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Background: Researchers are working at unprecedented speed to develop a SARS-CoV-2 vaccine. We
aimed to assess the value of a hypothetical vaccine and its potential public health impact when prioriti-
zation is required due to supply constraints.

Methods: A Markov cohort model was used to estimate COVID-19 related direct medical costs and deaths
in the United States (US), with and without implementation of a 60% efficacious vaccine. To prioritize the
vaccine under constrained supply, the population was divided into tiers based on age; risk and age; and

Keywords: . . . R
Coronavirus occupation and age; and outcomes were compared across one year under various supply assumptions.
COVID-19 The incremental cost per quality-adjusted life-year (QALY) gained versus no vaccine was calculated for

the entire adult population and for each tier in the three prioritization schemes.
Results: The incremental cost per QALY gained for the US adult population was $8,200 versus no vacci-
nation. For the tiers at highest risk of complications from COVID-19, such as those ages 65 years and
older, vaccination was cost-saving compared to no vaccination. The cost per QALY gained increased to
over $94,000 for those with a low risk of hospitalization and death following infection. Results were most
sensitive to infection incidence, vaccine price, the cost of treating COVID-19, and vaccine efficacy. Under
the most optimistic supply scenario, the hypothetical vaccine may prevent 31% of expected deaths. As
supply becomes more constrained, only 23% of deaths may be prevented. In lower supply scenarios, pri-
oritization becomes more important to maximize the number of deaths prevented.
Conclusions: A COVID-19 vaccine is predicted to be good value for money (cost per QALY gained <
$50,000). The speed at which an effective vaccine can be made available will determine how much mor-
bidity and mortality may be prevented in the US.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The novel coronavirus (SARS-CoV-2) was first identified in
humans in late 2019. As of November 30, 2020 there were over
63 million cases of novel coronavirus disease 2019 (COVID-19)
confirmed worldwide, with approximately 20% of these cases
reported in the United States (US) [1]. The health and economic
consequences of COVID-19 have been staggering. As of November
30, 2020, there were over 269,000 related deaths reported in the
US [1], and a recent estimate has predicted that if 20% of the US
population were to get infected, direct medical costs incurred, just
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during the course of the infection, could be as high as $163.4 billion
[2]. This estimate does not include medical costs related to post-
infection care or worsening of unrelated diseases due to postpone-
ment of preventive care and diagnosis, non-medical costs such as
productivity losses due to absenteeism and premature mortality,
or declines in economic activity.

In response to this global health emergency, researchers are
working at unprecedented speed to find an effective vaccine and
there are at least twenty potential candidates being tested in
human clinical trials [3]. As of November 30, 2020, five of the can-
didates selected by the US government’s Operation Warp Speed are
in Phase 3 trials, with two (Moderna’s mRNA-1273 and Pfizer/
BioNTech’s BNT162) having applied for emergency use authoriza-
tion. While clinical trials will determine whether the vaccine can-
didates are safe and efficacious against SARS-CoV-2 infection,
important questions concerning the value of such vaccines remain:
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what role could a successful vaccine have in reducing the substan-
tial burden of COVID-19 and, in a world where vaccine supply may
initially be much lower than demand, which target groups should
be prioritized for vaccination?

In the event of limited vaccine supply in the US, a strategy to
target priority groups will likely be developed to guide the roll-
out of vaccination programs. Groups may be prioritized based on
a variety of criteria, including health benefit to the vaccinated indi-
vidual and to others who may be protected indirectly, cost-
effectiveness (i.e., where can we achieve the most health benefit
per dose or per dollar spent?), and social and ethical considerations
such as occupational priorities and attention to vulnerable popula-
tions [4-6].

To help address these important questions, we developed a
mathematical model to assess the public health and economic
impacts in the US of a hypothetical vaccine for SARS-CoV-2. Our
focus was on estimating its potential value (based on cost-
effectiveness) for vaccinated individuals, when distributed accord-
ing to three different tier-based vaccination prioritization schemes.
These include a simple age-based strategy, a risk-group-based
strategy, and a strategy based on a combination of occupational
groups and age. Outcomes predicted by our analysis, including
estimates of clinical outcomes and vaccine cost-effectiveness by
vaccination tier, should be helpful in guiding priority-setting deci-
sions given constraints on vaccine availability as successful compa-
nies ramp up their production before and following regulatory
approvals.

