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Objective: To assess the value of using SARS-CoV-2 specific antibody testing to prioritize the vaccination
of susceptible individuals as part of a COVID-19 vaccine distribution plan when vaccine supply is limited.
Methods: An extended susceptible-infected-recovered (SIR) compartmental model was used to simulate
COVID-19 spread when considering diagnosis, isolation, and vaccination of a cohort of 1 million individ-
uals. The scenarios modeled represented 4 pandemic severity scenarios and various times when the vac-
cine becomes available during the pandemic. Eligible individuals have a probability p of receiving
antibody testing prior to vaccination (p = 0, 0.25, 0.5, 0.75, and 1). The vaccine was modeled as a single
dose vaccine with 90% and 70% efficacy. The value of serology testing was evaluated by comparing the
infection attack rate, peak infections, peak day, and deaths.
Results: The use of antibody testing to prioritize the allocation of limited vaccines reduces infection
attack rates and deaths. The size of the reduction depends on when the vaccine becomes available rela-
tive to the infection peak day. The largest percentage reduction in cases and deaths occurs when the vac-
cine is deployed before and close to the infection peak day. The reduction in the number of cases and
deaths diminishes as vaccine deployment is delayed.
Conclusions: Antibody testing as part of the vaccination plan is an effective method to maximize the ben-
efit of a COVID-19 vaccine. Decision-makers need to consider relative timing between the infection peak
day and when the vaccine becomes available.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The effective deployment of safe and effective vaccines is a key
intervention to control the spread of the coronavirus disease 2019
(COVID-19) pandemic by establishing herd immunity via immu-
nization in a shorter time and without additional deaths and bur-
den on healthcare systems. As of December 2020, there are 61
vaccine candidates against SARS-CoV-2, the novel coronavirus
causing COVID-19, in the clinical development phase using differ-
ent platforms (i.e., genetic, viral vector, protein-based, inactivated
virus), efficacy, doses required, and storage considerations [1]. In
the U.S., the vaccines developed by manufacturers Pfizer-
BioNTech, Moderna, and Johnson & Johnson were given first emer-
gency use authorization (EUA) which allows their distribution in
the country [2–4].

The number of vaccines available to countries in the next
months will be limited due to manufacturing and logistic con-
straints. Due to the limited amount of vaccine supply, as well as
that their distribution will be staggered, vaccine allocation guideli-
nes are extremely important to ensure vaccine equity and effective
distribution worldwide especially in resource-limited settings.

Various guidelines have been developed by governing organiza-
tions ahead of the vaccine distribution. The National Academies of
Science, Engineering, and Medicine has developed a framework to
assist policymakers when planning for vaccine allocation. This
framework includes a phased allocation of vaccines that prioritizes
essential workers and high-risk individuals while ensuring equity
in the distribution [5]. Similarly, states in the U.S. are developing
plans for vaccine distribution which includes vaccine storage, dis-
tribution, administration, community communication, safety, and
capacity considerations. While these plans address and consider
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various aspects of the vaccine supply chain and administration,
they do not consider the potential benefit that serologic testing
and assessing SARS-CoV-2 specific antibody response can have
while allocating vaccines.

Serologic tests can help determine the individuals who were
previously infected with SARS-CoV-2 [6–9]. Although the duration
of immunity to and the rate of SARS-CoV-2 reinfection is still to be
determined, in the majority of the COVID-19 cases, serum antibod-
ies developed against SARS-CoV-2 specific proteins raise within 2-
3 weeks of infection and are detectable for at least three to six
months after exposure [10–12]. Research suggests that the anti-
bodies developed following natural infection are protective similar
to immunity provided when getting a COVID-19 vaccine, although
how long protection will last still remains to be seen both for nat-
ural infection and the vaccination [13]. Even if previous infection
does not provide an individual full immunity, prioritizing the lim-
ited number of vaccines to those who have not acquired any natu-
ral immunity could be beneficial. Due to this, the identification of
individuals who have been previously infected including those
who have not developed the distinctive symptoms, so recovered
without knowing they have had a SARS-CoV-2 infection, could be
a promising policy for a more effective allocation of vaccines while
supply is limited. In addition, it is estimated that only 1 in every 7.7
cases or 13% of the total cases have been detected and reported
with the majority of the true cases remaining undiagnosed [14].
Thus, it is vital to deploy mass serology testing to identify individ-
uals who have recovered from the symptomatic or asymptomatic
SARS-CoV-2 infection.

