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Abstract

Objectives: To assess the potential clinical impact and cost-effectiveness of COVID-19 mRNA
vaccines updated for Fall 2023 in adults 218 years over a 1-year analytic time horizon
(September 2023-August 2024).

Methods: A compartmental Susceptible-Exposed-Infected-Recovered model was updated to
reflect COVID-19 in summer 2023. Numbers of symptomatic infections, COVID-19 related
hospitalizations and deaths, and costs and quality-adjusted life-years (QALYs) gained were
calculated using a decision tree model. The incremental cost-effectiveness ratio (ICER) of a
Moderna updated mRNA Fall 2023 vaccine (Moderna Fall Campaign) was compared to no
additional vaccination. Potential differences between the Moderna and the Pfizer-BioNTech Fall

2023 vaccines were examined.

Results: Base case results suggest the Moderna Fall Campaign would decrease the expected
64.2 million symptomatic infections by 7.2 million (11%) to 57.0 million. COVID-19-related
hospitalizations and deaths are expected to decline by 343,000 (-29%) and 50,500 (-33%),
respectively. The Moderna Fall Campaign would increase QALYs by 740,880 and healthcare
costs by $5.7 billion relative to No Vaccine, yielding an ICER of $7,700 per QALY gained. Using
a societal cost perspective, the ICER is $2,100. Sensitivity analyses suggest that vaccine
effectiveness, COVID-19 incidence, hospitalization rates and costs drive cost-effectiveness.
With a relative vaccine effectiveness (rVE) of Moderna versus Pfizer-BioNTech of 5.1% for
infection and 9.8% for hospitalization, use of the Moderna vaccine is expected to prevent 24,000

more hospitalizations and 3,300 more deaths than the Pfizer-BioNTech vaccine.
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Limitations and Conclusions: As COVID-19 becomes endemic, future incidence, including
patterns of infection, are highly uncertain. Vaccine effectiveness of Fall 2023 vaccines is
unknown, and it is unclear when a new variant that evades natural or vaccine immunity will
emerge. Despite these limitations, the Moderna Fall 2023 vaccine can be considered cost-

effective relative to no vaccine.
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Introduction

In May 2023, the World Health Organization (WHO) ended the COVID-19 global health
emergency following 12 months of decreasing incidence of infections.” The United States (US)
federal government also ended its public health emergency on May 11, 2023.2 The World Health
Organization (WHO) attributed the decrease in the risk of infection to increased levels of
immunity achieved through both highly effective vaccines and previous infections. In the US, for
example, Jones et al. report an increase in SARS-CoV-2 antibodies amongst blood donors at
68.4% from April — June 2021 to 96.4% from July — September 2022.3 Among those tested in
the latter time period, 22.6% had antibodies from a previous infection alone, 26.1% had

antibodies from vaccination alone, and 47.7% had hybrid immunity.

The use of COVID-19 vaccines has been evolving throughout the pandemic. In the US, the
MRNA vaccines produced by Moderna and Pfizer-BioNTech are preferred, and a third protein
sub-unit vaccine manufactured by Novavax is also available.* As SARS-CoV-2 evolved from the
ancestral strain (Wuhan-hu-1) into the Omicron variants that have circulated since January
2022,° the COVID-19 vaccines have been updated. New bivalent COVID-19 mRNA vaccines
containing antigens to both the ancestral strain and the Omicron BA.4/BA.5 sub-variants were
developed. In September 2022, the Centers for Disease Control (CDC) recommended that all
individuals aged 6 months and above receive one dose of these bivalent vaccines.® By the end
of January 2023, XBB sub-variants had began to dominate globally, and initial studies reported
that the bivalent COVID-19 vaccines have low effectiveness against these sub-variants.”2
Therefore, in May 2023, the WHO Technical Advisory Group on COVID-19 Vaccine Composition
recommended that COVID-19 vaccines be updated once more to monovalent versions with an
XBB subvariant. In the United States (US), in June 2023, the Vaccines and Related Biological
Products Advisory Committee (VRBPAC) of the Food and Drug Administration (FDA) specified
that COVID-19 vaccines in the US be updated to monovalent versions with the XBB.1.5 sub-
lineage of Omicron.® As of the end of July 2023, XBB sub-lineages accounted for 98% of
COVID-19 infections in the US."°

During the pandemic phase of COVID-19, the few formal economic evaluations conducted of
the vaccines concluded that they were a cost-effective intervention.! Previously, we published
an analysis of the potential clinical impact of the bivalent boosters in the Fall of 2022 in the US
using a mathematical model of infection dynamics.'? We did not conduct an economic
assessment, and the incidence of COVID-19 infections has since declined. While the CDC
continued to distribute free COVID-19 vaccines in May 2023, the funding of COVID-19 vaccines
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in the US is transitioning from the pandemic procurement process to the standard processes for
childhood and adult vaccines. Given these changes to the epidemiological, clinical and financial
dimensions of COVID-19 vaccines, it is important to assess both the ongoing clinical and
economic impact of additional COVID-19 doses. Specifically, it will be important to determine if
use of COVID-19 vaccines is still cost-effective from both a societal and a health care system

perspective.

The objective of this analysis was to assess the potential clinical impact and cost-effectiveness
of the mRNA COVID-19 vaccines updated for Fall 2023 in persons ages 18 years and above,
using a mathematical model. Outcomes were estimated both with and without a Moderna
updated Fall 2023 COVID-19 vaccine campaign. In addition, we explore the potential
differences between the mRNA COVID-19 vaccines manufactured by Moderna and Pfizer-
BioNTech. The formulation of these two mRNA COVID-19 vaccines differ in multiple points, such
as dosage and delivery system (lipid nanoparticles), and observational studies have
demonstrated that these differences impact vaccine effectiveness. '3-'® Therefore, as an
additional analysis, we compare the potential benefits of a Fall 2023 vaccination campaign with
the Moderna updated COVID-19 mRNA vaccine to one with the Pfizer-BioNTech updated
COVID-19 mRNA vaccine.