2. Methods

2.1. Study design

We used a Markov model with five health states (Fig. 1) to
follow the US population for 1 year after vaccine supply is first

Undetected
infection

Susceptible

Detected
infection

Recovered

Move to Dead or Recovered

No hospitalization Health Statein Panel A

Move to Dead or Recovered

Hospitalizationonly s
Health Statein Panel A

Detected
infection

Move to Dead or Recovered
Health Statein Panel A

Hospitalization+1CU >

Move to Dead or Recovered
Health Statein Panel A

Hospitalization +ICU +
ventilator

o

Fig. 1. Structure of the model of SARS-CoV-2 infection and COVID-19 progression.
(A) Markov health states showing allowed transitions. (B) Probability tree linking
transitions from the “Detected Infection” state in the Markov model. Arrows
represent the movements between the health states. Death from “Detected
infection” is due to COVID-19 while death from all other health states is due to
other causes. ICU, intensive care unit.
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available for use. The model compares various prioritization
schemes for a hypothetical COVID-19 vaccine for adults aged
18 years and above to a no vaccine scenario.

2.2. Model structure

Individuals enter the model (Fig. 1, panel A) as either suscepti-
ble to SARS-CoV-2 infection (“Susceptible”), previously infected
with SARS-CoV-2 that was never detected (“Undetected Infec-
tion”), or recovered following a detected SARS-CoV-2 infection
(“Recovered”). At the end of each weekly cycle, individuals can
transition to other health states (e.g., become infected, recover,
or die) or remain in their current health state, as indicated by the
arrows in Fig. 1. Patients in the “Detected Infection” health state
remain there for only one cycle, during which they enter a proba-
bility tree which allocates patients through various levels of
COVID-19 treatment (with or without hospitalization, +/- intensive
care unit (ICU), +/- mechanical ventilation) to their ultimate reso-
lution (recovered or dead) (Fig. 1, panel B). Individuals in the
“Undetected Infection” and “Recovered” states remain in these
states until they die or the end of the time horizon, as we assume
that no reinfection occurs in the 1-year period. Each week, individ-
uals in the “Susceptible”, “Undetected Infection” or “Recovered”
health states may also die from non-COVID-19 causes.

We assumed that individuals in the “Recovered” state are not
eligible for vaccination because they have all been diagnosed with
a SARS-CoV-2 infection. However, individuals in the “Susceptible”
and “Undetected Infection” states can receive vaccine, even though
the latter group is assumed to have developed natural immunity
that persists until at least the end of the 1-year time horizon. Vac-
cine efficacy was modeled as reducing the probabilities of transi-
tioning from the “Susceptible” state to the “Undetected
Infection” or “Detected Infection” states.

2.3. Model parameters

Additional details on model parameters are found in the
Appendix.

2.3.1. Population characteristics and vaccination prioritization
schemes

Every adult (18 years and older) in the US is eligible to receive
the vaccine, but a tier-based approach was used to create three pri-
oritization schemes to allocate the supply of vaccine as it becomes
available over the 1-year time horizon. Within a prioritization
scheme, target groups were created based on characteristics such
as age and risk of COVID-19 complications. Each target group is
then assigned to a priority tier (tier 1 is the highest priority to
receive vaccination). When individuals fall within more than one
defined target group, they are assumed to be vaccinated according
to their highest priority tier. For the age-based prioritization
scheme, adults are divided into three tiers and vaccinated sequen-
tially from oldest (tier 1) to youngest (tier 3) [5]. For the risk-based
prioritization scheme, priority is given to high-risk groups defined
by residency in nursing homes (without consideration of age),
presence of medical conditions that increase the risk of COVID-
19 complications, and older age. For the occupational prioritization
scheme, those considered to have a priority occupation in the Cen-
ters for Disease Control and Prevention’s (CDC’s) 2018 influenza
pandemic plan [4] are placed in tier 1. The remaining adult popu-
lation is placed into tiers based on age. The number of eligible indi-
viduals in each tier for each prioritization scheme is shown in
Table 2.

