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Abstract: Background/Objectives: Vaccination against SARS-CoV-2 remains a key measure
to control COVID-19. Nuvaxovid, a recombinant Matrix-M-adjuvanted protein-based
vaccine, showed similar efficacy to mRNA vaccines in clinical trials and real-world studies,
with lower rates of reactogenicity. Methods: To support decision making on UK vaccine
selection, a population-based compartmental dynamic transmission model with a cost-
utility component was developed to evaluate the cost-effectiveness of Nuvaxovid compared
with mRNA vaccines from a UK National Health Service perspective. The model was
calibrated to official epidemiology statistics for mortality, incidence, and hospitalisation.
Scenario and sensitivity analyses were conducted. Results: In the probabilistic base case,
a Nuvaxovid-only strategy provided total incremental cost savings of GBP 1,338,323 and
1558 additional quality-adjusted life years (QALYs) compared with an mRNA-only vacci-
nation strategy. Cost savings were driven by reduced cold chain-related operational costs
and vaccine wastage, while QALY gains were driven by potential differences in vaccine
tolerability. Probabilistic sensitivity analysis indicated an approximately 70% probability
of cost-effectiveness with Nuvaxovid-only versus mRNA-only vaccination across most
cost-effectiveness thresholds (up to GBP 300,000/ QALY gained). Conclusions: Nuvaxovid
remained dominant over mRNA vaccines in scenario analyses assessing vaccine efficacy
waning, Nuvaxovid market shares, and the vaccinated population.

Keywords: SARS-CoV-2; COVID-19 vaccines; dynamic transmission; cost-effectiveness;
cost-utility; COVID-19; economics

1. Introduction

As of December 2023, approximately 24 million people had been infected by SARS-
CoV-2 in the UK, leading to over 200,000 premature deaths [1]. Older individuals and
those with underlying comorbidities are among those at disproportionate risk of severe
COVID-19, hospitalisation, and death, following SARS-CoV-2 infection [2,3].

Although vaccination programmes have substantially reduced the risk of SARS-CoV-2
infection and COVID-19-related death, there remains a substantial economic and healthcare
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burden associated with COVID-19, with over 170,000 hospitalisations reported in England
by the UK Health Securities Agency (UKHSA) in 2023 [3].

These figures highlight the ongoing need to maintain effective control of COVID-19.
Recommendations for vaccination from the UK Joint Committee for Vaccination and Im-
munisation (JCVI) for the Autumn 2024 vaccination programme included vaccination for
individuals aged >65 years, and those aged 6 months to 64 years and in a clinical risk
group according to the COVID-19 chapter of the Green Book [4,5]. Vaccine options in the
Autumn 2024 programme included two mRNA vaccines, Comirnaty® (Pfizer-BioNTech,
Cambridge, MA, USA) and Spikevax® (Moderna Inc., Cambridge, MA, USA), administered
by the UKHSA [4,6].

Since the pandemic’s onset, several SARS-CoV-2 variants have emerged, resulting in
potential changes in COVID-19 severity and vaccine efficacy [7-9]. Vaccines therefore need
to be adapted to ensure immunogenicity and effectiveness against currently circulating
variants. Due to the unpredictability of new SARS-CoV-2 variants, and as adapted vaccines
gain regulatory approval by the UK Medicines and Healthcare products Regulatory Agency
(MHRA), it will be important to ensure that vaccination programmes remain diverse and
comprehensive to ensure resilience against future outbreaks.

Nuvaxovid™ (Novavax, Inc., Gaithersburg, MD, USA) is a recombinant protein vac-
cine containing the SARS-CoV-2 spike protein, and Matrix-M™ (Novavax, Inc., Gaithers-
burg, MD, USA), a saponin-based adjuvant [10]. Nuvaxovid, including variant-adapted
versions, has been authorised for use by regulatory bodies in 40 countries, including the
UK, to prevent COVID-19 in individuals aged 12 years and over [11]. Both the original
and variant-adapted Nuvaxovid showed similar efficacy to mRNA COVID-19 vaccines in
clinical trials with an acceptable tolerability profile [12-15], while equivalent effectiveness
to Comirnaty was demonstrated in real-world cohort studies [16,17]. Additionally, Nuvax-
ovid can be stored in a standard refrigerator at 2 °C to 8 °C (i.e., is refrigerator stable) for
up to 12 months [11]. By contrast, mRNA vaccines require a cold or ultracold supply chain
(=15 °C for Spikevax; —60 °C for Comirnaty) [14,18].

These differentiating factors suggest that there may be advantages to using Nuvaxovid
in the UK vaccination programme. Data on the health and economic impact of COVID-19
and related interventions can help to inform decision making to decrease the ongoing
health burden of COVID-19 [19]. While other health economics analyses assessed cost-
effectiveness of COVID-19 vaccinations relative to no vaccination [20-22], comparisons
among vaccines are limited.

This study aimed to assess the cost-effectiveness of introducing protein-based vaccina-
tion with Nuvaxovid to the annual UK COVID-19 vaccination strategy, using a dynamic
transmission approach to capture indirect vaccination effects. This study provides estimates
of the potential impact on healthcare costs and quality-adjusted life years (QALYs) gained
with use of a Nuvaxovid-only compared with an mRNA-only vaccination strategy. The
population considered was as per the Nuvaxovid indication and within the JCVI Autumn
2024 recommendations: those aged >65 years and those aged 12-64 years with pre-existing
health conditions that would increase the risk of severe COVID-19 outcomes [4,11].

2. Methods

To comprehensively evaluate the cost-effectiveness of Nuvaxovid compared with
mRNA vaccines for the UK vaccination programme, a model was developed consisting
of: (1) An epidemiological component, using dynamic transmission to simulate the trans-
mission of SARS-CoV-2 in the UK, and (2) a health economics component, to provide a
cost-utility analysis. The model concept is represented in Figure 1.
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Figure 1. Schematic representation of the model concept. ICER = incremental cost-effectiveness ratio;
ICU = intensive care unit.

The dynamic transmission model simulates SARS-CoV-2/COVID-19 disease dynam-
ics, producing estimates of the number of vaccines administered, the number of asymp-
tomatic and symptomatic infections, and the number of COVID-19-related deaths. Upon
exiting the dynamic transmission model, the population with symptomatic infection are
assigned to disease health states including hospitalisation (non-intensive care unit [ICU]
and ICU admissions) and long COVID status, based on probabilities determined from
official statistics or the published literature. The model was calibrated for mortality, in-
cidence and hospitalisation, including ICU admissions, prior to the cost-utility analysis.
Because the calibration steps were performed using population-based data inputs, the
dynamic transmission simulation reflects the UK population including individuals with
existing immunity due to either prior SARS-CoV-2 infection and/or previous vaccination
(individuals would have received a mixture of mRNA and vector-based vaccines). Then, in
the cost-utility (economic) component of the model, healthcare resource use (HCRU) and
other healthcare-related costs are applied, as well as the impact of COVID-19, including
hospitalisation and ICU admission, on quality of life, expressed on the disutility scale.
Vaccine-related costs and disutility associated with tolerability events are also applied in
the cost-utility analysis, based on the “number of vaccines administered” output of the
dynamic transmission model simulation.

The model compares a vaccination strategy with Nuvaxovid only to vaccination with
mRNA vaccines only. mRNA vaccines were selected as the comparator because they are
the most administered COVID-19 vaccines in the UK and the only vaccines used by the
National Health Service (NHS) [4,6]. In the base case, 100% market share of Nuvaxovid
was assumed, and scenario analyses investigated various market shares for Nuvaxovid
and mRNA vaccines. Analysis was performed from the perspective of the NHS, with a
cost-effectiveness threshold of GBP 20,000/ QALY. Probabilistic sensitivity analysis (PSA)
with 10,000 iterations was used for the base case and scenario analyses.

The model time horizon was 1 year, and vaccines were assumed to be administered
once, at the beginning of the modelled 12-month period. The single administration was
selected due to the potential variability in the timing of vaccine administration among
different populations—the JCVI recommends that the vaccine should usually be offered
no earlier than around 6 months after the previous vaccine dose, although this can be
performed earlier, especially for populations at very high risk of severe outcomes such as
immunocompromised individuals [4]. Because of the potential variability in the timing
of vaccine administration among different populations, we opted to model the annual
vaccination in the autumn. The aim was to capture the impact of vaccination on winter
pressures when it would have the greatest effect.

The model’s design and data inputs were informed by 53 studies identified in a
targeted literature review. Searches were performed in Embase and Medline to identify rel-
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evant dynamic transmission studies and cost-effectiveness analyses of vaccination against
COVID-19 and other respiratory viruses, such as influenza or respiratory syncytial virus.
Searches included clinical (efficacy, waning, tolerability) and utility inputs, healthcare re-
source use and costs (storage costs). A pragmatic approach was adopted, in which the most
recent publications relevant to the UK were selected (41/600 studies published from 2019
onwards). Data gaps were then addressed using studies from other countries (12 studies).
To ensure the most recent data were used to populate the model, the targeted literature
review was supplemented with literature searches for utility inputs (8 studies), official
statistics relating to the pandemic (e.g., COVID-19 deaths), and standard reference sources
for costs (e.g., NHS Reference Costs, Personal Social Services Research Unit [PSSRU] Unit
Costs). Criteria applied to select the best matching comparable data sources for Nuvaxovid
and mRNA vaccines were study design, follow-up, endpoint definitions, and period of
data collection.

2.1. A Dynamic Transmission Model

A population-based dynamic transmission approach was selected to capture the indi-
rect effects of vaccination in the overall UK population, in accordance with best practice
recommendations from ISPOR (2018) and guidance from ISPOR-SMDM (2012) [23,24]. Dy-
namic transmission methodology is recommended because vaccination programmes impact
the force of infection (the susceptibility to infection of vaccinated individuals), resulting in
herd immunity and changing the disease dynamics in the wider population [23]. As static
models do not capture these indirect herd immunity effects of vaccination, they may not
accurately capture the full epidemiological and economic impact of an intervention [23,24].
The dynamic transmission approach accounts for contact patterns across age groups, which
were obtained from the Great Britain Close Contact matrix based on the POLYMOD study
(Supplementary Figure S1) [25,26]. The structure of the dynamic transmission model was
based upon methodologies from previously published COVID-19 models [27,28] and was
adapted to include a variety of vaccine profiles and combinations of vaccination strategies

(Figure 2).
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Figure 2. Structure of the dynamic transmission model.