Methods
Overview

For this analysis, two sets of comparisons were conducted across the 1-year analytic time
horizon of September 2023 to August 2024. First, vaccination of those 18 years and older with
the Moderna updated COVID-19 mRNA Fall 2023 vaccine (Moderna Fall Campaign) was
compared to no additional COVID-19 vaccination in Fall 2023 (No Vaccine Fall Campaign).
Second, the Moderna Fall Campaign was compared to vaccination of those 18 years and older
with the Pfizer-BioNTech updated COVID-19 mRNA Fall 2023 vaccine (Pfizer-BioNTech Fall
Campaign).

A Susceptible-Exposed-Infected-Recovered (SEIR) model was used to estimate the total
number of infections during the time horizon. A consequences decision tree was then used to
calculate the numbers of symptomatic infections, COVID-19 related hospitalizations, COVID-19
related deaths, and associated costs and quality-adjusted life-years (QALY's) gained for each

vaccination strategy. The incremental cost-effectiveness ratio (ICER) comparing the two
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vaccination strategies was calculated as the difference in costs between the Moderna Fall
Campaign and the No Vaccine Fall Campaign divided by the difference in QALYs (incremental

cost per QALY gained).

SEIR Dynamic Transmission Model

A previously developed compartmental SEIR model was updated to reflect the clinical and
epidemiological situation in the summer of 2023. The model has been previously described in
detail;'? in the updated model with all of the SEIR compartments are stratified by vaccination
status as shown in Figure 1. To accommodate changes since the summer of 2022, one more
stratum was added to represent the Fall 2023 vaccine. Individuals in the Susceptible (S) state
move to the Exposed (E) state based on the force (incidence) of infection which is affected by
the susceptible individual's vaccination stratum. The Exposed (E) state represents an infection
that is both asymptomatic and nontransmissible, and which lasts for an average of 3 days.®
The Infected (I) state represents a contagious infection that may be clinically symptomatic or
asymptomatic for an average of 7 days.'®2° Finally, individuals in the Recovered (R) states have
natural immunity to infection, and the rate of movement back to the Susceptible (S) states
represents the waning of natural immunity. Anyone who is in the S or R states may receive a
vaccine. Once individuals have received their primary series, they move into the “Vaccinated”
stratum. They progress through the additional booster 1 and booster 2 strata over time as

additional doses are received.

Consistent with CDC policies, from September 2022 to August 2023, any person who had
received at least their primary series could receive the bivalent mRNA vaccine irrespective of
subsequent boosters. This analysis assumes that, after August 2023, individuals who had
received at least their primary series are eligible to receive an updated COVID-19 mRNA Fall
2023 vaccine, whether or not they have received monovalent or bivalent boosters. Differential
equations that define the transitions in the model, and the associated parameter inputs are

provided in the Technical Appendix.

In the SEIR model, vaccination reduces the incidence of asymptomatic or symptomatic
infection. Vaccination can also reduce the risk of hospitalization for someone with a
symptomatic infection. Each day, newly vaccinated individuals are assigned the initial vaccine
effectiveness (VE) that is appropriate to the vaccine used and the variant that is circulating. The
VE of previously vaccinated persons is reduced according to the waning rate. The average VE
for a given day is calculated as a weighted average of the VE for the newly vaccinated

individuals and the VE of those vaccinated in past days, weighted by the number of people in
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each of these groups. The VE against hospitalization, i.e., the reduction in the risk of
hospitalization given infection for vaccinated versus unvaccinated persons is calculated for use

in the consequences decision tree (see Technical Appendix).

Figure 1. Model structure: compartments in the SEIR dynamic model of COVID-19
infection. Black arrows represent the movement between the susceptible and exposed
compartments which is driven by the force of infection. The dashed black arrows indicate that
the force of infection is modified by vaccination compared to the same transition in the
unvaccinated stratum. Each vaccine stratum is associated with a unique vaccine effectiveness
estimate. The blue arrows represent the loss of latency which means the infection becomes
transmissible. The green arrows represent the loss of infectiousness which means the infection
is cleared and natural immunity develops. The red arrows represent the loss of natural immunity
following infection and transition back to the susceptible state. Loss of latency, loss of
infectiousness and loss of natural immunity is the same for all vaccine strata but can change
over time. The green arrows represent the possible vaccination points. The inset box is a
stylized version that shows the possible vaccination points more clearly. Please see the
Technical Appendix for the mathematical equations driving each transition.
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SEIR Model Time Periods

The model simulation is run from the emergence of COVID-19 in January 2020 until August
2024, with a time step of 1 day. There are two time periods considered in the model simulation.

The first is the “burn-in” (or “model calibration”) time period, which runs from model simulation
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until August 2023. The burn-in time period is used to estimate the residual protection from
previously received vaccines and the proportion of individuals with natural immunity (in the R
compartments) at the end of August 2023. The second is the analysis time period, which runs
from September 2023 to August 2024, aligns with the 1-year time horizon for the cost-
effectiveness analysis. It is used to project the incidence of COVID-19 and the potential impact

of Fall 2023 vaccines.
Burn-in Period

The model simulation considers three variant time periods during the burn-in period: 1) the pre-
Omicron period (January 31, 2020 — November 30, 2021); 2) the Omicron BA.1 period
(December 1, 2021 — August 14, 2022); and 3) the Omicron BA.4/BA.5 period (August 15, 2022
— February 28, 2023). During variant time period 1, all vaccines administered were considered
well-matched to circulating COVID-19 variants, so VE depends only on the time since
vaccination. However, at the start of variant time periods 2 and 3, it is assumed that a new
variant with immune escape has emerged. Therefore, the VE of any previously administered
vaccine immediately declines, and a proportion of people immediately lose natural immunity and
are moved from the R to the S compartments. Any newly administered poorly-matched vaccines

also have lower initial VE compared to a well-matched vaccine.