Within each prioritization scheme, tier groups were assumed to
be vaccinated, starting with tier 1, on a weekly and uniform basis
according to the weekly vaccine supply. Once the population in
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each tier has been vaccinated, individuals in the next tier become
eligible for vaccination. Given that most of the vaccines expected
to be first-to-market will involve a two-dose schedule [7], a two-
dose vaccine with the second dose given at least four weeks after
administration of the first dose was assumed. In all scenarios, sec-
ond doses are prioritized ahead of vaccinating new individuals in a
lower priority tier. This step-wise vaccination process continues
until all tiers are vaccinated according to their predicted coverage
rate or until the end of the analysis time horizon, whichever occurs
first. Coverage rates by age, based on 2018-19 general population
influenza coverage data [8], were applied to the first dose, and the
ratio of second-dose coverage to first-dose coverage was based on
data for childhood vaccinations [9] (Table 1).

2.3.2. Vaccine supply

A hypothetical vaccine supply over time was estimated based
on the scale and timing of four manufacturers’ public disclosures
[10-13]. Funding from programs such as Operation Warp Speed
has allowed these companies to begin manufacturing doses at
industrial scale before Phase 3 trials are complete, so that there
is a stockpile of doses available when the vaccine receives regula-
tory approval. Exponential regression models were fit to each man-
ufacturer’s disclosed estimates of US cumulative stock availability
starting at launch to estimate weekly supply forecasts in the first
year. For the “high supply” scenario, four vaccines are successfully
launched and supply is fulfilled as estimated in these disclosures.
For a “medium supply” scenario, manufacturers’ estimated final
supply is delayed by one quarter, while for the “low supply” sce-
nario, final supply is delayed by two quarters. The resultant curves,
shown in the Appendix (Fig. A1), predict that a varying number of
doses will be available at launch within the US, with a total of
529.2, 413.3, and 413.3 million doses available respectively after
one year (i.e., sufficient to vaccinate 264.6, 206.7, and 206.7 million
persons). In addition, a hypothetical “immediate supply” scenario
wherein sufficient doses are available to vaccinate all individuals
in the first week following launch was created in order to compare
strategies without regard for delayed access.

2.3.3. Transition probabilities

COVID-19-related transition probabilities were estimated using
a two-stage calibration process. First, the age-specific risks of
COVID-19-related hospitalization, admission to ICU with or with-
out ventilation, and death from any location for individuals in a
“Detected Infection” state were estimated separately for those
with serious medical conditions versus those without, using data
from the CDC case surveillance from January to May 2020 [14],
the COVID-NET hospital surveillance system [15], and US studies
of the outcomes of hospitalized COVID-19 patients [16,17]. Second,
the SARS-CoV-2 attack rates were estimated by calibrating to mor-
tality targets generated using forecasts from the Institute for
Health Metrics and Evaluation (IHME) model available on July 22,
2020 [18]. The base case scenario was based on the IHME's refer-
ence scenario, while their best case (95% mask usage in public loca-
tions) and worst case (mandates easing) were used in sensitivity
analyses. By November 2020, the incidence rates had increased
beyond IHME’s worst case scenario so an additional sensitivity
analysis where base case incidence rates where doubled has been
added. Based on the IHME's estimates of total and detected infec-
tions, the attack rate for undetected infections was assumed to
be 1.05 times that for detected infections (i.e., 2.05 true infections
per detected infection). The IHME’s projections were also used to
estimate the proportion of people in the “Recovered” and “Unde-
tected Infection” health states at the start of the model (Table 1).
Finally, all-cause mortality from the “Susceptible”, “Recovered”
or “Undetected Infection” states was applied [19].
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2.3.4. Vaccine efficacy

Vaccine efficacy was modeled as the proportional reduction in
the probability of SARS-CoV-2 infection (both detected and unde-
tected). The World Health Organization (WHO) and the Food and
Drug Administration (FDA) require a minimum efficacy of 50%
for a COVID-19 vaccine, but the WHO prefers an efficacy of 70%
[20,21]. Therefore, two-dose efficacy was assumed to be 60% in
the base case and varied between 50% and 70% in sensitivity anal-
yses. A third sensitivity analysis of 90% efficacy was also conducted
to reflect public disclosures of preliminary results from Phase 3 tri-
als [22,23]. Single-dose efficacy was assumed to be 40% and 25% of
two-dose efficacy for those aged 18-54 years and 55 years and
above, respectively, based on preliminary immunogenicity data
[24] (Table 1). It was assumed that vaccine efficacy does not wane
during the 1-year time horizon of the analysis.