In this paper, we used a compartmental model to quantify the
benefit of using serology testing to prioritize the vaccination of
Fig. 1. Compartmental model diagram, ba, bs: Transmission rate due to contact between
isolation of infected individuals; Q: Rate of self isolation of symptomatic infected indivi
indiviuals; ca, cs: Rate of recovery of an asymptomatic or symptomatic individual.
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individuals who are susceptible as they have never been infected
with COVID-19 before. We evaluated 5 scenarios with respect to
the degree to which serology is used during vaccination. To model
serology test utilization, we assigned a probability p (0, 0.25, 0.5,
0.75, and 1) that an individual receives serology testing before vac-
cination. We tested vaccine administration under different disease
spread intensity rates and time of vaccine availability and com-
pared the infection attack rate (IAR), peak infections, peak day,
and deaths.
2. Materials and methods

We used an extended version of the susceptible-infected-
recovered (SIR) compartmental model to capture the epidemiol-
ogy and the natural history of the SARS-CoV-2 infection, diagno-
sis and isolation of infected individuals, and serology testing and
vaccine allocation, as seen in Fig. 1. The movement from and to
the susceptible, infected, diagnosed, isolated, dead, and recovered
states are modeled using a system of differential equations. A
detailed description of the model formulation is found in the
Supplementary Materials. The model parameters are shown in
Table 1. The parameters were obtained from literature and guide-
lines from the US Centers for Disease Control and Prevention
[15]. The simulated cohort size was 1 million individuals. The
simulation starts on January 1st, 2020 with 1 infected symp-
tomatic individual. We ran 10 replications of the simulation.
The simulation was run for 550 days (approximately 1.5 years).
The simulation and modeling were done using the statistical soft-
ware R [16].
susceptible and asymptomatic or symptomatic individual; Dx: Rate of diagnosis and
duals who are undiagnosed; l: Infection fatality rate among symptomatic infected



Table 1
Model parameters.

Parameter Description Value Sources

bs The transmission rate due to contact between susceptible and symptomatic infected individual.
The transmission rate for asymptomatic infected subjects is 75% of bs (ba ¼ 0:75bsÞ

High: 0.233
Medium-high: 0.203
Medium: 0.187
Low: 0.177

Estimated [15]

Po Proportion of infected individuals who develop symptoms 0.6 [15,17]
cs Rate of recovery of a symptomatic infected individual 0.053 [20]
ca Rate of recovery of an asymptomatic infected individual 0.125 [20]
l Infection fatality rate among symptomatic infected individuals. 0.001 Estimated from [18,19]
Dx Rate of diagnosis and isolation of infected individuals 0.015 Estimated from [14]
Q Rate of self-isolation of symptomatic infected individuals who are undiagnosed. 0.05 Assumption
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2.1. Infection

We extended the infected compartment of the basic SIR model
to distinguish between symptomatic and asymptomatic infected
individuals (Is and Ia) as they have different transmission rates.
The infectiousness of asymptomatic infected individuals relative
to symptomatic individuals is estimated to be 75% and 60% of
infections are symptomatic [15,17]. Susceptible individuals move
to the Is and Ia compartments given the symptomatic and asymp-
tomatic transmission rate (bs, baÞ. We considered 4 scenarios to
illustrate a high, medium–high, medium, and low severity of the
epidemic. The base reproductive number (R0) in the absence of
interventions are 3.17, 2.76, 2.54, and 2.4 for the high, medium–
high, medium, and low severity cases, respectively.

2.2. Diagnosis, isolation, death, and recovery

We added isolation compartments for the symptomatic and
asymptomatic infected individuals who were diagnosed (ISOt_s
and ISOt_a) and for the symptomatic infected individuals who
decided to isolate voluntarily (ISOnt_s). In the isolation compart-
ment, infected individuals have no contact with susceptible indi-
viduals, thus they do not transmit the disease. We assumed that
infected individuals are diagnosed at a rate of 0.015 per day (Dx).
This is equivalent to roughly 11.9% of the total cases to be diag-
nosed and confirmed by the end of the simulation, which follows
practice [14]. Additionally, we assumed that symptomatic infected
individuals would self-isolate at a rate of 0.05 per day (Q). We
assumed 100% compliance for isolation. The infection fatality rate
among symptomatic individuals was 0.001 (l), which was equiva-
lent to a symptomatic infection fatality ratio of approximately 1.6%
by the end of the simulation [18,19]. We only considered mortality
for infected symptomatic individuals. Infected individuals who
recover move to the recovered compartment given the symp-
tomatic and asymptomatic recovery rate (cs, ca) [20]. We stratified
this compartment to indicate if the infection was diagnosed (i.e.,
recovered and known infection, RC) or not (i.e., recovered and
unknown infection, RU). We assumed that recovered individuals
are immune, thus they can interact with infected individuals with-
out risk of re-infection. When considering isolation, the effective
reproductive number R0 becomes 1.68, 1.46, 1.35, and 1.27 for
the high, medium–high, medium, and low epidemic severity cases,
respectively.