In the model, the population is divided into compartments representing health /disease
states. Initially, the population is categorised as either susceptible to the infection, or having
residual immunity due to either prior exposure to the virus or reception of a vaccine dose(s)
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in the previous year. Vaccines are administered prior to initiation of the disease dynamics
component of the model. The cumulative COVID-19 vaccination rate was obtained from
UKHSA weekly national influenza and COVID-19 surveillance reports (Table 1). Uptake of
COVID-19 vaccine ranged from 5.34% in those aged 12-18 years with pre-conditions, to
75.7% in those aged >80 years [29-31].

Table 1. Base case inputs for the dynamic transmission model and calibration.

Parameter Base Case Value
UK population [32] Population size for England in 202.1, extrapolated to the full
UK population
UK population with a pre-condition [33] By age: 7-79%

UK contact patterns [25,26]

Great Britain Close Contact matrix from the
POLYMOD study using socialmixr 0.4.0 R package

Incidence of SARS-CoV-2 infection [31] UKHSA 2022 figures
COVID-19-related mortality [31] ONS 2022 mortality figures

COVID-19-related hospitalisations/ICU

admissions [3]

UKHSA 2023-2024 figures

12-18 years [31]
19-64 years [30]
65-69 years [30]
70-74 years [29]
75-79 years [29]

Vaccine Uptake by Age Group No pre-condition Pre-condition
0.0% 5.34%
0.0% 30.2%
61.2% 61.2%
70.1% 70.1%
75.5% 75.5%
75.7% 75.7%

80-99 years [29]

ICU = intensive care unit; ONS = Office for National Statistics; UKHSA = United Kingdom Health Surveil-
lance Agency.

The dynamic transmission model includes five disease-related states, with the proba-
bility of progressing through each state depending on age and vaccination status (Figure 2):

e  Susceptible (S): The population in this compartment are susceptible to infection, i.e.,
not immune. Susceptibility to infection is impacted by vaccination status. Transmission
probability (chance of becoming infected) is dependent on age and contact patterns.

e  Exposed (E): The condition of being infected, but not yet infectious (the latent period).

e Infectious (I): The population in the E state moves to either the infectious asymp-
tomatic state (I,) or the infectious presymptomatic state (I)). All individuals in I, will
progress to the infectious symptomatic state (Is). The proportion of asymptomatic
infections is dependent on age group and vaccination status.

e Recovered/immune: The population compartments with either asymptomatic or
symptomatic infection progresses to the recovered /immune state, and subsequently
returns to the S state according to the rate of immunity waning, diminishing in an
exponential manner from 100% to 31% at 12 months [27].

e  COVID-19-related death: The population in the infectious symptomatic state may
progress to death without recovering from COVID-19. The rate of COVID-19-related
mortality is age dependent.

The resulting model is encapsulated within a system of ordinary differential equations.
One key equation to highlight is that for the density-dependent force of infection—the
instantaneous probability of infection per susceptible case. This equation consists of several
elements including age-dependent contact frequencies (c, ,/); the transmission probability
per established contact (¢,); susceptibility to infection according to vaccination status
(¢%); and proportionate reduction in virus transmissibility (e 1) in asymptomatically or
pre-symptomatically infected individuals, relative to symptomatically infectious cases and
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independent of vaccination status. The force of infection specific to the age group and
vaccination status (A,,,) is described by the following equation:

v 1Y v
1 [SA(At,u’ + Pt,u’) + It,a’]
Aay = Ep€% /
ay ga‘gs ;Cu,u Zyzo Ni(t)

Other equations included in the model can be found in Supplementary Figure S2. Key
input parameters for the dynamic transmission model are included in Table 1.

2.2. Model Calibration

The mRNA-only arm of the model was calibrated using a two-step gradient descent
methodology. During the calibration process, model parameters were adjusted iteratively
in three main stages to align with the reported official statistics: Firstly, calibration was
performed for COVID-19 deaths; secondly for incidence; and finally for the reported
number of hospitalisations, including ICU admissions. Due to the lack of testing and thus
risk of underreporting after 2022, 2022 data for the incidence and mortality was used. As
testing in hospitals continued after this period, the most recently available data (April
2023-April 2024) were used to calibrate hospitalisations/ICU admissions. Following the
full calibration process, the model outputs achieved proximity to the reported mortality,
incidence and hospitalisation data (Supplementary Table S1).The initial demographic
inputs were based on the UK population in 2021, with data on the population size for
England from the ONS extrapolated to the full UK population [32]. Mortality and incidence
were calibrated against data from 2022—the most recent period with widespread testing
for COVID-19 before the testing requirements were lifted in early 2023 (Table 1). Since
most COVID-19 reporting ceased in Wales, Scotland and Northern Ireland in mid-2022,
COVID-19 incidence and deaths in England were extrapolated to all four nations of the
UK using the relative ratio between the England and UK populations [34]. The COVID-19
incidence and mortality estimates for England in 2022 were 8.6 million COVID-19 cases
and 33,494 deaths [35], including testing conducted by the NHS, UKHSA, government
testing, antibody testing, and surveillance testing. Because testing in hospital was thought
to be largely unaffected by the change in reporting requirements, hospitalisations and ICU
admissions were based on the most recent 12-month period for which data were available
at the time of the analysis (April 2023—-April 2024). Reported data on hospital admissions
were available for all four nations of the UK for most of the period; where data gaps existed,
hospitalisation numbers were extrapolated from England to the UK (Table 1).

Once the initial calibration for mortality (number of COVID-19-related deaths) had
been completed, with the model generating the expected number of deaths for England
and adjusted to the full UK population, the number of incident cases was calibrated. As the
relationship between incidence and mortality in the model was based on infection fatality
rates estimated in a 2020 article by Ghisolfi et al. [36], once the mortality outputs had
been calibrated, the modelled number of incident cases was expected to be consistent with
the reported incidence data. Having confirmed that this was the case for England, with
modelled estimates a close approximation of the observed incidence (8,651,622 modelled
versus 8,651,710 reported), we proceeded to calibrate the model to generate the expected
number of cases for the UK, taking account of the difference in population between England
and the UK.

The final calibration step was to calibrate hospitalisation, including ICU admissions,
to the April 2023—-April 2024 statistics. UKHSA surveillance data on the relative numbers
of hospital and ICU /high dependency (HDU) admissions per 100,000 population by age
group were then used to represent the probability of ICU admission, given hospitalisation,
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with the model reporting the estimated numbers of non-ICU and ICU admissions. To match
the time for the hospitalisation data as closely as possible, average admission rates were
taken over the 52-week period up to 25 April 2024.

2.3. Cost-Utility Analysis

The economic analysis used a cost-utility approach, assigning HCRU, costs and
utilities to the modelled population according to COVID-19 status (Figure 1). Consid-
erations included vaccination strategies and clinical and cost inputs. The most recent
COVID-19 vaccine uptake data for each population was used [29-31]. Based on clinical
trials, parity was assumed for clinical efficacy parameters between Nuvaxovid and mRNA
vaccines [13,15,37,38]. Tolerability was based on a meta-analysis of clinical trials, which
suggested a more favourable rate of tolerability events for Nuvaxovid than mRNA vac-
cines; the rate of tolerability events was translated into a QALY gain in the model [39].
Freeze-related thawing, handling and monitoring costs, and cold chain further differentiate
between Nuvaxovid and mRNA vaccines, in favour of Nuvaxovid, and were accounted for
in the model.

2.3.1. Vaccination Strategies

Individuals aged >65 years and those aged 12-64 years with pre-conditions were
assumed to be eligible for vaccination, in line with the Nuvaxovid-approved indication [11]
and within the population recommended by the JCVI in their Autumn 2024 recommenda-
tions [4]. Scenario analyses examined variations in the population age cut-off for vaccine
eligibility and tested an exclusively risk-based strategy in which only individuals with
pre-conditions aged 12-64 years received vaccination.

The base case compared vaccination with Nuvaxovid (100% market share) with mRNA
vaccination (100% market share divided equally between mRNA vaccines). To address
the policy question of most relevance to the JCVI, scenarios were also tested in which the
Nuvaxovid market share was set to 10%, 33.3% and 50%, with the remaining market share
divided equally between the two mRNA vaccines.

2.3.2. Clinical and Utility Inputs

Clinical parameters and utility inputs including vaccine efficacy, efficacy waning, and
tolerability, were identified based on a targeted literature review, and are summarised in
Table 2. Criteria applied to select best matching comparable data sources for Nuvaxovid
and mRNA vaccines were study design, follow-up, endpoint definitions, and period of
data collection.

Clinical effectiveness parameters and vaccine efficacy waning were assumed to be
equivalent between mRNA vaccines and Nuvaxovid in the base case, with reference to
clinical trial data (Table 3) [13,38]. COVID-19 vaccines have been shown to reduce the
probability of both asymptomatic and symptomatic infections with SARS-CoV-2 and the
probability of severe disease [13,15-17,37,38]. To estimate a starting point for vaccine
efficacy against asymptomatic and symptomatic infections, we used data for Spikevax
from El Sahly et al. [38] and applied that estimate to mRNA vaccines and Nuvaxovid. El
Sahly et al. [38], in a 2021 phase 3, randomised, placebo-controlled trial, estimated that
the efficacy of Spikevax against asymptomatic and symptomatic SARS-CoV-2 infections
was 82.0% (95% confidence interval (CI), 79.5%, 84.2%) [38]. The vaccine efficacy for
Nuvaxovid against asymptomatic and symptomatic infections was similar, at 82.5% (95%
CI, 75.0%, 87.7%), in the pivotal, randomised phase III study [13,15]. Equivalent vaccine
effectiveness between Nuvaxovid and Comirnaty was also reported in a population-based
comparative effectiveness study [16,17,37]. These clinical trials were chosen over more
recent real-world evidence due to similarities in trial design (the trials were conducted for
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regulatory purposes), endpoint definitions (efficacy against asymptomatic and symptomatic
infection), and the timing of data collection (July-October 2020 for Spikevax, and September—
November 2020 for Nuvaxovid). Inclusion and formal synthesis of other studies was not
possible due to differences in the time points at which the studies were conducted, with
circulating SARS-CoV-2 variants evolving over time, and changing immunity in the general
population due to vaccination or SARS-CoV-2 infection.