2.3.5. Resource use, costs and health state utilities

A US health care system perspective was used and all costs are
reported in 2020 US dollars [USD]. The base case cost of the hypo-
thetical vaccine was assumed to be $35 per dose ($70 per course)
[25], while the cost per administration was $14.44 [26]. A single
cost was applied to each patient with a new detected infection,
dependent on their highest level of care, based on the potential
estimated Medicare costs as shown in Table 1 [27]. Disutility tolls
(i.e., reductions in quality-of-life calculated using disutility weights
and health event durations), reflecting impaired health-related
quality-of-life during infection, were applied for those experienc-
ing morbidity due to COVID-19 (Table 1). The expected quality-
adjusted life-years (QALYs) lost due to death attributable to
COVID-19 include both years of life lost and disutility owing to
morbidity over a lifetime horizon (see the Technical Appendix for
details) and were discounted at an annual rate of 3%. In assigning
QALY-tolls for early death, we used average age-specific expected
utility values and did not adjust the values for those with condi-
tions and those without. Those with chronic conditions may gain
fewer lifetime QALYs, but given the range of conditions that
increase risk of COVID-19 complications, it was not possible to
estimate what the difference may be. Therefore, we increased
and decreased baseline age-specific utility values that affect this
calculation by 10% overall to determine the potential effect of
over- or under-estimating the gains in quality-adjusted life expec-
tancy in various sub-populations.

2.4. Analyses

For estimation of the base case cost-effectiveness results, the
“immediate supply” vaccination scenario was modeled to allow
for a full year of benefits to be captured for all vaccinated individ-
uals, regardless of when, in reality, they would have received their
vaccination throughout the year. Given the uncertainty in estimat-
ing the model, a series of deterministic sensitivity analyses were
conducted to explore the impact of alternative inputs and assump-
tions, including alternative sets of attack rates consistent with
available data, and treatment costs for commercial payers versus
Medicare (see Appendix). A second set of analyses was conducted
to compare the deaths, hospitalizations, infections and costs across
one year in the US population under the age-based, risk-based, and
occupational prioritization schemes compared to no prioritization
under the various vaccine-supply conditions.

3. Results

In the base case analysis, the incremental cost per QALY gained
associated with vaccinating the US adult population is $8,200. The
results of the cost-effectiveness analyses for each of the individual
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Table 1
Model parameters.
Parameter Base case value Source
Vaccine coverage rates
First dose
18 to 49 years 34.9% [8]
50 to 64 years 47.3% [8]
65+ years 68.1% [8]
Second dose (all ages) 87.5% of proportion [9]

Population distribution at baseline
Susceptible
Undetected Infection
Recovered
SARS-CoV-2 incidence
Detected infection
Undetected infection

Decision tree transition probabilities

receiving first dose

92.7%
5.2%
2.1%

Appendix Table A3
1.05 times detected
infection rates
Appendix Table A1

Estimated from IHME data [18]
Estimated from IHME data [18]

Described in Appendix
Described in Appendix

Described in Appendix

Non-COVID-19 mortality rates Appendix Table A1l [19]
Vaccine efficacy (against detected and undetected SARS-CoV-2
infection)
First dose, age 18-49 years 24.0% Assumption
First dose, age 50-59 years 19.5% Assumption
First dose, age 60 + years 15.0% Assumption
Second dose, all ages 60.0% Assumption
Costs
Vaccine (per dose) $35.00 Assumption
Vaccine administration (per dose) $14.44 Code CPT90471 [26]
COVID-19 treatment: ambulatory care only (per event) $228.98 Physician visit ($112) + ED visit ($582 x 20.1% with visit*) [27]
COVID-19 treatment: hospitalization without ICU or ventilator ~ $16,924.00 Physician visit ($112) + hospitalization ($16,812) [27]
(per event)
COVID-19 treatment: hospitalization with ICU as highest level $37,429.00 Physician visit ($112) + midpoint of hospitalization and
of care (per event) hospitalization with ventilator ($37,317) [27]
COVID-19 treatment: hospitalization with ICU + ventilator as  $57,934.00 Physician visit ($112) + hospitalization with ventilator ($57,822) [27]
highest level of care (per event)
Health state utility parameters
Detected infection symptoms disutility weight 0.19 Described in Appendix
Detected infection hospitalization as highest setting disutility =~ 0.30 Described in Appendix
weight
Detected infection hospitalization with ICU as highest setting  0.50 Described in Appendix
disutility weight
Detected infection hospitalization with ICU + ventilator as 0.60 Described in Appendix
highest setting disutility weight
Event durations
COVID-19 symptoms among all confirmed infections 14 days Described in Appendix
Hospitalization among detected infections not requiring ICU 6 days Described in Appendix
or ventilator
Hospitalization among detected infections with ICU as 15 days Described in Appendix
highest level of care
Hospitalization among detected infections with ventilator as 15 days Described in Appendix