During the burn-in period, vaccine uptake patterns vary by age group. The residual vaccine
effectiveness (VE) protection at the end of the burn-in period varies by vaccine stratum because
the timing of vaccine receipt of each booster is based on historical recommendations and

coverage patterns.

The proportions of people in the R states depend on how many have previously developed an
infection, which depends on social contact patterns and virus transmissibility. During the burn-in
period, social contact patterns that drive risk of transmission were altered greatly during the
pandemic through reduced mobility and risk reduction practices such as mask wearing. In
addition, the transmissibility of the virus changed as new variants emerged and was modified by
COVID-19 vaccines. While contact patterns and VE were estimated based on data, the
transmissibility of the virus was derived through a calibration process described in the Technical
Appendix. The purpose of the calibration process was to ensure that the model predicted a valid
number of infections, ensuring that a reasonable proportion of people ended up in the R
compartment on August 31, 2023. The transmissibility parameter was then held constant during

the analysis time horizon.
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Burn-in Period: Alternative Infection Scenarios

In addition to the base case scenario, three additional calibrations were conducted in order to
allow variation in the proportion of individuals with natural immunity and the amount of residual
vaccine effectiveness at the end of the burn-in period. For the first alternative burn-in scenario,
the waning rate of natural protection from a COVID-19 infection during Omicron was doubled
and then the model was recalibrated to the same level as in the base case. For the second, the
waning rate was reduced by half. A final alternative burn-in scenario was created in which a
drop in VE was added on January 15, 2023 to mimic the emergence of XBB variants and
reduce the residual VE accordingly. These changes ultimately lead to different incidence
projections during the analysis time horizon. Further details are provided in the Technical

Appendix.

Analysis Time Horizon

To conduct the analyses, the SEIR model simulation was run multiple times, varying the
vaccination characteristics (initial VE; waning of VE; vaccine coverage) for the Fall 2023
Vaccine campaigns (i.e., Moderna Fall Campaign, Pfizer-BioNTech Fall Campaign, and No
Vaccine Fall Campaign) during the analysis time horizon between September 1, 2023 to August
31, 2024. The inputs for vaccine effectiveness and coverage are described in the following

sections for the base case and scenario analyses.

Analysis Time Horizon: Fall 2023 COVID-19 Vaccine Effectiveness

For the base case analyses, the updated COVID-19 mRNA Fall 2023 vaccines from both
Moderna and Pfizer-BioNTech are assumed to be well-matched to the circulating COVID-19
variant for the entire 1-year time horizon. VE input values are summarized in Table 1. The
Moderna updated COVID-19 mRNA Fall 2023 vaccine has been tested in a Phase 2/3
randomized safety and immunogenicity study which demonstrated that it elicits a robust
neutralizing antibody response.?! As there are no data on clinical outcomes for the Moderna
updated Fall 2023 vaccine, data from past vaccine formulations used during the Omicron variant
period were assumed. Our estimate of the initial VE against hospitalization was based upon a
Kaiser Permanente prospective cohort study of the Moderna bivalent BA.4/BA.5 COVID-19
vaccine by Tseng et al. (2023)?2. These VE estimates were achieved for the first month following
vaccination but then waned with an absolute monthly decrease based on a meta-analysis of the

effect of monovalent vaccines against Omicron BA.1/BA.2.23 As this study had no outcomes
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related to infection, the estimate of the initial VE against infection was based on a meta-analysis

of monovalent versions of the vaccines administered during the Omicron period.?*

For the comparison between the Moderna Fall Campaign and the No Fall Vaccine Campaign,
several scenario analyses were conducted by varying the initial VE and monthly waning rates
according to the 95% confidence intervals (Cls) displayed in Table 1. The VE estimates over

time for the base case and scenario analyses are shown in Figure 2.

For the comparison of the Moderna and Pfizer-BioNTech updated COVID-19 mRNA vaccines,
the VE of the Moderna vaccine was held constant at the base case value. The relative vaccine
effectiveness (rVE) estimates between the two updated Fall 2023 vaccines were assumed
based on a US-based comparative retrospective database analysis on the VE of Moderna and
Pfizer BA.4/BA.5 bivalent vaccines by Kopel et al. (2023)."® For those aged 218 years, the rVE
for Moderna compared to Pfizer against hospitalizations was 9.8% (95% Cl 2.6%-16.4%), while
the rVE against outpatient visits, which was used as a proxy for infections, was 5.1% (95% CI:
3.2%-6.9%). For all analyses, the Pfizer VE was calculated based on Moderna VE, reduced by
these rVE values, as shown in Table 1. The 95% confidence intervals of the rVEs were used to
calculate ranges for scenario analyses. The rVE used for the scenario were only those 65 years
and older received the vaccine are presented in the Technical Appendix. The monthly waning
rates were assumed to be the same for both the Moderna and Pfizer-BioNTech vaccines in all
scenarios.

Table 1. Vaccine effectiveness parameters for the updated COVID-19 mRNA Fall 2023
vaccines.

Infection (%)

Hospitalizations (%)

Initial VE Monthly Initial VE Monthly
Waning Waning
Moderna updated COVID-19 mRNA Fall 2023 vaccine
Base case 57.12% 4.75% 84.3% 1.37%
30.57%- 0.62%-2.38%

95% CI for scenario analyses

83.68%

3.05%-6.75%

80.3%-87.5%

Pfizer updated COVID-19 mRNA Fall 2023 vaccin

Base case 54.8% 4.75% 82.6% 1.37%
Ranges for scenario analyses 52.0%-55.7% . 81.85% - -
83.9%

VE: vaccine effectiveness; Cl: Confidence interval
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Figure 2. The vaccine effectiveness of the Moderna updated COVID-19 mRNA Fall 2023
vaccine over time for those who receive their vaccine in September.
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Analysis Time Horizon: Fall 2023 COVID-19 Vaccine Coverage

For the base case analyses, uptake of the updated COVID-19 Fall 2023 vaccines was assumed
to occur between September 2023 and January 2024, with final coverage rates, by age group,
based on the uptake of influenza vaccines for the 2022-23 season.?® We assume that
individuals who have received at least primary series vaccination have an equal chance of being
vaccinated irrespective of their booster histories. Uptake patterns were assumed to be the same
for both the Moderna and the Pfizer-BioNTech fall campaigns. For the comparison of the
Moderna Fall Campaign to the No Fall Vaccine Campaign, scenario analyses were conducted
by varying the uptake rate of those who receive the updated vaccine. Further detail is provided

in the Technical Appendix.