Although the level of starting vaccine efficacy may vary today compared with 2020,
when El Sahly et al. and other primary vaccine clinical trials were conducted, the im-
munogenicity data from recent clinical trials of the variant-adapted COVID-19 vaccines
demonstrate similar or improved levels of neutralising antibody titres to those observed
during the selected trials [12]. For example, XBB.1.5-adapted Nuvaxovid achieved superior
levels of antibody titres to the original vaccine [40]. Further, these assumptions do not
impact the results and conclusions from the analysis because the same value was applied
across Nuvaxovid and both mRNA vaccines. We tested potential uncertainty around
vaccine efficacy in our sensitivity analyses, using the CIs from each individual trial.

Vaccine efficacy waning includes two parameters—the start/onset of waning, and
the rate of waning. For the start of vaccine efficacy waning, the base case was set at
1 month based on data from a meta-analysis of real-world estimates of mRNA vaccines
against Omicron SARS-CoV-2 variants [41]. The meta-analysis showed that vaccine efficacy
against asymptomatic and symptomatic infections begins to decline in the first month after
receiving a booster vaccination or after completing the primary vaccine series [41]. The
same base case was selected for Nuvaxovid. However, clinical trials and real-world studies
indicate that this may be a conservative estimate [12,13,42-45]; onset of efficacy waning
for Nuvaxovid was therefore explored further in a scenario analysis. The rate of efficacy
waning was set as exponential, calculated based on a pooled estimate of vaccine efficacy
against all infections for the Omicron variant at 1, 3, 6, and 9 months after any booster dose
of mRNA vaccines (Supplementary Figure S3) [41].

Based on real-world evidence from the European Centre for Disease Prevention and
Control (ECDC), vaccine efficacy against severe disease was set at 50% [46]. Although
clinical trials examined vaccine efficacy against severe COVID-19, the estimates are limited
by the short follow-up period, resulting in a high efficacy against hospitalisation. Con-
sequently, based on the real-world evidence estimate from the ECDC [46], we made a
conservative assumption that the vaccine effectiveness against severe disease was 50%
and was consistent for both Nuvaxovid and mRNA vaccines. The same proportion was
applied to the reduction in COVID-19-related death. We tested potential uncertainty in
these efficacy parameters in our sensitivity analyses.

Utility decrements for symptomatic COVID-19 and associated events were assumed
to be represented by those reported for influenza [47], whereas baseline utilities (with-
out COVID-19) were based on the EQ-5D population norms for England [48] (Table 2).
As differences have been reported between the reactogenicity/tolerability profiles of the
vaccines [39,49-51], fewer QALY losses were anticipated following vaccination with Nuvax-
ovid versus mRNA vaccines. Rates of tolerability events were taken from a meta-analysis of
COVID-19 vaccine RCTs, including mRNA, protein-based, and other vaccine types [39]. The
reported numbers of adverse vaccine effects per vaccinated person were 2.497 and 1.572 for
mRNA vaccines and Nuvaxovid, respectively (Table 2 and Supplementary Table S2) [39].
Using rates from the meta-analysis combined with a utility loss of 0.05 per day (for 1 day),
based on influenza vaccine-related adverse events in a 2016 article by Leung et al. [52], we
estimated that each protein vaccination would be associated with a QALY loss of 0.00022,
compared with 0.00034 for mRNA vaccination (Table 2).
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The disutility assumptions are consistent with results from other studies [49,51], and
real-world evidence [50], which were aligned with the results of the meta-analysis [39].
Specifically, a real-world study showed that, on average, Nuvaxovid recipients reported
1.8 systemic reactogenicity symptoms, whereas the corresponding number for mRNA
vaccine recipients was 3.2 symptoms [50]. Similarly, the NIAID and COV BOOST trials
suggested that mRNA vaccines may be associated with higher rates of local and systemic
tolerability events compared with protein-based Nuvaxovid [49,53-55]. We followed a
conservative approach, only including the rates of tolerability events in QALY calculations;
the potential advantage in tolerability on resource use and costs was not included.

Table 2. Base case clinical and utility inputs for the cost-utility component of the model.

Parameter Base Case Value

Vaccine efficacy, waning and tolerability parameters
Initial vaccine efficacy against all infections [38] 82%
Start of waning post vaccination [41] 1 month
Vaccine efficacy waning per month [41] 0.08
Efficacy against severe disease [46] 50%
Nuvaxovid average adverse events/recipient 1.572
mRNAs average adverse events/recipient 2.497

Utility decrements
Symptomatic case [47] 0.00800
Non-fatal hospitalisation [56] 0.02010
Non-fatal ICU [27] 0.15
Long COVID [57] 0.13
Nuvaxovid tolerability [39,52] * 0.00022
mRNA tolerability [39,52] * 0.00034

ICU = intensive care unit; * vaccine-related adverse events were assumed to last 1 day.

2.3.3. Healthcare Resource Use and Cost Inputs

Healthcare resource use and cost inputs were identified via the targeted literature re-
view, as summarised in Table 3. Costs of vaccine acquisition and administration were based
on official list pricing; pricing was assumed to be the equal for mRNA vaccines and Nuvax-
ovid, although this may not reflect the true final costs after confidential discounts [58,59].
However, Nuvaxovid is refrigerator stable for up to 12 months [11], whereas mRNA vac-
cines require storage in the freezer (—60 °C [Comirnaty [60]] or —15 °C [Spikevax [18]]).
Hence, both mRNA vaccines need to be thawed and monitored for their shelf-life expiry
after thawing (30 days for Spikevax and 10 weeks for Comirnaty) [11,14,18]. The additional
resource use for these activities has been accounted for in the model (Table 3). Additionally,
depending on the cold chain and temperature required, there may be wastage during
transportation, with more wastage occurring with lower temperature requirements. In our
analysis, we used resource use and wastage associated with vaccine cold storage require-
ments based on an average of the costs reported for mRNA vaccines; for Nuvaxovid, costs
reported for the Janssen COVID-19 vaccine, which has similar storage requirements, were
used [61]. Potential variability in these costs was accounted for in sensitivity analyses.

NHS HCRU costs associated with COVID-19 include hospitalisation costs, with and
without the use of the ICU, outpatient visits, accident and emergency (A&E) visits, and
primary care costs. In the cost-utility analysis, these costs were applied per case of symp-
tomatic COVID-19, or to a proportion of symptomatic cases: 15.5% of cases were assumed
to incur the cost of a GP visit and 2.7% an A&E visit, both based on Sandmann et al.
(2022) [62] (Table 3). We opted to use these data as they were collected during the period
when COVID-19 testing was being systematically conducted. We addressed potential
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variability in these proportions in the sensitivity analyses. As COVID-19 testing is still
being routinely conducted in hospitals, we used the most recent hospitalisation and ICU
data available at the time of the analysis, up to April 2024 [63].

The impact and definition of long COVID are constantly evolving based on emerging
studies examining the long-term impact of COVID-19. We selected data used by the Exter-
nal Assessment Group (EAG) from the National Institute for Health and Care Excellence
(NICE) report in August 2023, which assumed that 10% of the high-risk COVID-19 patients
who were not hospitalised experience long COVID after Omicron infection, requiring
follow-up healthcare [57] (Table 3).

The cost associated with a GP visit was derived from PSSRU unit costs, with hospital
outpatient and inpatient care costs being sourced from NHS Reference Costs (Table 3). ICU
costs are based on an estimate of the cost per bed-day from NHS Reference Costs combined
with a mean ICU stay of 10 days [64,65]. Since healthcare costs were reported in 2022, prices
were uprated by 1.078 to 2023 prices using the consumer price inflation rates for the health
division as reported by the Office for National Statistics [66].

Table 3. Cost and healthcare resource use inputs.

Base Case Value

P t
arameter Proportion Cost per Case
Vaccine-Related Costs
Cost of vaccines [58] — GBP 71.00
Vaccine administration costs [59] — GBP 7.54
Cold chain transportation wastage [61] Nuvaxovid: 0.02%mRNA: 0.10% —
Freeze-related costs (thawing, handling, . Nuvaxovid: GBP 0
monitoring of thawed vials) * [67,68] mRNA: GBP 0.14
Healthcare resource use costs
General practitioner visit [62,69] 15.5% GBP 44.20
Accident and emergency (emergency o
department) visits [62,65] 2.7% GBP 260.88
Hospitalisation by age [65,70,71] 0.09-11.89% GBP 3533.68
C GBP 24,494.10
— — 00 7
ICU hospitalisation by age [63-65,70] 5.54-0.58% ($2449.41/day, 10 days)
Post-hospitalisation (ICU and non-ICU) care [57] — GBP 413.95
Long COVID care [57] 10% GBP 2515.46

ICU = intensive care unit; reported costs were adjusted by the consumer price index to 2023 GBP; * time spent
multiplied by the average salary of the nurse and pharmacist.

2.4. Scenario and Sensitivity Analyses

Scenario analyses included variation in the rate of waning of efficacy for Nuvaxovid;
setting the Nuvaxovid market share to 10%, 33.3% and 50%; and the population eligible for
annual vaccination, to account for any future changes in JCVI recommendations.

The base case assumed equal efficacy waning for each vaccine, including when waning
starts, and rate of waning. Scenario analysis started waning for Nuvaxovid at 2 months
after vaccination (compared with 1 month for mRNA vaccines). This was based on data
from a retrospective cohort study in Italy in which the effectiveness of Nuvaxovid against
asymptomatic and symptomatic COVID-19 infections remained stable for 2 months [72].
This assumption is further supported by other studies of Nuvaxovid primary series or
booster in which durable protection was demonstrated for 3-11 months [12,42-45,73].
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Probabilistic sensitivity analysis (PSA) was conducted with 10,000 simulations of mean
costs and QALYs to ensure consistency in reporting, even though some scenarios reached
convergence before the final iteration. Deterministic sensitivity analysis (DSA) investigated
the impact of varying input parameter values one parameter at a time between lower and
upper bounds relative to the base case value. Parameters varied in the PSA and DSA are
included in Supplementary Tables 53 and S4.