highest level of care

ED, emergency department; ICU, intensive care unit; IHME, Institute for Health Metrics and Evaluation.
" Proportion of patients who have an ED visit is assumed to be equal to 20.1% which is the average rate of hospitalization observed in our model, consistent with the approach

utilized by Fiedler and Song, 2020.[27]

tiers in the three prioritization schemes are shown in Table 2. For
the age-based and risk-based prioritization schemes, vaccination is
less costly and more effective than no vaccination for the highest
risk individuals in Tier 1. For both schemes, the incremental cost
per QALY gained increases for Tiers that included individuals with
lower risk of hospitalization and death due to COVID-19. For the
occupation-based scheme, the incremental cost per QALY gained
for Tier 1 (priority and critical occupations) is $20,000, while vac-
cination is cost-saving for Tier 2 (age 65 years and above). Cost sav-
ings are not seen in Tier 1 because the overall risks of
hospitalization and deaths are lower in the younger age groups
that comprise these occupations. In addition, the attack rate for
the priority occupations (i.e., health care workers) was assumed
to be the same as the general population. In the base case, the
incremental cost per QALY gained when vaccinating individuals
ages 18 to 49 years is high ($94,000), and even higher when con-
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sidering only those in this age group who have no comorbid illness
that increases risk of hospitalization and death ($340,000).

The incremental cost per QALY gained is most sensitive to
changes in the attack rate, the vaccine price, and the costs of hos-
pitalizations, but changes in the amount of disutility experienced
by patients due to the morbidity associated with COVID-19 has
minimal effect (Fig. 2). Varying the expected age-specific baseline
utility has more impact on this outcome as this affects the QALY
loss assigned to deaths from COVID-19. Under base case assump-
tions, a vaccine targeted at the entire population would have to
be priced at over $150 per dose ($300 per course) in order to
exceed an incremental cost per QALY of over $50,000 (Appendix,
Table A7). The detailed results of the sensitivity analyses con-
ducted for the schemes, stratified by tiers, are shown in the Appen-
dix (Table A6). The incremental cost per QALY for the lowest risk
individuals decreases as incidence of disease or vaccine efficacy
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Table 2
Base case cost-effectiveness analysis results for the various tiers in each of the prioritization schemes.

Vaccination Tier

1 2 3 4
Age-based prioritization scheme
Description™ 65+ yrs 50-64 yrs 18-49 yrs n/a
# eligible for vaccination 56,051,566 63,292,950 139,327,967 -
Base case ICER Vaccination Dominates’ $8,000 $94,000 nja
Risk-based prioritization scheme
Description® e Nursing homes e Serious medical condition, e No serious medical condition, n/a
e 65 + yrs with or without serious 18-64 years 18-49 yrs
medical condition o No serious medical condition,
50-64 yrs
# eligible ICER for vaccination 56,282,700 92,599,345 109,790,438 -
Base case Vaccination Dominates' $10,000 $340,000 n/a
Occupational-based prioritization scheme
Description* Priority" and other critical occupations® 65+ yrs 50-64 yrs 18-49 yrs
# eligible for vaccination 21,700,000 54,706,166 57,390,550 124,875,767
Base case ICER $20,000 Vaccination Dominates’ $8,000 $94,000

ICER, incremental cost-effectiveness ratio; n/a, not applicable; QALY, quality-adjusted life-year; yrs, years.