Consequences of Infection

Each run of the SEIR model predicts the total number of infections (asymptomatic and
symptomatic) and the incremental reduction in the risk of hospitalization given infection, for

vaccinated versus unvaccinated persons for each month of the analysis time period. These

11
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monthly outputs are used in a decision tree to calculate the clinical and economic

consequences of infections.

The number of monthly infections entering the decision tree is reduced because only
symptomatic infections have consequences for quality-of-life and economic costs. For the base
case, the proportion of infections that are symptomatic was set to 67.6%2° as estimated in a
meta-analysis of studies published on Omicron infections. In sensitivity analyses, this proportion
was varied according to the 95% CI (60.5% - 74.7%).

Following all symptomatic infections, there is a risk of myocarditis that varies with age.
Independent of the risk of myocarditis, a portion of infections are treated in hospital, and the risk
of this more severe type of COVID-19 increases with age. The probability of hospitalization in
unvaccinated symptomatic patients is displayed in Table 2. For vaccinated persons, these
probabilities are reduced according to VE which varies by vaccination strata and which is
calculated within the SEIR model. Those who are hospitalized face a risk of mortality that varies
by the highest level of care received (ventilator; intensive care unit (ICU) with no ventilator; no
ICU or ventilator). There is an increased risk of mortality post-discharge, compared to age-
specific mortality rates, as well as a risk of readmission to hospital. The patients who are not
hospitalized are considered to be non-severe and are not at risk of death from COVID-19. The
inputs for the infection consequences decision tree model are displayed in Table 2. For the
DSAs, percentage with symptoms, infection induced myocarditis rates, hospitalization rates in
the unvaccinated, hospitalization level of care, and in-hospital mortality rates were varied

according to their 95% CI. All other inputs were varied by +/-25% of the base case value.

The base-case economic analyses were conducted using the healthcare perspective, and all
cost inputs are shown in Table 2. A scenario analysis was conducted using the societal
perspective, which also included lost productivity costs (See Appendix Table 8). All past costs
were inflated to 2022 US dollars using the medical care component of the US Consumer Price
Index.?” For the health care cost perspective, the average cost of ambulatory care was
calculated as a mix of treatment in outpatient clinics or the emergency room. As a portion of
patients with non-severe COVID-19 will not require any medical attention, the cost of
ambulatory care was weighted by the probability of seeking outpatient care for treatment. All
patients who recovered from their infection were assigned a post-infection cost which was
higher for those treated in hospital compared to those with non-severe cases. As the time

horizon for the analytic period is only 1 year, none of the costs were discounted.

12


https://doi.org/10.1101/2023.09.05.23295085
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2023.09.05.23295085; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

The expected number of life years lost due to early deaths from COVID-19 was calculated using
expected survival by age as reported by the National Center for Health Statistics.?® Age-specific
utility values for individuals without infection, obtained using the EuroQol-5D (EQ-5D) in a group
of US adults, were attached to each year lost due to early death from COVID-19.2° All future
QALYs lost were discounted by 3% annually to present value.?®° The QALY lost due to morbidity
associated with COVID-19 include myocarditis due to COVID-19 infection, COVID-19 treatment,
and post-infection care and symptoms (regardless of whether or not medical care was sought),
are shown in Table 3. The QALYs lost due to mortality, morbidity and adverse events following

vaccination (described below) were summed to determine the total QALY's lost.
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Table 2. Base case inputs for the infection consequences model

Model Parameter | Value
Rates of COVID-19 infection-related myocarditis, by age (%) *’
0-4 0.12
5-17 0.12
18-29 0.08
30-39 0.07
40-49 0.09
50-64 0.14
65-74 0.16
75-84 0.21
>85 0.21
Proportion seeking outpatient care 46.2
(%)32a :
Omicron-adjusted hospitalization rates (unvaccinated), by age (%) 333
0-4 0.87
5-17 0.45
18-49 1.25
50-64 3.45
265 15.71
Omicron-adjusted hospitalization locations of care, by age (%) 3%

No ICU or ventilation ICU ICU with ventilation
0-4 85.19 11.82 2.98
5-17 76.71 18.51 4.77
18-29 90.59 6.23 3.19
30-39 87.74 7.39 4.87
40-49 84.69 8.01 7.29
50-64 81.41 8.27 10.32
65-74 82.62 8.48 8.90
75-84 83.68 8.69 7.63
285 87.70 7.73 4.57
Hospital readmission rates, by initial hospitalization location of care (%)%

No ICU or ventilation ICU ICU with ventilation
All ages 3.77 3.62 1.96
In-hospital mortality rates, by age and location of care(%)>°

No ICU or ventilation ICU ICU with ventilation
0-4 0.00 0.00 12.12
5-17 0.13 0.00 8.42
18-29 0.02 0.56 18.94
30-39 0.10 0.68 26.18
40-49 0.20 0.90 34.72
50-64 1.13 3.57 46.36
65-74 4.25 10.38 58.68
75-84 10.15 22.58 66.94
285 19.69 32.37 7247
Post-hospitalization mortality rates (within 60 days of discharge), by location of care®’®

No ICU or ventilation ICU ICU with ventilation
All ages 5.4% 10.4% 10.4%

ICU: Intensive care unit
aInfluenza data were used as a proxy due to an absence of COVID-19 data.
®Hospitalized patients are at risk of readmission within 30 days post-discharge.
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°Only applies to initial hospitalization; readmitted patients are subject to post-discharge mortality
rates only.
dAll patients who survive initial hospitalization and readmitted patients are at risk.