3. Results
3.1. Probabilistic Results

In the base case, using probabilistic sensitivity analysis, vaccination with Nuvaxovid
was estimated to generate total incremental cost savings of GBP 1,338,323 (95% credible
interval: —GBP 225,070,810, GBP 221,780,060) and an additional 1558 QALYs (95% credible
interval: —38,215 QALYs, 41,067 QALYs), resulting in dominance over the mRNA-only
vaccine strategy (Table 4). The QALY gains were due to the potential lower rates of tolera-
bility events with Nuvaxovid versus the mRNA vaccines; rates of tolerability events were
based on a meta-analysis of the pivotal trials [39]. The lower costs resulted from differ-
ences in storage temperature and cold chain requirements between Nuvaxovid and mRNA
vaccines—as Nuvaxovid is refrigerator stable, costs associated with thawing, handling and
monitoring of thawed vials are avoided.

Table 4. Base case results.

Nuvaxovid mRNA Vaccines Incremental
Probabilistic
Total Costs GBP 4,979,904,295 GBP 4,981,292,618 —GBP 1,338,323
QALY losses —483,644 —485,201 1558
ICER Dominant

ICER = incremental cost-effectiveness ratio; QALY = quality-adjusted life year.

3.2. Sensitivity Analyses

The Nuvaxovid-only strategy had a 70% probability of being cost effective at a GBP
20,000/QALY threshold. The estimated total costs and QALYs associated with using
Nuvaxovid compared with mRNA vaccines for annual COVID-19 vaccination resulted in
70% of 10,000 simulations of the incremental cost-effectiveness ratio (ICER) falling under
the GBP 20,000/ QALY cost-effectiveness threshold (Figure 3a). The key proportion is that
relating to simulations below, i.e., ‘Southeast’, of the line representing the cost-effectiveness
threshold, which is set at GBP 200,000/ QALY gained in Figure 3a. This represents those
simulations from the PSA where Nuvaxovid is less costly and more effective, more costly
and more effective with an ICER below GBP 20,000, or less costly and less effective than
mRNA vaccinations, where the latter has an ICER above GBP 20,000/ QALY. This proportion
is 70%, which can be interpreted as the probability that Nuvaxovid is cost-effective. The
result was insensitive to the choice of cost-effectiveness threshold, with Nuvaxovid versus
mRNA vaccination having a 66% or greater probability of being cost effective across the
cost-effectiveness thresholds tested (GBP 0-GBP 300,000), reaching a maximum of 72%.
The acceptability curve remains relatively flat as the threshold is varied, because most
simulations produce a dominant result (Figure 3b).
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Figure 3. (a) Results of the probabilistic sensitivity analysis under a cost-effectiveness threshold of

GBP 20,000; (b) cost-effectiveness acceptability curve.

3.3. Scenario Analyses

Eight scenarios were investigated; the Nuvaxovid strategy remained dominant over

the mRNA strategy (Table 5).
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Table 5. Probabilistic scenario analysis results.
Base Case/ . o Incremental Incremental
Scenario Scenario Description Costs QALYs ICER
Basecase ~'accinationofthoseaged 265 years _ qpp g 564353 1558 Dominant
and 12-64 years with pre-conditions
Variation in waning
1 Onset of waning at 2 months —GBP 87,891,163 12,755 Dominant
for Nuvaxovid
Variation in market share
2a 50% market share for Nuvaxovid —GBP 906,780 686 Dominant
2b 33.3% market share for Nuvaxovid —GBP 512,851 491 Dominant
2¢ 10% market share for Nuvaxovid —GBP 109,666 115 Dominant
Variation in vaccinated population
3a Vaccination of those aged >65 years —GBP 2,123,733 1070 Dominant
3b Vaccination of those aged >75 years —GBP 1,226,242 645 Dominant
3c Vaccination of those aged 65-74 years —GBP 639,379 603 Dominant
3d Vaccination of those aged 12-64 years _GBP 540,473 331 Dominant

with pre-conditions

ICER = incremental cost-effectiveness ratio; QALY = quality-adjusted life year.

The scenario with onset of waning at 2 months for Nuvaxovid resulted in potential
net cost savings of GBP 87,891,163 and a QALY gain of 12,755 compared with mRNA
vaccination (Nuvaxovid total costs GBP 4,830,427,740 and —464,813 QALY loss; mRNA
total costs GBP 4,918,318,902 and —477,568 QALY loss). These net cost savings and net
health benefit gains resulted from lower hospitalisations, ICU admissions, long COVID
management, and other associated COVID-19 events (Table 5).

Relative to the base case Nuvaxovid-only strategy, scenarios investigating Nuvaxovid
market shares of 50%, 33.3% and 10% resulted in progressively lower cost savings and
fewer QALY gains (Table 5).

To account for the frequent updates to the JCVI recommendations [4,74,75], scenario
analyses were conducted for the population eligible for annual vaccination. Changing
the population did not affect the overall conclusions of the analysis. In scenario analyses,
Nuvaxovid remained dominant over mRNA vaccines for all tested populations, including
for the population aged >75 years (JCVI recommendation for 2025-2026 [75]) (Table 5).

3.4. Deterministic Sensitivity Analyses

ICERs generated in the DSA were the most sensitive to the vaccine efficacy waning
rate and initial efficacy against all infections (Figure 4). Given the dominant ICER, the
results of DSA are presented in terms of net health benefit (NHB) relative to base case of
1541 QALYs.
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PARAMETER (BASE CASE, DSA RANGE LOWER - UPPER) QALY

Nuvaxovid: Vaccine efficacy waning per month (0.083, 0.0664 -0.0996)
mRNA: Vaccine efficacy waning per month (0.083, 0.0664 —-0.0996)
Nuvaxovid: Initial vaccine efficacy against all infections (82%, 75%—-87.7%)
Nuvaxovid: Efficacy against severe disease (50%, 40% —60%)

mRNA: Efficacy against severe disease (50%, 40%—60%)

mRNA: Initial vaccine efficacy against all infections (82%, 79.5% - 84.2%)
Nuvaxovid: Start of efficacy waning (1 month, 0.8 -1.2 months)

mRNA: Start of efficacy waning (1 month, 0.8 =1.2 months)

mRNA: Utility decrement for tolerability (0.05, 0.04—0.06)

mMRNA: Average adverse events/recipient (2.497, 1.9976-2.9964)
Nuvaxovid: Utility decrement for tolerability (0.05, 0.04—0.06)

Nuvaxovid: Average adverse events/recipient (1.572, 1.2576 -1.8864)

Nuvaxovid: Cold chain wastage (0.024%, 0.019% - 0.029%)

mRNA: Freeze-related cost (£0.14, £0.11-£0.17)
mRNA: Cold chain wastage (0.104%, 0.084%—0.125%)

Base case: 1541

-25,000 -20,000 -15,000 -10,000 -5000 0 5000 10,000 15,000 20,000 25,000

NHB low B NHB high

Figure 4. Net health benefit relative to base case. NHB = net health benefit; QALY = quality-adjusted
life year.

4. Discussion

This analysis examined the potential contribution of Nuvaxovid to the ongoing
COVID-19-related public health challenge in the UK, demonstrating the value of its in-
clusion in an annual COVID-19 vaccination programme. In the base case, probabilistic
sensitivity analysis showed cost savings of nearly GBP 1.4m and health gains of 1558 QALYs
with Nuvaxovid only, compared with an mRNA-only vaccine strategy. The advantages
of Nuvaxovid relative to mRNA vaccines in health terms primarily relate to its potential
improved tolerability, while elimination of freeze-related operational costs and wastage
provides cost savings. The potential improvements in tolerability of Nuvaxovid rela-
tive to mRNA vaccines may mean that, besides other regulatory approved populations,
Nuvaxovid provides an additional vaccine choice for individuals who have previously
experienced adverse events/reactogenicity with mRNA vaccines.

In the PSA, despite uncertainty around several of the parameters, Nuvaxovid was
estimated to have an approximately 70% chance of resulting in a net population health
gain. In the base case, we assumed no difference in the onset of efficacy waning between
Nuvaxovid and mRNA vaccines, with onset of waning at 1 month. However, trends
reported in some studies indicated that onset of waning could start later than 1 month
for Nuvaxovid [12,42-45,72,73]. Scenario analysis with start of waning at 2 months for
Nuvaxovid indicated potential cost savings of nearly GBP 88 million, driven by the potential
reduction in hospitalisations and other healthcare resource use. Additionally, this scenario
could potentially generate a gain of 12,755 QALYs. To account for the frequent updates to
the JCVI-recommended population eligible for vaccination [4,74,75], scenarios varying the
vaccine-eligible population were conducted. Changing the population did not affect the
overall conclusions of the analysis. Nuvaxovid remained dominant over mRNA vaccines,
including for the population aged >75 years.

Our model used a dynamic transmission approach to incorporate the indirect effects
of vaccination on SARS-CoV-2 infection and transmission rates, as well as progression
to symptomatic COVID-19 and COVID-19-related death, in line with existing guidelines
for infectious disease modelling [23,24]. To our knowledge, this is the first dynamic
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transmission model to estimate the impact of vaccine selection on the vaccination strategy
in the UK from an NHS perspective.

Economic models assessing the cost-effectiveness of protein-based vaccinations rela-
tive to no vaccination or mRNA vaccination have typically used a Markov state transition
approach with static epidemiological inputs [20-22]. Population-based dynamic transmis-
sion models from France showed the potential impact of physical interventions such as
facemask use from epidemiological and HCRU perspectives in the context of exiting from
the pandemic and associated lockdowns [76,77]. Davies et al. (2020) [28] used dynamic
transmission modelling to estimate rates of COVID-19 transmission, symptomatic infec-
tion rates and disease severity across age groups, based on international data, while a
2021 article by Sandmann et al. used a dynamic transmission approach to model the po-
tential economic impact of introducing COVID-19 vaccination programmes in the UK [27].
Our model adapted the approaches from Davies et al. and Sandmann et al. to include a
variety of vaccine profiles and vaccination strategies and address policy questions relevant
for UK decision makers. Following calibration, the model achieved a good approxima-
tion to the reported UK incidence in 2022, as well as 2022 mortality rates and 2023 /2024
hospitalisation rates, indicating external validity.