" For each prioritization scheme, individuals are assigned to one tier only; those qualifying for more than one tier are assigned to their highest priority tier. While those
aged < 18 years are included in the model, they are not targeted for vaccination as current clinical trials target only those 18+ years.
 Vaccination dominates: vaccination is less costly and more effective than no vaccination.
* Includes: public health personnel; inpatient health care providers; outpatient and home health providers; health care providers in long-term care facilities; pharmacists
and pharmacy technicians; community support and emergency management; and mortuary services personnel [4].
§ Includes: other health care personnel; emergency services and public safety sector personnel; manufacturers of pandemic vaccine and antiviral drugs; communications/
information technology, electricity, nuclear, oil and gas, water sector personnel, and financial clearing and settlement personnel; critical government personnel; and other
critical government personnel.

" ICER= incremental cost per QALY gained. Base case vaccine price is $35 per dose ($70 per course).

Infection incidence (double / best)*
Vaccine price per dose ($35: $100)

Costs (Commercial; Medicaid)*

Vaccine efficacy (90%: 50%)

Baseline utility (-10%;+10%)

Risks following confirmed infectionf
Single dose efficacy (40%3: BC)
Undetected infection incidence (1.05; 1.5§)

Duration of disutilities (high; low)

$0 $5.000 $10,000 $15,000 $20,000 $25,000 $30.000 $35.000

Incremental cost per quality-adjusted life year gained

Fig. 2. Tornado diagram showing the impact of the sensitivity analyses on the incremental cost per quality-adjusted life-year gained of vaccination compared to no
vaccination (target population: all adults). BC, base case. *Vaccination dominates no vaccination (it is less costly and more effective) when the base case incidence of infection
is doubled or the estimates of commercial costs are used as inputs. "Alternative values were used for the calibrated probabilities of hospitalization and death following
detected infection as described in the Appendix. ‘For the base case, single dose efficacy was assumed to be 40% and 25% of full efficacy for those under 55 years and those 55+
years, respectively. This was increased to 40% of full efficacy for everyone in the sensitivity analysis. $Undetected infection incidence was assumed to be 1.05 times the
incidence of detected infection in the base case. This was increased to 1.5 for the sensitivity analysis.

decreases. For example, it is $25,000 for those aged 18 to 49 years expected in one year in the base case analysis. The number of
and $110,000 for those aged 18 to 49 years with no comorbid con- deaths prevented ranges from 53,900 to 60,300 with the low vac-
ditions if the incidence pattern shifts and a higher number of cine supply scenario, 66,400 to 70,500 with the medium supply

deaths are seen in those under 50 years. scenario, and 82,500 to 83,200 with the high supply scenario,
The numbers of infections, hospitalizations and deaths as well depending on the prioritization schemes. The difference between
as costs, for scenarios without the vaccine and with a vaccine, the prioritization schemes narrows as the vaccine supply increases.

and under different vaccine supply and prioritization schemes, While a scenario where there is no prioritization of the vaccine is
are shown in Table 3. With no vaccine, 264,600 deaths are not likely, it is included as a hypothetical anchor in the results
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Table 3
Base case population-level outcomes under various vaccine supply scenarios.

Vaccine 39 (2021) 1157-1164

Vaccine Vaccination Deaths Hospitalizations Detected infections Costs (millions )

supply strategy . . R . .

scenario Annual Difference Annual Difference Annual Difference Hospitalizations Vaccination Total

number  from no number  from no number from no
vaccine vaccine vaccine

No vaccine nja 264,602 726,115 3,601,719 $20,628 S0 $20,628

Low No priority 221,785  —16% 621,556  —14% 3,171,221 -12% $17,653 $10,823 $28,476

Low Occupational/ 210,668  —20% 604,383  —17% 3,156,372 —12% $17,161 $10,823 $27,984
age-based

Low Age-based 204,253  -23% 595,040 —-18% 3,149,627 -13% $16,895 $10,823 $27,718

Low Risk-group- 204,298  -23% 594,838 —18% 3,153,147 —-12% $16,895 $10,823 $27,718
based

Medium No priority 207,305  -22% 586,539 —19% 3,028,438 -16% $16,657 $10,823 $27,480

