
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0145
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0145
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0145
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0150
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0150
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0150
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0150
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0155
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0155
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0155
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0155
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0165
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0165
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0165
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0190
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0190
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0190

S. Brassel, M. Neri, P. O'Neill et al.

[39] Paraskevi T. Quality of life outcomes in patients with breast cancer. Oncol Rev
2012;6.

[40] Gorji MAH, Bouzar Z, Haghshenas M, Kasaeeyan AA, Sadeghi MR, Ardebil MD.
Quality of life and depression in caregivers of patients with breast cancer. BMC
Res Notes 2012;5:310.

[41] Cancer Research UK. Breast Cancer. Survival 2017.
www.cancerresearchuk.org/about-cancer/breast-cancer/survival.

[42] Steel N, Ford JA, Newton JN, Davis AC, Vos T, Naghavi M, et al. Changes in
health in the countries of the UK and 150 English Local Authority areas 1990-
2016: a systematic analysis for the Global Burden of Disease Study 2016. The
Lancet 2018;392:1647-61.

[43] Laudicella M, Walsh B, Burns E, Smith PC. Cost of care for cancer patients in
England: evidence from population-based patient-level data. Br J Cancer
2016;114:1286-92.

[44] Frederix GW, Quadri N, Hoévels AM, van de Wetering FT, Tamminga H,
Schellens JH, et al. Utility and work productivity data for economic evaluation
of breast cancer therapies in the Netherlands and Sweden. Clin Ther 2013;35:
el-7.

https://

Vaccine: X 8 (2021) 100096

[45] Bradley CJ, Dahman B. Time away from work: employed husbands of women
treated for breast cancer. ] Cancer Surviv 2013;7:227-36.

[46] Lavigne JE, Griggs JJ, Tu XM, Lerner DJ. Hot flashes, fatigue, treatment
exposures and work productivity in breast cancer survivors. J Cancer Surviv
2008;2:296-302.

[47] Basarir H, Brockbrank ], Knight C, Wolowacz S. The inclusion of the utility
values for carers and family members in HTAs: a case study of recent NICE
appraisals in the UK. vol. 019 May; 22(Suppl 2, New Orleans: Value in Health
Regional Issues.; 2019, p. 330.

[48] NICE. Methods for the development of NICE public health guidance (third
edition) 2012. https://www.nice.org.uk/process/pmg4/chapter/introduction
(accessed January 20, 2020).

[49] Bloom DE, Fan VY, Sevilla JP. The broad socioeconomic benefits of vaccination.
Sci Transl Med 2018;10.. h i.org/10.1126/scitranslm .

[50] Mauskopf ], Standaert B, Connolly MP, Culyer A], Garrison LP, Hutubessy R,
et al. Economic Analysis of Vaccination Programs: An ISPOR Good Practices for
Outcomes Research Task Force Report. Value in Health 2018;21:1133-49.

https://doi.org/10.1016/j.jval.2018.08.005.


http://refhub.elsevier.com/S2590-1362(21)00013-9/h0195
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0195
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0200
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0200
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0200
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0210
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0210
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0210
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0210
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0215
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0215
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0215
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0220
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0220
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0220
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0220
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0225
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0225
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0230
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0230
http://refhub.elsevier.com/S2590-1362(21)00013-9/h0230
https://doi.org/10.1126/scitranslmed.aaj2345
https://doi.org/10.1016/j.jval.2018.08.005

	Realising the broader value of vaccines in the UK
	1 Introduction
	2 Material and methods
	2.1 Overview
	2.2 Literature review
	2.3 Pipeline review
	2.4 Qualitative assessment of value elements relevant to pipeline vaccines
	2.5 Gap analysis

	3 Results
	3.1 Value frameworks for vaccines
	3.2 Pipeline review
	3.3 Qualitative assessment of value elements relevant to pipeline vaccines
	3.3.1 Escherichia Coli (E.&blank;Coli)
	3.3.2 Breast cancer

	3.4 Gap analysis

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