Table 3. Base case inputs for the infection consequences model (costs and quality-
adjusted life-years (QALYSs) lost)

Model parameter Value Assumptions
Costs

Applied to all patients with

COVID-19 infection-related myocarditis infection-induced

(cost per event) 3839 $14,130 myocarditis (assumes 100%
hospitalized)
Cost per outpatient visit of
. . $118[11] & ED visit of
Se“éﬁﬁtéi;‘gfﬁfﬁ (cost per patient $461 $613[11]; 3.02 outpatient
visits[3] and 0.17 ED
visits[3,6]
Hospitalization (cost per stay) %
No ICU or ventilation $15,089 Readmitted patients are
ICU $27,058 assigned the same cost as
ICU with ventilation® $71,367 their initial location of care
Hospitalization recovery (cost per $1,078 Cost per outpatient visit of
case)®36.10 $118[11]; cost of ED visit of

$613[11]; 3.45 outpatient
visits[3] and 1.09 ED

visits[3,6]
Post-Infection costs, by age and hospitalization status*?
Not Hospitalized
Hospitalized
0-4 $73 $109 Longer-term cost (up to 180
5-17 $57 $109 days) applied to all infected
18-39 $154 $417 patients; assumed to include
40-49 $248 $576 long COVID
50-64 $316 $734
>65 $345 $615
Quality-Adjusted Life-Years Lost
Infection-related myocarditis*? 0.0019
Symptomatic infection, not 0.003
hospitalized*44>
Hospitalized, no ICU or ventilator3%4¢ 0.008 The symptomatic infection,
Hospitalized, ICU only3546 0.016 not hospitalized decrement
Hospitalized, ICU with ventilator3®4 0.030 is also added to these
values to reflect symptoms
prior to admission
Hospital readmission3°46 0.011
Post-infection, not hospitalized*’ 0.0277
Post-infection, hospitalized*® 0.122

ED: emergency department; ICU: Intensive care unit

aCost inputs for outpatient care*®5° are weighted by the proportion of patients who seek medical care[4,5],
with a cost of zero assigned to those who do not seek care

®Weighted average of cost without ICU or MV (mechanical ventilation), with ICU and with MV (assumed
MV requires ICU)
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Vaccine Costs and Adverse Events

For each vaccine administered, individuals were assigned a probability of experiencing a
vaccine-related adverse event (Grade 3 local or systemic infection-related events; anaphylaxis;
myocarditis/pericarditis). The probabilities, along with the associated costs and QALY lost are
displayed in Appendix Table 9. The unit cost of the Moderna updated Fall 2023 vaccine was set
to $129.50,5" and the unit cost of the Pfizer-BioNTech updated vaccine was assumed to be the
same in the base case analysis. A vaccine administration cost of $20.33 was also included in
model analyses.?? For the societal perspective, time loss from vaccination was assumed to be
0.04 days, considering the majority of COVID-19 vaccine are administered in the pharmacy

setting.®

Deterministic Sensitivity Analyses

A series of one-way and multi-way deterministic sensitivity analyses (DSAs) were conducted to
test the robustness of results for the comparison of the Moderna Fall campaign to No Vaccine
Fall campaign. As described throughout the text and summarized in Appendix Table 11, inputs
related to incidence of infection, Fall 2023 vaccine coverage, Fall 2023 vaccine VE, percent of
symptomatic infections, and the inputs to the consequences decision tree were varied. A
scenario analysis was conducted for both of these comparisons where the target population was
limited to vaccination of those aged =65 years, rather to than all adults aged 218 years. A

second scenario analyses was conducted with the societal perspective.

We also evaluated the price difference between the two vaccines that would be economically
justifiable (i.e., would make each vaccine the cost-effective choice) at different thresholds of
willingness-to-pay (WTP) for QALYs, under different relative VE (rVE) assumptions. The base
case model with the healthcare cost perspective was used. As the price of the Pfizer-BioNTech
vaccine is not yet known, the price of the Pfizer-BioNTech vaccine remained at $129.50 as in
the base case. As the Moderna Fall 2023 vaccine was assumed to be more effective than the
Pfizer-BioNTech Fall 2023 vaccine based on comparative data from past formulations, it would
dominate the Pfizer-BioNTech vaccine if it was priced the same or lower. Therefore, the unit

price of the Moderna vaccine was varied upwards for this analysis.

Probabilistic Sensitivity Analyses

For the No Vaccine Fall Campaign versus the Moderna Fall Campaign, the percent of patients
with symptomatic infections, as well as the probabilities, costs and QALY inputs in Tables 2, 3

and Appendix Table 9, were varied in a probabilistic sensitivity analysis (PSA). Distributions for
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the PSA were chosen based on recommendations from Briggs, Sculpher, and Claxton.5® For
skewed data (e.g., costs), for example, a gamma or log-normal distribution is advised, while for
binomial data, a beta distribution was used. If data were not available to estimate a standard

error, then it was assumed to be 10% of the mean.

Results

Comparison: Moderna updated COVID-19 mRNA Fall 2023 vaccine versus No Fall 2023

Vaccine

For the base case scenario, the model predicted that from September 1st, 2023 until August 31,
2024 there will be 64,203,464 symptomatic infections if no Fall 2023 COVID-19 vaccines are
administered and 56,956,517 if the Moderna updated COVID-19 mRNA vaccine is administered.
This represents a decrease of 7,237,947 symptomatic infections (-11%) when 111,097,782
vaccines are administered to those aged 18 years and older. The predicted monthly incidence
per 100,000 persons is shown over time, by age group, in Figure 3. Without the vaccine, the
incidence is expected to peak in December 2023 and decline to a low point from July to August
2024. With the vaccine, the peak is flattened and incidence is predicted to remain more constant
over time. In July and August 2024, the incidence is higher with vaccine compared to no
vaccine. This pattern is predicted because the vaccine protection against infection wanes,
leading to a rebound in the risk of transmission with contacts at the end of the 1-year time

horizon.