Medium Occupational/ 198,237  —25% 572,768  —21% 3,017,299 -16% $16,263 $10,823 $27,086
age-based

Medium Age-based 194,092 -27% 566,570  -22% 3,011,973 -16% $16,085 $10,823 $26,908

Medium Risk-group- 194,131  -27% 566,463  -22% 3,014,785 —16% $16,087 $10,823 $26,910
based

High No priority 187,591  —29% 539,108 —26% 2,835,583 -21% $15,307 $10,823 $26,130

High Occupational/ 182,097 -31% 529,569  -27% 2,821,455 -22% $15,030 $10,823 $25,854
age-based

High Age-based 181,526 -31% 528,585  —27% 2,819,933 -22% $15,002 $10,823 $25,825

High Risk-group- 181,412 -31% 527,716  -27% 2,821,040 -22% $14,983 $10,823 $25,806
based

Immediate No priority 179,775  -32% 520,452  -28% 2,760,399 -23% $14,776 $10,823 $25,599

Immediate Occupational/ 179,775  -32% 520,452  —-28% 2,760,399 -23% $14,776 $10,823 $25,599
age-based

Immediate Age-based 179,775  -32% 520,452  -28% 2,760,399 -23% $14,776 $10,823 $25,599

Immediate Risk-group- 179,775  -32% 520,452  -28% 2,760,399 -23% $14,776 $10,823 $25,599
based

n/a, not applicable.

table. For the low vaccine supply, the number of deaths prevented
with no prioritization is 42,800, which increases to 60,300 deaths
prevented under the age-based and risk-based prioritization
schemes. For high supply, the difference narrows so that 77,000
deaths are prevented with no prioritization while up to 83,200
are prevented with the high-risk prioritization scheme. In all vac-
cine supply scenarios, the occupational prioritization scheme is
expected to prevent fewer COVID-19-related outcomes than the
age-based or risk-based scheme because of the younger ages
reflected in the Tier 1 critical occupations target group in the
model. The hypothetical “immediate” supply scenario, where there
are no constraints in vaccine delivery, is included in Table 3 to
serve an anchor point. It illustrates the maximum expected effect
of a vaccine under base case efficacy and coverage assumptions
in a perfect world without logistical and supply constraints.

4. Discussion

Our analysis, based on available data, suggests that a COVID-19
vaccine that meets the target product profile of the WHO and the
FDA has the potential to be good value for money. This conclusion
holds even though the model considers only the benefits to vacci-
nated individuals (and not secondary benefits due to reduced
transmission) and direct health care system costs (and not the
value of economic productivity). Vaccination of persons over age
65 appears to be cost-saving because of the high cost and higher
incidence of ICU care and ventilation. Except in the lowest-
priority tier of each strategy, the incremental cost-effectiveness
ratios (ICERs) are well under standard willingness-to-pay thresh-
olds cited in the US, which range from $50,000 to $150,000 per
QALY gained [28]. The results are consistent with an analysis that
found vaccination ($100 per course; 90% efficacy) to be cost-saving
overall considering societal costs [29].
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One of the largest influencers of value is the attack rate for the
year following the launch of the vaccine. Current models predict
mortality only several months into the future, as changes in policy
and individual behaviour may affect the course of the disease such
that longer-term estimates are highly uncertain. In all three inci-
dence scenarios considered in this analysis, the overall ICER for
the hypothetical vaccine falls below $50,000 per QALY.

The ICERs for the different tiers in the prioritization schemes are
primarily driven by the risk of hospitalization (which increases
costs) and the risk of death (which leads to substantial loss of
QALYs due to early death). For this reason, the value associated
with the vaccination of priority occupations is lower than other
tiers in our analysis. The WHO [5] and the CDC [6] are discussing
ethical principles that will not be reflected in the ICER but should
be considered when allocating vaccines during a pandemic, includ-
ing the idea that those putting themselves at risk to serve others
during the pandemic may be considered as high priority. Further-
more, our model does not estimate the impact of vaccination on
the transmission of infection between individuals. As individuals
in priority occupations are frequently in contact with COVID-19-
infected persons and others at work, they may be at increased risk
of infection or of spreading the disease if infected. Therefore, the
value associated with vaccinating these individuals may be
underestimated.