The population-based compartmental dynamic transmission model approach is the
methodology of choice when the interventions being compared have a differential impact
on transmission [24]. It was necessary to use COVID-19 epidemiological data from varying
time periods to parameterise and calibrate the model. It would not have been possible to
use such data with a static model that is insensitive to changes in the underlying COVID-19
epidemiology. Furthermore, several vaccine-related estimates such as equal vaccine efficacy,
tolerability, and operational cost difference between Nuvaxovid and mRNA vaccines are
uncertain. Within any one run of the PSA, the applied estimates are sampled independently
and are therefore not identical, and the resulting difference in dynamics should account for
any indirect effects, which cannot be achieved with a static model. Projecting the impact
of a new vaccine on COVID-19 is challenging due to the evolving dynamics of COVID-19,
including changes in immunity from prior infection and/or vaccination among the general
population and changes in the circulating SARS-CoV-2 variants [61]. Additionally, changes
in public health surveillance due to the reduction in testing and reporting since early 2023,
when the pandemic status was lifted, contribute to the complexity.

To avoid underestimating incidence and mortality, we calibrated the model to the total
number of incident cases recorded in 2022, collected during frequent testing in the general
population and providing a more reliable estimate of overall COVID-19 epidemiology.
However, using 2022 data may have overestimated burden of the disease for incidence
and mortality. Hospitalisation rates were calibrated against 2023-2024 data because within-
hospital COVID-19 testing has continued, and these more contemporary data are more
likely to reflect any reductions in hospitalisation rates in recent years due to immunity
from prior infection and/or vaccination, as well as circulation of potentially less virulent
SARS-CoV-2 strains [78]. While we achieved close approximation to the reported data
following model calibration, there were challenges in reproducing some age distributions,
which likely had some impact on the outcomes.

To estimate vaccine efficacy, waning and tolerability, a combination of clinical trial
and real-world data was used. This was because finding comparable sources for the tested
vaccines proved to be challenging. We strived to address any potential uncertainties in
our analyses, including using PSA for our base case and scenario analyses. The vaccine
efficacy data used for Nuvaxovid and mRNA vaccines were based on phase 3 randomised,
placebo-controlled trials undertaken in 2020 and 2021, conducted among vaccine-naive
individuals [15,38]. These clinical trial data were chosen over more recent real-world evi-
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dence as they provided estimates of efficacy against asymptomatic, as well as symptomatic,
infections supported by polymerase chain reaction (PCR) and serology testing. It proved to
be challenging to find comparable studies in the absence of a head-to-head trial. Indirect
treatment comparisons of vaccines are problematic unless the data come from the same
population at the same time. This observation is also a further limitation on our ability to
estimate the future individual vaccine efficacies to apply in the model, for both Nuvaxovid
and mRNA in the UK population.

Vaccine efficacy and waning may vary today and may not be the same for new SARS-
CoV-2 variants, and may relate to factors such as antibody escape, particularly in the setting
of recently emerged variants such as Omicron sublineages [9]. To remain effective, it is
important for the vaccines to be adapted to the specific variant. Nuvaxovid adapted-vaccine
to the XBB1.5 variant has achieved antibody titres superior to those reported for the original
COVID-19 vaccines and SARS-CoV-2 strains [40,79], potentially supporting the level of
efficacy applied [12]. Further, equivalent efficacy was assumed between mRNA vaccines
and Nuvaxovid in the model; therefore, any differences would not impact the outcomes of
the analysis. We tested the potential uncertainties in the sensitivity analyses.

Tolerability for Nuvaxovid and mRNA vaccines was based on a meta-analysis of
reactogenicity events in clinical trials [39] and was a key driver of QALY gains with a
Nuvaxovid-only versus mRNA-only vaccination strategy. However, head-to-head clinical
trials have not been conducted to date. Storage of Nuvaxovid at standard refrigerator
temperatures is another differentiator between Nuvaxovid and mRNA vaccines. Uncer-
tainties around the vaccine effectiveness, tolerability, and freeze-related cost estimates were
explored in the sensitivity analyses.

The timing of vaccination in the model is a further consideration. The UK vaccination
programme recommends that COVID-19 vaccine should usually be offered no earlier than
around 6 months after the last vaccine dose, but can be performed earlier (e.g., for popu-
lations at very high risk). Because of the potential variability in the timing of the vaccine
administration among different populations, we opted to model an annual vaccination in
the autumn when vaccination gives a higher return through reducing winter pressures.

Given the lack of clear seasonality of COVID-19, our assumptions may not accurately
reflect the true effect and epidemiology. These uncertainties should be considered and
caution exercised when interpreting the model findings for 2025 and beyond.

5. Conclusions

Our study’s findings indicate that a vaccine strategy incorporating Nuvaxovid into
the existing COVID-19 vaccination programme in the UK may yield advantages over an
mRNA-only vaccine strategy, driven mainly by the potential improved tolerability and
operational efficiency of Nuvaxovid. Vaccination with Nuvaxovid emerged as the dominant
strategy compared with exclusive reliance on mRNA vaccines. With this approach, fewer
QALYs were lost, and costs related to freeze requirements were avoided. In probabilistic
sensitivity analyses over 10,000 iterations, there was an approximately 70% probability of
the Nuvaxovid vaccination strategy proving favourable compared with an mRNA-only
strategy, regardless of the cost-effectiveness threshold.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/vaccines13020187/s1, Figure S1: Relative contact frequency
from the POLYMOD close contact matrix; Table S1: Reported COVID-19 cases (2022), COVID-19
hospitalisations (April 2023-April 2024) and deaths (2022) in England compared with model es-
timates; Table S2: Derivation of average tolerability /reactogenicity events from a meta-analysis
of clinical trials; Figure S2: Ordinary differential equations included in the dynamic transmission
model component; Figure S3: Changes in vaccine efficacy against overall infection in Nuvaxovid and
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mRNA vaccines over a 1-year period; Table S3: Parameter ranges used in the deterministic sensitivity
analyses; Table S4: Parameter ranges used in the probabilistic analyses.

Author Contributions: Conceptualisation and methodology, all authors; software and programming,
C.P. and R.P; validation and analysis, all authors; writing—review and editing, all authors. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was sponsored by Novavax, Inc.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data relevant to this study were obtained from the pub-
lished literature or other publicly available sources and have been presented in this article and
Supplementary Materials.

Acknowledgments: We would like to thank Jonas Lundkvist, who contributed to the initial model
design. This work was supported by Novavax, Inc. Medical writing and editing support, funded
by Novavax, were provided by Sarah Etheridge of Ashfield MedComms (New York, USA), an

Inizio company.

Conflicts of Interest: C.P., RP, K.Z.H.L. and M.Z.G. are employees of ICON Clinical Research.
LK., H.B. and I.G. are employees of Novavax, Inc., and may hold stock in Novavax, Inc; A.E. is
an employee of RTI Health Solutions who receives funding from pharmaceutical, biotechnology,
and medical devices companies to conduct health economics and outcomes research. C.C. has
received payments and grants to her institution from GSK, Moderna and Novavax for studies and
work performed. She has not received any personal financial rewards. M.S. is a paid consultant for
Novavax, and his involvement was limited to this study only. D.M.S. has undertaken consultancies
for GSK, Sanofi, Cansino, Clover, Pfizer and Novavax.

References

1. World Health Organisation. WHO Coronavirus (COVID-19) Dashboard. Available online: https://covid19.who.int/ (accessed
on 4 April 2023).

2. Centers for Disease Control and Prevention. People with Certain Medical Conditions and COVID-19 Risk Factors. Available
online: https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html (accessed
on 4 October 2024).

3. UK Health Security Agency. Coronavirus (COVID-19) in the UK. Available online: https://coronavirus.data.gov.uk/ (accessed
on 19 June 2024).

4. Department of Health and Social Care. JCVI Statement on the COVID-19 Vaccination Programme for Autumn 2024, 8 April 2024.
Available online: https://www.gov.uk/government/publications/covid-19-autumn-2024-vaccination-programme-jcvi-advice-
8-april-2024 /jcvi-statement-on-the-covid-19-vaccination-programme-for-autumn-2024-8-april-2024 (accessed on 6 August 2024).

5. UK Health Security Agency. COVID-19: The Green Book, Chapter 14a. Ref: UKHSA Gateway Number GOV-17291. Available
online: https://www.gov.uk/government/publications/covid-19-the-green-book-chapter-14a (accessed on 2 October 2024).

6. UK Health Security Agency. COVID-19 Vaccination: Vaccine Product Information. Available online: https://www.gov.uk/
government/publications/covid-19-vaccination-vaccine-product-information-poster (accessed on 16 September 2024).

7. Nextstrain.org. Genomic Epidemiology of SARS-CoV-2 with Subsampling Focused Globally Since Pandemic Start. Available
online: https:/ /nextstrain.org/ncov/gisaid /global/all-time?p=grid (accessed on 21 January 2025).

8.  Nyberg, T.; Ferguson, N.M.; Nash, S.G.; Webster, H.H.; Flaxman, S.; Andrews, N.; Hinsley, W.; Bernal, ].L.; Kall, M.; Bhatt, S.;
et al. Comparative analysis of the risks of hospitalisation and death associated with SARS-CoV-2 omicron (B.1.1.529) and delta
(B.1.617.2) variants in England: A cohort study. Lancet 2022, 399, 1303-1312. [CrossRef]

9.  Willett, BJ.; Grove, J.; MacLean, O.A.; Wilkie, C.; De Lorenzo, G.; Furnon, W.; Cantoni, D.; Scott, S.; Logan, N.; Ashraf, S.;
et al. SARS-CoV-2 Omicron is an immune escape variant with an altered cell entry pathway. Nat. Microbiol. 2022, 7, 1161-1179.
[CrossRef]

10. Formica, N.; Mallory, R.; Albert, G.; Robinson, M.; Plested, J.S.; Cho, I.; Robertson, A.; Dubovsky, E; Glenn, G.M.; 2019nCoV-101

Study Group. Different dose regimens of a SARS-CoV-2 recombinant spike protein vaccine (NVX-CoV2373) in younger and older
adults: A phase 2 randomized placebo-controlled trial. PLoS Med. 2021, 18, €1003769. [CrossRef]


https://covid19.who.int/
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
https://coronavirus.data.gov.uk/
https://www.gov.uk/government/publications/covid-19-autumn-2024-vaccination-programme-jcvi-advice-8-april-2024/jcvi-statement-on-the-covid-19-vaccination-programme-for-autumn-2024-8-april-2024
https://www.gov.uk/government/publications/covid-19-autumn-2024-vaccination-programme-jcvi-advice-8-april-2024/jcvi-statement-on-the-covid-19-vaccination-programme-for-autumn-2024-8-april-2024
https://www.gov.uk/government/publications/covid-19-the-green-book-chapter-14a
https://www.gov.uk/government/publications/covid-19-vaccination-vaccine-product-information-poster
https://www.gov.uk/government/publications/covid-19-vaccination-vaccine-product-information-poster
https://nextstrain.org/ncov/gisaid/global/all-time?p=grid
https://doi.org/10.1016/S0140-6736(22)00462-7
https://doi.org/10.1038/s41564-022-01143-7
https://doi.org/10.1371/journal.pmed.1003769

Vaccines 2025, 13, 187 18 of 21

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Medicines Healthcare Products Regulatory Agency. Summary of Product Characteristics for Nuvaxovid Dispersion for Injection;
Medicines Healthcare Products Regulatory Agency: London, UK, 2024.