Figure 3 also illustrates that incidence of symptomatic infection is highest in the 5 to 17 years
age group and lowest in those ages 75 years and above. With the No Vaccine Fall Campaign,
the residual VE from past vaccination (not shown in the figure) is low, ranging from 4% to 8%
among those who received the bivalent booster, to 0% among people who were vaccinated with
any number of monovalent doses. The proportion who are immune to infections is higher in
those under 50 years of age (ranging from 50.8% to 67.5%) but is 30.9% or lower in the older
age groups, suggesting that the incidence patterns by age group are driven by contact patterns
and mixing across age groups. With a Fall 2023 vaccine strategy targeting those aged =18
years, the 5 to 17 years age group continues to have the highest incidence while =75 years has

the lowest.

In the base case analysis, with the No Vaccine Fall Campaign, there are 1,199,429 COVID-19
related hospitalizations and 154,798 associated deaths predicted from September 2023 to

17


https://doi.org/10.1101/2023.09.05.23295085
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2023.09.05.23295085; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

August 2024. With a Moderna updated mRNA Fall 2023 vaccine, those numbers decline to
856,823 (-29%) and 104,304 (-33%) respectively. The residual VE against hospitalization is
higher compared to infection, ranging by age group from 31% to 37% among those with primary
series only and 68% to 70% among those with the bivalent booster. While individuals aged =65
years have the highest vaccine coverage rates overall, they also have the highest risk of
hospitalization and death. As displayed in Figure 4, they are therefore expected to have the
highest annual rates of hospitalization and death per 100,000 persons with and without the Fall

2023 vaccine.

Figure 3. Monthly rate of symptomatic infections (per 100,000 persons) with and without
a Moderna updated mRNA Fall 2023 vaccination, by age group.

3a: No Fall 2023 Vaccine 3b: With Moderna Fall 2023 Vaccine
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Figure 4. The annual rate of hospitalizations and deaths per 100,000 with and without a
Moderna updated mRNA Fall 2023 vaccination across the 1-year time horizon, by age

group.
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Given this clinical impact, the Moderna updated COVID-19 mRNA Fall 2023 vaccine is expected
to lead to a gain of 499,660 QALYs by preventing COVID-19-related deaths and 241,210
QALYs gained due to prevented morbidity for a total of 740,880 QALY's gained (0.007 QALYs

gained per vaccination). Approximately 94% of those QALY's gained due to morbidity are due to
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the prevention of the post-infection impact of COVID-19, while only 8% are from preventing the
initial infection itself. Vaccination costs $16,646 million, however, COVID-19 treatment costs with
vaccination are $42,330 million compared to $53,255 million without the vaccine, leading to
$10,924 million in health care treatment costs prevented. The incremental cost per QALY
gained of the Moderna updated COVID-19 mRNA Fall 2023 vaccine compared to no additional
COVID-19 vaccination in Fall 2023 is therefore $7,700 (Table 4). See Appendix Table 10 for

further cost disaggregation.

When the target population for vaccination was limited to those 65 years and older only, fewer
vaccines were delivered (39,793,511) and only 2.7 million cases of symptomatic disease,
180,000 hospitalizations and 31,000 deaths were prevented compared to the 7.2 million cases,
343,000 hospitalizations and 50,000 deaths prevented when all adults are targeted. Older age
groups are at greater risk of severe outcomes, so the incremental cost per QALY gained
decreases to $1,800 (Table 4). When vaccine coverage rates are decreased, fewer clinical
events are prevented (4.0 million symptomatic infections, 181,000 hospitalizations, 27,000
deaths) but, because of increased efficiency due to the non-linear herd effects in the dynamic
model, the ICER decreases to $6,200. With the bivalent vaccine, overall coverage was lower
than the base case for the new vaccine, but the proportion of older (i.e., higher risk) individuals
increases and the incremental cost per QALY gained decreases to $3,900. Using the societal
cost perspective, the cost per QALY gained is lower than in the health care perspective, at
$2,100 per QALY gained (Table 4).
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Table 4. Economic results for the base case and scenario analyses

Vaccination Total Costs Total QALYs A Costs A QALY ICER
Strategy Lost Gained* | (A Cost/QALY
Gained)
Base-case: No additional COVID-19 vaccination in Fall 2023 vs. Moderna updated Fall 2023 vaccine
No Vaccine $53,254,666,452 3,875,029 -- -- Ref
Moderna $58,976,187,224 3,134,151 $5,721,520,772 | 740,878 $7,723
Scenario analysis: Adults 265 years
No Vaccine $53,254,666,452 3,875,029 -- -- Ref
Moderna $53,878,872,864 3,532,532 $624,206,412 342,497 $1,823
Scenario analysis: Societal perspective
No Vaccine $92,047,025,703 3,875,029 -- -- Ref
Moderna $93,582,793,851 3,134,151 $1,535,768,148 | 740,878 $2,073
Comparison: Pfizer-BioNTech updated Fall 2023 vaccine vs. Moderna updated Fall 2023 vaccine
Moderna $58,976,187,224 3,134,151 -- -- --
Pfizer- Moderna
BioNTech** vaccine
$59,917,727,937 | 3,199,569 $941,540.713 | 65,418 dog';i'zr‘:rt_es
BioNTech
vaccine

A Difference; ICER — incremental cost effectiveness ratio; QALY — quality-adjusted life-year
* Difference in QALY's gained is equivalent to negative one times the difference in total QALY lost
**Assuming same cost for vaccine unit and administration fees

The 12 most influential variables from the DSAs are summarized in the tornado diagram in

Figure 5 (full DSA results are also provided in Appendix Table 11). Overall, vaccine

effectiveness, patterns of COVID-19 incidence, hospitalization rates or costs have the greatest

impact on the cost-effectiveness.