Our analysis predicts that the value associated with vaccinating
individuals in the lower risk groups, primarily those under 50 years
of age, is much lower than the value of vaccinating the older age
groups. If a greater portion of the deaths occur in this age group
due to shifting incidence patterns, then the cost per QALY of vacci-
nating these age groups will be lower. Furthermore, while these
younger age groups are at low risk of developing more severe com-
plications from COVID-19, they have been shown to be responsible
for spreading the disease within the community [30]. The value of
vaccinating these individuals is likely underestimated if
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vaccination prevents transmission; an analysis with a transmission
model that includes the impact of herd immunity is required to
understand the value of vaccinating younger persons to prevent
community spread. In addition, this age group may be most
impacted by many of the societal costs associated with this pan-
demic, which were not included in the analysis.

As data on COVID-19 are still emerging, assumptions were
made to combine the sources of evolving data to create this model.
The data on the risk of hospitalization and mortality used in this
model were based on early experience with the pandemic. As
many of the cases reported to the CDC were missing data on death
and hospitalization status, Stokes [14] suggests there may be
under-reporting of symptoms. On the other hand, as testing capa-
bilities increase and the proportion of detected asymptomatic
cases increases, the proportion of severe disease in detected cases
will correspondingly decrease. We attempted to control for this by
calibrating to predictions of mortality rather than to predictions of
the number of detected infections when estimating the future
SARS-CoV-2 attack rate. Furthermore, as the pandemic progresses,
emerging therapeutics may decrease the mortality and morbidity
of COVID-19. As the use and effectiveness of future therapies is
uncertain, we conducted sensitivity analyses on incidence, mortal-
ity and cost of hospitalization rather than explicitly incorporating
these therapies into the model.

Hospitalization for COVID-19 is another important driver of
the value of the vaccine as the cost of ICU care and ventilation
is expected to be high. These estimates were based on the cur-
rent billing rules for COVID-19 patients [27], but the true cost
of COVID-19 treatment will not be known until empirical health
economic studies are conducted. We did not include the cost
associated with diagnostic testing, as we assumed that testing
behaviours will not change with vaccination but will continue
until it is clear that the epidemic is controlled. When estimating
the amount of QALYs lost due to death from COVID-19, we
assigned a toll-based on average expected QALYs and did not
adjust for presence or absence of comorbid conditions. To be
conservative, we did not include the health system costs that
may be unrelated to SARS-CoV-2 itself, such as mental illness,
or of conditions that are exacerbated because care is delayed
due to the pandemic. Our analysis does not consider the broader
societal costs such as the productivity costs and patient out-of-
pocket costs associated with the pandemic. Nor does it include
the less tangible costs such as the value of reducing fear of con-
tagion, the value of protecting against future productivity loss
due to illness (insurance value), and improving equity, all of
which have been proposed as part of future frameworks for
cost-effectiveness analyses [31].

We have created hypothetical vaccine supply scenarios by
assuming that vaccine will not get to market as quickly as cur-
rently predicted by manufacturers. Other challenges, including
failure of products during clinical trials, may arise to reduce or
delay the vaccine supply. During the HIN1 pandemic, supply was
not sufficient to meet the demand from the identified priority
groups [32]. Decisions were then made at the local level to priori-
tize vaccines further and the range of recommendations led to pub-
lic confusion as to who was eligible for vaccination. In any
prioritization system, there may be challenges in identifying and
targeting high priority individuals; we have not considered those
costs and challenges in our analysis and made simplifying assump-
tions to model allocation of vaccination by tiers.

Given the lack of data, we did not consider the long-term sequa-
lae that may occur following COVID-19 [33-35]. For an infectious
disease, it is typical that symptoms for acute infections have a
small impact on cost-effectiveness because of their short durations,
while any long-term consequences have a more significant impact.
Finally, we examined the impact of vaccination only in a 1-year
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time horizon. If the vaccine provides protection for a longer time
frame, its benefits will increase.

Despite the uncertainties, our analyses demonstrate that a
hypothetical COVID-19 vaccine would be a cost-effective health
care intervention compared to no vaccine. Under the base case
conditions, the vaccine would have to be priced as high as $150
per dose to exceed an ICER of $50,000 per QALY gained when tar-
geted to the entire adult population.
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