Alves, K.; Plested, ].S.; Galbiati, S.; Chau, G.; Cloney-Clark, S.; Zhu, M.; Kalkeri, R.; Patel, N.; Smith, K.; Marcheschi, A.; et al.
Immunogenicity and safety of a fourth homologous dose of NVX-CoV2373. Vaccine 2023, 41, 4280-4286. [CrossRef] [PubMed]
Heath, PT.; Galiza, E.P; Baxter, D.N.; Boffito, M.; Browne, D.; Burns, F.; Chadwick, D.R; Clark, R.; Cosgrove, C.A.; Galloway, J.;
et al. Safety and Efficacy of the NVX-CoV2373 Coronavirus Disease 2019 Vaccine at Completion of the Placebo-Controlled Phase
of a Randomized Controlled Trial. Clin. Infect. Dis. 2023, 76, 398—407. [CrossRef]

Medicines and Healthcare Products Regulatory Agency. Summary of Product Characteristics for Comirnaty Omicron XBB.1.5 30
Micrograms/Dose for Age 12+; Medicines and Healthcare Products Regulatory Agency: London, UK, 2024.

Heath, P.T.; Galiza, E.P; Baxter, D.N.; Boffito, M.; Browne, D.; Burns, E; Chadwick, D.R.; Clark, R.; Cosgrove, C.; Galloway, J.; et al.
Safety and Efficacy of NVX-CoV2373 Covid-19 Vaccine. N. Engl. ]. Med. 2021, 385, 1172-1183. [CrossRef] [PubMed]

Gwak, E.; Choe, S.-A.; Bolormaa, E.; Choe, Y.J.; Wang, C.; Fix, ].; Vadivale, M.; Rousculp, M.D. Short-Term Relative Effectiveness
of Homologous NVX-CoV2373 and BNT162b2 COVID-19 Vaccinations in South Korea. medRxiv 2024. [CrossRef]

Kim, HK,; Park, SK,; Choe, S.A.; Gwak, E.S.; Cowling, B.J.; Kim, YM.; Lee, K.H.; Lee, SSW.; Kwon, G.Y.; Jang, E.J.; et al. Risk of
SARS-CoV-2 breakthrough infection following NVX-CoV2373 and BNT162b2 vaccinations in Korean Adults: A population-based
observational study. Vaccine 2024, 42, 1440-1444. [CrossRef] [PubMed]

Medicines and Healthcare Products Regulatory Agency. Summary of Product Characteristics for Spikevax 0.1 mg/mL Dispersion for
Injection; Medicines and Healthcare Products Regulatory Agency: London, UK, 2023.

Pitman, R.; Khurana, P. Cost-Effectiveness of Vaccines Targeting Infectious Diseases—Has COVID-19 Changed the Landscape?
Value Health 2022, 25, S162. [CrossRef]

Kato, M.; Ono, T; Deguchi, H.; Ohmagari, N.; Igarashi, A. Cost-effectiveness analysis of NVX-CoV2373 COVID-19 vaccination for
elderly people in Japan. Vaccine X 2024, 19, 100514. [CrossRef] [PubMed]

Paret, K.; Beyhaghi, H.; Herring, W.L.; Mauskopf, J.; Shane, L.G.; Rousculp, M.D. Going Forward: Potential Impact of Protein-
Based COVID-19 Vaccination Coverage on Population Outcomes and Costs in the United States. Vaccines 2024, 12, 74. [CrossRef]
Prosser, L.A ; Perroud, J.; Chung, G.S.; Gebremariam, A.; Janusz, C.B.; Mercon, K.; Rose, A.M.; Avaficena, A.L.V,; Kim DeLuca, E.;
Hutton, D.W. The cost-effectiveness of vaccination against COVID-19 illness during the initial year of vaccination. Vaccine 2025,
48, 126725. [CrossRef] [PubMed]

Mauskopf, J.; Standaert, B.; Connolly, M.P; Culyer, A.J.; Garrison, L.P.; Hutubessy, R.; Jit, M.; Pitman, R.; Revill, P; Severens, J.L.
Economic Analysis of Vaccination Programs: An ISPOR Good Practices for Outcomes Research Task Force Report. Value Health
2018, 21, 1133-1149. [CrossRef] [PubMed]

Pitman, R.; Fisman, D.; Zaric, G.S.; Postma, M.; Kretzschmar, M.; Edmunds, J.; Brisson, M.; Force, I.-S.M.G.R.P.T. Dynamic
transmission modeling: A report of the ISPOR-SMDM modeling good research practices task force-5. Value Health 2012, 15,
828-834. [CrossRef]

Mossong, J.; Hens, N.; Jit, M.; Beutels, P.; Auranen, K.; Mikolajczyk, R.; Massari, M.; Salmaso, S.; Tomba, G.S.; Wallinga, J.; et al.
Social contacts and mixing patterns relevant to the spread of infectious diseases. PLoS Med. 2008, 5, e74. [CrossRef]

Funk, S. Socialmixr R Package. Available online: https://cran.r-project.org/web/packages/socialmixr/vignettes/socialmixr.html
(accessed on 4 October 2024).

Sandmann, FG.; Davies, N.G.; Vassall, A.; Edmunds, W.J.; Jit, M. The potential health and economic value of SARS-CoV-
2 vaccination alongside physical distancing in the UK: A transmission model-based future scenario analysis and economic
evaluation. Lancet Infect. Dis. 2021, 21, 962-974. [CrossRef]

Davies, N.G.; Klepac, P; Liu, Y.; Prem, K.; Jit, M.; CMMID COVID-19 Working Group; Eggo, R M. Age-dependent effects in the
transmission and control of COVID-19 epidemics. Nat. Med. 2020, 26, 1205-1211. [CrossRef] [PubMed]

UK Health Security Agency. National Influenza and COVID-19 Surveillance Report Week 6 Report (up to Week 5 2024
Data). Available online: https:/ /assets.publishing.service.gov.uk/media/65c606f59c5b7f0012951bcd / Weekly-flu-and-COVID-
19-surveillance-report-week-6.pdf (accessed on 4 October 2024).

UK Health Security Agency. Seasonal Influenza and COVID-19 Vaccine Uptake in Frontline Healthcare Workers: Monthly Data
2023 to 2024. Available online: https://www.gov.uk/government/statistics /seasonal-influenza-and-covid-19-vaccine-uptake-
in-frontline-healthcare-workers-monthly-data-2023-to-2024 (accessed on 4 October 2024).

UK Health Security Agency. Weekly National Influenza and COVID-19 Surveillance Report: Week 47 Report (up to Week 46
Data). Available online: https://assets.publishing.service.gov.uk/media/6380d360d3bf7f15467e2be0/Weekly_Flu_and_COVID-
19_report_w47.pdf (accessed on 4 October 2024).

Office for National Statistics. Population and Household Estimates, England and Wales—Office for National Statistics. Available
online: https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates /bulletins /
populationandhouseholdestimatesenglandandwales/census2021unroundeddata (accessed on 4 October 2024).


https://doi.org/10.1016/j.vaccine.2023.05.051
https://www.ncbi.nlm.nih.gov/pubmed/37271706
https://doi.org/10.1093/cid/ciac803
https://doi.org/10.1056/NEJMoa2107659
https://www.ncbi.nlm.nih.gov/pubmed/34192426
https://doi.org/10.1101/2024.07.02.24309830
https://doi.org/10.1016/j.vaccine.2024.02.021
https://www.ncbi.nlm.nih.gov/pubmed/38365479
https://doi.org/10.1016/j.jval.2022.09.781
https://doi.org/10.1016/j.jvacx.2024.100514
https://www.ncbi.nlm.nih.gov/pubmed/39108420
https://doi.org/10.3390/vaccines12010074
https://doi.org/10.1016/j.vaccine.2025.126725
https://www.ncbi.nlm.nih.gov/pubmed/39842151
https://doi.org/10.1016/j.jval.2018.08.005
https://www.ncbi.nlm.nih.gov/pubmed/30314613
https://doi.org/10.1016/j.jval.2012.06.011
https://doi.org/10.1371/journal.pmed.0050074
https://cran.r-project.org/web/packages/socialmixr/vignettes/socialmixr.html
https://doi.org/10.1016/S1473-3099(21)00079-7
https://doi.org/10.1038/s41591-020-0962-9
https://www.ncbi.nlm.nih.gov/pubmed/32546824
https://assets.publishing.service.gov.uk/media/65c606f59c5b7f0012951bcd/Weekly-flu-and-COVID-19-surveillance-report-week-6.pdf
https://assets.publishing.service.gov.uk/media/65c606f59c5b7f0012951bcd/Weekly-flu-and-COVID-19-surveillance-report-week-6.pdf
https://www.gov.uk/government/statistics/seasonal-influenza-and-covid-19-vaccine-uptake-in-frontline-healthcare-workers-monthly-data-2023-to-2024
https://www.gov.uk/government/statistics/seasonal-influenza-and-covid-19-vaccine-uptake-in-frontline-healthcare-workers-monthly-data-2023-to-2024
https://assets.publishing.service.gov.uk/media/6380d360d3bf7f15467e2be0/Weekly_Flu_and_COVID-19_report_w47.pdf
https://assets.publishing.service.gov.uk/media/6380d360d3bf7f15467e2be0/Weekly_Flu_and_COVID-19_report_w47.pdf
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/bulletins/populationandhouseholdestimatesenglandandwales/census2021unroundeddata
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/bulletins/populationandhouseholdestimatesenglandandwales/census2021unroundeddata

Vaccines 2025, 13, 187 19 of 21

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Walker, ].L.; Grint, D.J.; Strongman, H.; Eggo, R.M.; Peppa, M.; Minassian, C.; Mansfield, K.E.; Rentsch, C.T.; Douglas, 1.].; Mathur,
R.; et al. UK prevalence of underlying conditions which increase the risk of severe COVID-19 disease: A point prevalence study
using electronic health records. BMC Public Health 2021, 21, 484. [CrossRef] [PubMed]

Office for National Statistics. Long-Term International Migration, Provisional—Office for National Statistics. Available on-
line: https:/ /www.ons.gov.uk/peoplepopulationandcommunity /populationandmigration/internationalmigration /bulletins /
longterminternationalmigrationprovisional /yearendingjune2022 (accessed on 4 October 2024).