Varying the Moderna updated COVID-19 mRNA Fall 2023 initial VE against infection has the
greatest impact on the ICER. With low VE against infection, the cost per QALY gained

increases to $27,100, while at the highest VE the Moderna Fall Campaign becomes cost saving

as well as more beneficial compared to no vaccine. If the waning rate of VE against infection is

varied, then the ICER ranges from $1,200 to $22,200. Varying the waning rate of VE against

hospitalization leads to a smaller range ($6,400 to $9,700). When initial VE against infection and

hospitalization are varied simultaneously (not shown in the figure), the ICER ranges from the

Moderna Fall Campaign becoming cost saving as well as more beneficial compared to no
vaccine to $33,200.
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Figure 5. Tornado diagram®*: Key deterministic sensitivity analyses

Moderna vaccine initial VE against infection (95% CI UBt; 95% CI LB)
Incidence: emergence of XBB variant with immune escape in January 2023
Moderna VE waning: infection (95% CI LB; 95% CI UB)

Hospitalization rates in the unvaccinated (95% CI UB; 95% CI LB)

Incidence: double the rate of waning for natural immunity during Omicron period
Hospitalization cost per stay (+25%; -25%)

Percentage with symptoms (95% CI UB; 95% CI LB)

Moderna VE waning: hospitalization (95% CI LB; 95% Cl UB)

Moderna vaccine initial VE against hospitalization (95% Cl UB; 95% CI LB)
Post-infection QALY, not/hospitalized (+25%/95% Cl UB; -25%/95% CI LB)

Post-infection costs (+25%; -25%)

Post-discharge mortality rate (95% CI UB; 95% CI LB)
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ClI: Confidence interval; LB: Lower bound; QALY: quality-adjusted life-year; UB: Upper bound; VE:
Vaccine effectiveness

"Labels in correspond to the bars presented in the tornado diagram. For example, if the upper bound of a
given parameter generates a lower ICER than the lower bound, the upper bound will appear first in the
parameter label.

TIndicates Moderna Fall Campaign dominates No Vaccine Fall Campaign

DSA results also suggest that patterns of COVID-19 incidence impact the ICER. Four different
incidence scenarios were created with the SEIR model in order to test the potential impact (two
of which appear in Figure 5), but the results are complex given the non-linearity of the model.
Figure 6 compares the monthly incidence of the base case and the four scenarios. The
incidence of infection increases when the rate of waning natural immunity during Omicron is
doubled (gray curve). There are more infections, and more prevented infections, with the same
number of vaccinations as in the base case, so the ICER drops to $2,400. When the waning
rate of natural immunity is halved (green curve), however, the ICER is reduced (improved)
slightly to $7,600. While there are fewer infections, the timing of those infections differs, and a
greater number are prevented than in the base case. If we consider that the new XBB variant
causes a 50% decrease in both vaccine-mediated and natural immunity in the base case, when
the model is recalibrated to achieve the same number of infections in the burn-in period the
transmissibility parameter is lowered. This in turn, leads to a lower number of infections for all of
the analytic period (red curve). In that scenario, there are fewer infections prevented with the
vaccine. Therefore, the ICER increases to $38,700. When the percentage of infections that are

symptomatic is varied, the cost per QALY ranges from $5,600 to $10,400.
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Figure 6. The monthly incidence of symptomatic infection (per 100,000 persons) for base
case and three scenario analyses.
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When the hospital rate among unvaccinated persons with a symptomatic infection is varied, the
incremental cost per QALY gained varied from $3,000 to $12,100. Varying hospital costs by
25% caused the ICER to vary from $5,300 to $10,200. The remaining parameters in the DSA

had minimal impact on cost-effectiveness results.

In the probabilistic sensitivity analysis, as shown in the cost-effectiveness acceptability curve in
Appendix Figure 11, the Moderna Fall 2023 vaccine reaches a 100% probability of being the

most cost-effective option at a willingness-to-pay threshold of approximately $17,000/QALY.

Comparison: Moderna strategy versus Pfizer strategy

In the base case analysis, the Moderna updated Fall 2023 vaccine had greater initial VE than
the Pfizer version of the vaccine. Across the 1-year time frame, the Moderna Fall Vaccine
campaign is predicted to prevent 932,165 COVID-19 more infections than the Pfizer Fall

Vaccine campaign. In addition, use of the Moderna vaccine is predicted to result in 23,658 fewer
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hospitalizations and 3,340 fewer deaths than use of the Pfizer-BioNTech vaccine. This is
expected to lead to an additional 65,418 QALYs gained. If the vaccines have the same unit cost,
then the total costs associated with the use of the Moderna vaccine is expected to be $942
million lower (or $8.47 in treatment costs prevented per vaccination administered)(Table 4). See
Appendix Table 10 for further cost disaggregation. With lower total healthcare costs and higher
QALY gained, the Moderna updated COVID-19 mRNA Fall 2023 vaccine dominates the Pfizer-

BioNTech one.

The results of the DSA varying the price of the Moderna vaccine are shown in Figure 7 for three
different WTP thresholds. As the Moderna vaccine is more effective in our analyses, only the
results of where the Moderna is priced at a premium to the Pfizer-BioNTech vaccine are shown.
As the rVE of Moderna versus Pfizer-BioNTech increases, the economically justifiable price
premium increases. The lines on the graph represent the base case and 95% CI for the rVE
data used in this analysis. For the base case rVE (5.10% infection; 9.8% hospitalization), the
Moderna Fall Vaccine campaign would be considered as cost-effective compared to the Pfizer-
BioNTech Fall Vaccine campaign with a price of $167.42 (price difference of $37.92), $196.86
(price difference of $67.36) and $226.30 (price difference of $95.80) at the WTP thresholds of
$50,000; $100,000; and $150,000 per QALY gained respectively. As the difference in the VE
between the vaccines increases or decrease, the price premium that could be justified at any