Office for National Statistics. Deaths Registered Weekly in England and Wales, Provisional—Office for National Statistics.
Available online: https://www.ons.gov.uk/peoplepopulationandcommunity /birthsdeathsandmarriages/deaths/datasets/
weeklyprovisionalfiguresondeathsregisteredinenglandandwales (accessed on 4 October 2024).

Ghisolfi, S.; Almas, I; Sandefur, J.C.; von Carnap, T.; Heitner, J.; Bold, T. Predicted COVID-19 fatality rates based on age, sex,
comorbidities and health system capacity. BM] Glob. Health 2020, 5, €003094. [CrossRef] [PubMed]

Gwak, E.; Choe, S.A.; Bolormaa, E.; Choe, Y.J.; Wang, C.; Fix, J.; Vadivale, M.; Rousculp, M.D. The Relative Effectiveness of
NVX-CoV2373 and BNT162b2 COVID-19 Vaccines in South Korea. In Proceedings of the Communicable Diseases & Immunisation
Conference 2024, Brisbane, Australia, 11-13 June 2024.

El Sahly, HM.; Baden, L.R.; Essink, B.; Doblecki-Lewis, S.; Martin, ].M.; Anderson, E.J.; Campbell, T.B.; Clark, J.; Jackson, L.A.;
Fichtenbaum, C.J.; et al. Efficacy of the mRNA-1273 SARS-CoV-2 Vaccine at Completion of Blinded Phase. N. Engl. |. Med. 2021,
385, 1774-1785. [CrossRef]

Sutton, N.; Ramos, A.S.E; Beales, E.; Smith, D.; Ikram, S.; Galiza, E.; Hsia, Y.; Heath, P.T. Comparing reactogenicity of COVID-19
vaccines: A systematic review and meta-analysis. Expert. Rev. Vaccines 2022, 21, 1301-1318. [CrossRef]

Alves, K; Kotloff, K.; McClelland, R.S.; Kouassi, A.; Plested, ].S.; Kalkeri, R.; Zhu, M.; Cloney-Clark, S.; Cai, Z.; Smith, K.; et al.
Immunogenicity and safety of a monovalent omicron XBB.1.5 SARS-CoV-2 recombinant spike protein vaccine as a heterologous
booster dose in US adults: Interim analysis of a single-arm phase 2/3 study. Lancet Infect. Dis. 2025. [CrossRef] [PubMed]
Menegale, F; Manica, M.; Zardini, A.; Guzzetta, G.; Marziano, V.; d’Andrea, V.; Trentini, F.; Ajelli, M.; Poletti, P.; Merler, S.
Evaluation of Waning of SARS-CoV-2 Vaccine-Induced Immunity: A Systematic Review and Meta-analysis. JAMA Netw. Open
2023, 6, €2310650. [CrossRef]

Follmann, D.; Mateja, A.; Fay, M.P.; Magaret, C.A.; Huang, Y.; Fong, Y.; Angier, H.; Nason, M.; Gay, C.L.; Kotloff, K.; et al.
Durability of Protection Against COVID-19 Through the Delta Surge for the NVX-CoV2373 Vaccine. Clin. Infect. Dis. 2024, 79,
78-85. [CrossRef] [PubMed]

Kutikova, L.; Brash, ]J.T.; Helme, K.; Brewster, J.; Brand, M.; Adam, A.; Seager, S.; Kostev, K.; Schelling, J. Characteristics and
Outcomes for Recipients of NVX-CoV2373: A Real-World Retrospective Study in Germany. Vaccines 2024, 12, 387. [CrossRef]
[PubMed]

Kuriyama, K.; Murakami, K.; Sugiura, K.; Sakui, S.; Schuring, R.P.; Masuda, T.; Mori, M. One-year follow-up of the immunogenicity
and safety of a primary series of the NVX-CoV2373 (TAK-019) vaccine in healthy Japanese adults: Final report of a phase I/1I
randomized controlled trial. Vaccine 2024, 42, 1319-1325. [CrossRef] [PubMed]

Afiez, G. Safety and Immunogenicity of a Booster Dose of Novavax COVID-19 Vaccine, Adjuvanted (NVX-CoV2373) in Adults from the
PREVENT-19 Trial in the United States; ID Week: Washington, DC, USA, 2022.

European Centre for Disease Prevention and Control. Interim Analysis of COVID-19 Vaccine Effectiveness Against Hospitalisation and
Death Using Electronic Health Records in six European Countries; ECDC: Stockholm, Sweden, 2023.

van Hoek, A.].; Underwood, A.; Jit, M.; Miller, E.; Edmunds, W.J. The impact of pandemic influenza HIN1 on health-related
quality of life: A prospective population-based study. PLoS ONE 2011, 6, e17030. [CrossRef] [PubMed]

McNamara, S.; Schneider, P.P.; Love-Koh, J.; Doran, T.; Gutacker, N. Quality-Adjusted Life Expectancy Norms for the English
Population. Value Health 2023, 26, 163-169. [CrossRef] [PubMed]

Marchese, A.M.; Rousculp, M.; Macbeth, J.; Beyhaghi, H.; Seet, B.T.; Toback, S. The Novavax Heterologous Coronavirus Disease
2019 Booster Demonstrates Lower Reactogenicity Than Messenger RNA: A Targeted Review. J. Infect. Dis. 2024, 230, e496-e502.
[CrossRef]

Rousculp, M.D.; Hollis, K.; Ziemiecki, R.; Odom, D.; Marchese, A.M.; Montazeri, M.; Odak, S.; Jackson, L.; Beyhaghi, H.; Toback,
S. Reactogenicity Differences between Adjuvanted, Protein-Based and Messenger Ribonucleic Acid (mRNA)-Based COVID-19
Vaccines. Vaccines 2024, 12, 802. [CrossRef]

San Francisco Ramos, A.; Liu Sanchez, C.; Bovill Rose, T.; Smith, D.; Thorn, N.; Galiza, E.; Miah, T.; Pearce, J.; Hultin, C.; Cosgrove,
C.; et al. Comparing reactogenicity of COVID-19 vaccine boosters: A systematic review and meta-analysis. Expert Rev. Vaccines
2024, 23, 266-282. [CrossRef]

Leung, M.K,; You, ].H. Cost-effectiveness of an influenza vaccination program offering intramuscular and intradermal vaccines
versus intramuscular vaccine alone for elderly. Vaccine 2016, 34, 2469-2476. [CrossRef] [PubMed]


https://doi.org/10.1186/s12889-021-10427-2
https://www.ncbi.nlm.nih.gov/pubmed/33706738
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/internationalmigration/bulletins/longterminternationalmigrationprovisional/yearendingjune2022
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/internationalmigration/bulletins/longterminternationalmigrationprovisional/yearendingjune2022
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/weeklyprovisionalfiguresondeathsregisteredinenglandandwales
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/weeklyprovisionalfiguresondeathsregisteredinenglandandwales
https://doi.org/10.1136/bmjgh-2020-003094
https://www.ncbi.nlm.nih.gov/pubmed/32912856
https://doi.org/10.1056/NEJMoa2113017
https://doi.org/10.1080/14760584.2022.2098719
https://doi.org/10.1016/S1473-3099(24)00670-4
https://www.ncbi.nlm.nih.gov/pubmed/39824198
https://doi.org/10.1001/jamanetworkopen.2023.10650
https://doi.org/10.1093/cid/ciae081
https://www.ncbi.nlm.nih.gov/pubmed/38372392
https://doi.org/10.3390/vaccines12040387
https://www.ncbi.nlm.nih.gov/pubmed/38675769
https://doi.org/10.1016/j.vaccine.2024.01.056
https://www.ncbi.nlm.nih.gov/pubmed/38310018
https://doi.org/10.1371/journal.pone.0017030
https://www.ncbi.nlm.nih.gov/pubmed/21399678
https://doi.org/10.1016/j.jval.2022.07.005
https://www.ncbi.nlm.nih.gov/pubmed/35965226
https://doi.org/10.1093/infdis/jiad519
https://doi.org/10.3390/vaccines12070802
https://doi.org/10.1080/14760584.2024.2315089
https://doi.org/10.1016/j.vaccine.2016.04.008
https://www.ncbi.nlm.nih.gov/pubmed/27079928

Vaccines 2025, 13, 187 20 of 21

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Atmar, R.L.; Lyke, K.E.; Deming, M.E,; Jackson, L.A_; Branche, A.R.; El Sahly, H.M.; Rostad, C.A.; Martin, ].M.; Johnston, C.; Rupp,
R.E; et al. Homologous and Heterologous Covid-19 Booster Vaccinations. N. Engl. |. Med. 2022, 386, 1046-1057. [CrossRef]
[PubMed]

Munro, A.PS,; Janani, L.; Cornelius, V.; Aley, PK.; Babbage, G.; Baxter, D.; Bula, M.; Cathie, K.; Chatterjee, K.; Dodd, K; et al.
Safety and immunogenicity of seven COVID-19 vaccines as a third dose (booster) following two doses of ChAdOx1 nCov-19 or
BNT162b2 in the UK (COV-BOOST): A blinded, multicentre, randomised, controlled, phase 2 trial. Lancet 2021, 398, 2258-2276.
[CrossRef] [PubMed]

Lyke, K.E.; Atmar, R.L.; Dominguez Islas, C.; Posavad, C.M.; Deming, M.E.; Branche, A.R.; Johnston, C.; El Sahly, HM,;
Edupuganti, S.; Mulligan, M.].; et al. Immunogenicity of NVX-CoV2373 heterologous boost against SARS-CoV-2 variants. NP]
Vaccines 2023, 8, 98. [CrossRef] [PubMed]

Halpin, S.J.; Mclvor, C.; Whyatt, G.; Adams, A.; Harvey, O.; McLean, L.; Walshaw, C.; Kemp, S.; Corrado, J.; Singh, R.; et al.
Postdischarge symptoms and rehabilitation needs in survivors of COVID-19 infection: A cross-sectional evaluation. J. Med. Virol.
2021, 93, 1013-1022. [CrossRef] [PubMed]

Metry, A.; Pandor, A.; Ren, S.; Shippam, A.; Clowes, M.; Dark, P.; McMullan, R.; Stevenson, M. Cost-effectiveness of therapeutics
for COVID-19 patients: A rapid review and economic analysis. Health Technol. Assess 2023, 27, 1-92. [CrossRef] [PubMed]

NHS Business Services Authority (NHSBSA). NHSBSA Dictionary of Medicines and Services (dm+d). Available online: https:
//dmd-browser.nhsbsa.nhs.uk/ (accessed on 4 October 2024).

National Health Service. Enhanced Service Specification: COVID-19 Vaccination Programme: 1 September 2023 to 31 March 2024;
National Health Service: London, UK, 2024.

Medicines and Healthcare Products Regulatory Agency. MHRA Approvals for Comirnaty (Pfizer/BioNTech) and Nuvaxovid (Novavax)
COVID-19 Vaccines; Medicines and Healthcare Products Regulatory Agency: London, UK, 2024.

Hajibabai, L.; Hajbabaie, A.; Swann, J.; Vergano, D. Using COVID-19 Data on Vaccine Shipments and Wastage to Inform Modeling
and Decision-Making. Transp. Sci. 2022, 56, 1135-1147. [CrossRef]

Sandmann, F.G,; Tessier, E.; Lacy, J.; Kall, M.; Van Leeuwen, E.; Charlett, A.; Eggo, R.M.; Dabrera, G.; Edmunds, W.].; Ramsay,
M.; et al. Long-Term Health-Related Quality of Life in Non-Hospitalized Coronavirus Disease 2019 (COVID-19) Cases with
Confirmed Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Infection in England: Longitudinal Analysis and
Cross-Sectional Comparison With Controls. Clin. Infect. Dis. 2022, 75, €962—€973. [CrossRef]

UK Health Security Agency. National Flu and COVID-19 Surveillance Reports: 2023 to 2024 Season. May 2024 Week 18 Report
(up to Week 17 Data). Available online: https://www.gov.uk/government/statistics /national-flu-and-covid-19-surveillance-
reports-2022-to-2023-season (accessed on 4 October 2024).

Davies, N.G.; Kucharski, A.].; Eggo, RM.; Gimma, A.; Edmunds, W.J.; Jombart, T.; O'Reilly, K.; Endo, A.; Hellewell, J.; Nightingale,
E.S.; et al. Effects of non-pharmaceutical interventions on COVID-19 cases, deaths, and demand for hospital services in the UK: A
modelling study. Lancet Public Health 2020, 5, e375-e385. [CrossRef]

National Health Service. 2021/22 National Cost Collection Data Publication; National Health Service: London, UK, 2023.

Office for National Statistics. Consumer Price Inflation, UK—Office for National Statistics. Year to March 2023. Available
online: https:/ /www.ons.gov.uk/economy/inflationandpriceindices/bulletins /consumerpriceinflation /march2023 (accessed
on 4 October 2024).

Yarnoff, B.; Bodhaine, S.; Cohen, E.; Buck, P.O. Time and cost of administering COVID-19 mRNA vaccines in the United States.
Hum. Vaccines Immunother. 2021, 17, 3871-3875. [CrossRef] [PubMed]

NHS. Employers. Pay Scales for 2023/24. Available online: https:/ /www.nhsemployers.org/articles/pay-scales-202324 (accessed
on 4 October 2024).

Jones, K.C.W.; Helen, B.; Sarah, C.; Adriana, C.; Martin, D.; Alan, F; Julien, E.; Gao, ].; Hinde, S.; Markham, S.; et al. Unit Costs of
Health and Social Care 2022 Manual; Personal Social Services Research Unit, University of Kent at Canterbury: Kent, UK, 2022.
Knock, E.S.; Whittles, L.K.; Lees, J.A.; Perez-Guzman, PN.; Verity, R.; FitzJohn, R.G.; Gaythorpe, K.A.M.; Imai, N.; Hinsley, W,;
Okell, L.C.; et al. Key epidemiological drivers and impact of interventions in the 2020 SARS-CoV-2 epidemic in England. Sci.
Transl. Med. 2021, 13, abg4262. [CrossRef] [PubMed]

UK Health Security Agency. Coronavirus (COVID-19) in the UK Dashboard Archive, 2023 Hospital Admissions. Available online:
https:/ /ukhsa-dashboard.data.gov.uk/covid-19-archive-data-download (accessed on 4 October 2024).

Mateo-Urdiales, A.; Sacco, C.; Petrone, D.; Bella, A.; Riccardo, F.; Del Manso, M.; Bressi, M.; Siddu, A.; Brusaferro, S.; Palamara,
A.T.; et al. Estimated Effectiveness of a Primary Cycle of Protein Recombinant Vaccine NVX-CoV2373 Against COVID-19. JAMA
Network Open 2023, 6, €2336854. [CrossRef]

German, A. Paving the way for Protein: Novavax’s COVID-19 Vaccine as a Booster and Variant-adapted. In Proceedings of the
2022 WVC Europe, Barcelona, Spain, 11-14 October 2022.

Department of Health and Social Care. JCVI Statement on the COVID-19 Vaccination Programme for 2023: 8 NOVEMBER 2022;
Department of Health and Social Care: London, UK, 2023.


https://doi.org/10.1056/NEJMoa2116414
https://www.ncbi.nlm.nih.gov/pubmed/35081293
https://doi.org/10.1016/S0140-6736(21)02717-3
https://www.ncbi.nlm.nih.gov/pubmed/34863358
https://doi.org/10.1038/s41541-023-00693-z
https://www.ncbi.nlm.nih.gov/pubmed/37433788
https://doi.org/10.1002/jmv.26368
https://www.ncbi.nlm.nih.gov/pubmed/32729939
https://doi.org/10.3310/NAFW3527
https://www.ncbi.nlm.nih.gov/pubmed/37840452
https://dmd-browser.nhsbsa.nhs.uk/
https://dmd-browser.nhsbsa.nhs.uk/
https://doi.org/10.1287/trsc.2022.1134
https://doi.org/10.1093/cid/ciac151
https://www.gov.uk/government/statistics/national-flu-and-covid-19-surveillance-reports-2022-to-2023-season
https://www.gov.uk/government/statistics/national-flu-and-covid-19-surveillance-reports-2022-to-2023-season
https://doi.org/10.1016/S2468-2667(20)30133-X
https://www.ons.gov.uk/economy/inflationandpriceindices/bulletins/consumerpriceinflation/march2023
https://doi.org/10.1080/21645515.2021.1974289
https://www.ncbi.nlm.nih.gov/pubmed/34613860
https://www.nhsemployers.org/articles/pay-scales-202324
https://doi.org/10.1126/scitranslmed.abg4262
https://www.ncbi.nlm.nih.gov/pubmed/34158411
https://ukhsa-dashboard.data.gov.uk/covid-19-archive-data-download
https://doi.org/10.1001/jamanetworkopen.2023.36854

Vaccines 2025, 13, 187 21 of 21

75.

76.

77.

78.

79.

Department of Health and Social Care. JCVI Statement on COVID-19 Vaccination in 2025 and Spring 2026, Updated 14 November
2024; Department of Health and Social Care: London, UK, 2024.

Hoertel, N.; Blachier, M.; Blanco, C.; Olfson, M.; Massetti, M.; Rico, M.S.; Limosin, F,; Leleu, H. A stochastic agent-based model of
the SARS-CoV-2 epidemic in France. Nat. Med. 2020, 26, 1417-1421. [CrossRef] [PubMed]

Hoertel, N.; Blachier, M.; Sdnchez-Rico, M.; Limosin, E; Leleu, H. Impact of the timing and adherence to face mask use on the
course of the COVID-19 epidemic in France. J. Travel. Med. 2021, 28, taab016. [CrossRef]

Tamura, T.; Irie, T.; Deguchi, S.; Yajima, H.; Tsuda, M.; Nasser, H.; Mizuma, K.; Plianchaisuk, A.; Suzuki, S.; Uriu, K; et al.
Virological characteristics of the SARS-CoV-2 Omicron XBB.1.5 variant. Nat. Commun. 2024, 15, 1176. [CrossRef] [PubMed]
Yadav, P.D,; Patil, D.Y. Interim analysis of SARS-CoV-2 vaccine NVX-CoV2601 as a heterologous booster dose. Lancet Infect. Dis.
2025. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41591-020-1001-6
https://www.ncbi.nlm.nih.gov/pubmed/32665655
https://doi.org/10.1093/jtm/taab016
https://doi.org/10.1038/s41467-024-45274-3
https://www.ncbi.nlm.nih.gov/pubmed/38332154
https://doi.org/10.1016/S1473-3099(25)00005-2

	Introduction 
	Methods 
	A Dynamic Transmission Model 
	Model Calibration 
	Cost-Utility Analysis 
	Vaccination Strategies 
	Clinical and Utility Inputs 
	Healthcare Resource Use and Cost Inputs 

	Scenario and Sensitivity Analyses 

	Results 
	Probabilistic Results 
	Sensitivity Analyses 
	Scenario Analyses 
	Deterministic Sensitivity Analyses 

	Discussion 
	Conclusions 
	References