WTP threshold also increases or decreases.
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Figure 7. Incremental cost-effectiveness of the Moderna updated Fall 2023 vaccine
compared with the Pfizer-BioNTech updated Fall 2023 vaccine across a range of price
differences and relative vaccine effectiveness values
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24


https://doi.org/10.1101/2023.09.05.23295085
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2023.09.05.23295085; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

Discussion

Using an SEIR model stratified by vaccination status, we examined the potential clinical impact
and the cost-effectiveness of Fall 2023 COVID-19 vaccines in the US targeting those 18 years
and older. The Moderna updated COVID-19 mRNA Fall 2023 Vaccine is predicted to prevent 7.2
million cases of symptomatic infection, 340,000 hospitalizations and 50,500 deaths between
September 2023 and August 2024 compared to no new Fall 2023 vaccination. In the base case
analysis, the incremental cost per QALY gained was predicted to be $7,700 for the healthcare
payer perspective. Neumann et al. have argued a willingness-to-pay threshold of $100,000 per
QALY gained is reasonable for the US.%* Considering this threshold, use of the vaccine is cost-
effective, or good value for money. Using a societal cost perspective, the ICER was only $2,100
per QALY gained. There is still much uncertainty about the morbidity and mortality associated
with COVID-19, but the sensitivity analyses demonstrated that the results are robust. Although
the incremental cost per QALY is most affected by the incidence of infection, the VE, and the
probability of hospitalization and its associated costs, vaccination with the Moderna updated
COVID-19 mRNA Fall 2023 vaccine is cost-effective across a wide range of parameter values

and scenarios.

As COVID-19 is transitioning from a pandemic to an endemic state, the future incidence of
infection and the expected pattern of infection are highly uncertain. It is clear that the incidence
has been declining since the peak of infection in January 2022,% but it is difficult to quantify the
change because of the evolution of data collection practices. During the pandemic phase,
COVID-19 was reported to public health authorities at a much greater rate than other infectious
diseases as many individuals sought confirmatory PCR testing from health care providers.
Since the emergence of Omicron, health care seeking behavior has declined and so has the
proportion of infections reported. For this analysis, four different incidence scenarios were
generated by the SEIR model to vary the dynamics of infection. For all of these scenarios, use
of the Moderna vaccine remained cost-effective as the ICER was below $40,000 per QALY

gained.

The VE of the new Fall 2023 vaccines against both hospitalization and infection are unknown.

In our analysis, the VE against hospitalization of the bivalent vaccine was used to represent the

VE against hospitalization of a Fall 2023 vaccine that is well-matched to the circulating variant.??
Data on the VE against infection are more variable, and therefore the results of a meta-analyses

were used.?* While a poorly matched vaccine would provide some protection, it would likely be
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associated with lower initial vaccine effectiveness and possibly also faster waning of response.
It is also not known when a new variant that evades immunity mediated by past infections
(natural immunity) or vaccine doses (vaccine immunity) will emerge. The only option at the point
of time when decisions about adopting the new vaccine are made is to examine the impact of a
vaccine with a range of VE profiles, as has been done within the scenario analyses. These
analyses show that a Fall 2023 COVID-19 vaccine is likely to have good value for money over a

range of VE scenarios.

The hospitalization rates in unvaccinated that were used to populate the model were estimated
using data from the first year of the pandemic.3® They were adjusted downwards in order to
account for the lower severity of infections with Omicron variants.3* An important driver of
hospitalization costs is the level of care required, with individuals in ICU (with or without
mechanical ventilation) costing more than other hospitalized patients. The current severity of
disease associated with Omicron is not fully quantified and the virulence of future COVID-19
variants is unknown. In sensitivity analyses, however, use of the Fall 2023 vaccine remained
cost-effective, with all ICERs falling well below the $100,000 cost per QALY threshold.

Other parameters, which may increase the value of vaccination, were not included in the
analysis. For example, although post-infection costs and QALY decrements were included, they
were of limited duration. Bowe et al., recently reported on lasting health consequences 2 years
post infection.5¢ Zhang et al., found higher rates of newly onset hypertension in post-COVID
individuals.®” Additionally, although analyses from the societal perspective was included, the
emphasis was on short-term lost productivity for the COVID-19 patient. Broader aspects of lost
productivity, such as caregiver time,*>° are not included in the current analysis, nor are the
consequences of weighing utility losses associated with severe disease higher than non-severe
disease and the associated utility losses for families. 5° Other parameters, as proposed by the
International Society of Pharmacoeconomics and Outcomes Research in the “value flower”
framework,% and noted by Postma et al.,>8 and Di Fusco et al.,®° (equity, productivity of other
individuals, health system strengthening), which may also increase the value of vaccination, are

also not included.

Our analysis quantified the potential clinical and economic impact of using a Fall 2023 COVID-
19 vaccine with a higher VE. The Moderna mRNA COVID-19 vaccine was found to be more
effective than the Pfizer mMRNA COVID-19 vaccine in a meta-analysis in immunocompromised
populations’ and in studies of the monovalent'*'” and bivalent versions™® in the general

population. While both the Moderna and Pfizer vaccines have the same mechanisms of action,
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differences in VE may exist because their delivery systems and dosage differ. Assuming both
the Moderna and Pfizer-BioNTech vaccines are priced the same, as the Moderna vaccine is
predicted to prevent more COVID-19 infections, the net healthcare costs are also predicted to
be 941 million lower in the base case. Based on our base case cost-effectiveness analysis, a
price premium of up to $67.36 could be economically justifiable with the base case rVE
(Moderna versus Pfizer: 5.1% infection; 9.8% hospitalization) considering the $100,000 cost per
QALY threshold.

In conclusion, this analysis suggests that using COVID-19 mRNA vaccines in Fall 2023 will still
prevent significant morbidity and mortality in US. Furthermore, continued use of the Moderna
vaccine is likely to be good value for money as these analyses suggests the vaccine to be

highly cost-effective despite the transition from pandemic to endemic.
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