2.3. Serology testing and vaccine distribution

We considered various times for when vaccines become avail-
able (within 7 months before and after the peak infection date dur-
ing the pandemic in the baseline scenarios where vaccines are not
available). For the base scenario, we assumed that vaccines were
available for 50% of the population (500,000 vaccine doses) and
that the supply was uniformly distributed across 6 months which
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was equivalent to a daily supply of 2,748 units. Additionally, we
reported results for when vaccines were available for 25% of the
population. We assumed that the serology tests employed were
98% sensitive and specific, which corresponds to tests that employ
chemiluminescent immunoassays (CLIAs) [21]. Starting the day
that the vaccines become available, we used the results of the com-
partmental model at the end of the day before to perform serology
testing and vaccine administration. Eligible individuals for vaccina-
tion included the susceptible (S), infected asymptomatic (Ia), and
recovered unknown (RU) populations. Individuals who are eligible
for vaccination receive a serology test with probability p until vac-
cine capacity for the day is exhausted. We considered 5 values for p
(0, 0.25, 0.5, 0.75, and 1) which indicates various degrees of serol-
ogy testing usage from none to universal testing. If a serology test
is given to the individual, they received a vaccine if they had a neg-
ative serology test result. Individuals in the recovered unknown
(RU) compartment who had a positive serology test result do not
receive a vaccine and they are moved to the recovered known
(RC) compartment. If a serology test is not given, individuals
received a vaccine independently of their status. Vaccine efficacy
is modeled as the probability that a susceptible individual who is
vaccinated transitions to the immunized and not previously
infected compartment (Im) [22]. We assumed that vaccine protec-
tion is conferred immediately. Infected asymptomatic (Ia) and
recovered unknown (RU) individuals who receive a vaccine are
moved to the immunized but previously infected (ImR) compart-
ment. After vaccines are allocated for the day, the movement
among the infected, isolated, dead, and recovered compartments
occurred. We considered a vaccine efficacy of 90% [23] as the base
scenario and an efficacy of 70% for the alternative scenario [24].

2.4. Outcomes

The outcomes used to evaluate the scenarios and quantify the
benefits of incorporating serology testing during vaccination plans
include:

� Infection attack rate (IAR): Cumulative percentage of the popu-
lation infected.

� Peak infections: Maximum number of new daily symptomatic
and asymptomatic infections.

� Peak day: The day when the daily new symptomatic and
asymptomatic infections are the highest.

� Deaths: Total number of deaths due to complications of COVID-
19.

3. Results

The model outcomes of the scenarios where no vaccines were
available are displayed in Table 2. The results presented in this sec-
tion correspond to the scenarios where the vaccine supply covers
50% of the population and the vaccine efficacy is 90%.



Table 2
Simulation output for the scenario where vaccines were not available.

Transmission Rate Base R0 Effective R0 under isolation Peak Day IAR (%) Peak Infections Deaths

High 3.17 1.68 June 2nd, 2020 68.63 12,980 7,678
Medium-High 2.76 1.46 August 2nd, 2020 56.05 7,350 6,271
Medium 2.54 1.35 October 1st, 2020 46.86 4,679 5,242
Low 2.40 1.27 December 1st, 2020 39.85 3,192 4,449
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3.1. Infection attack rate (IAR)

Fig. 2 shows the IAR for the scenarios modeled. The highest IAR
happens when the R0 is the highest and vaccination becomes avail-
able after the peak. The earlier the vaccine is deployed, the largest
the reduction in the IAR. When vaccines are deployed too late
(5 months or later after the peak), vaccine usage does not reduce
the IAR compared to when vaccines are not available. The reduc-
tion in the IAR as a consequence of using serology tests to prioritize
vaccination of susceptible individuals is the largest when the vac-
cines are deployed before and close to the infection peak day and
depends on the value of p. When comparing scenarios with the
same R0s and vaccine timing, we observe that as the value of p
increases (i.e., the number of serology tests increases), IAR
decreases, except for the scenarios where the vaccines become
available 5 months ahead of the peak (Fig. 2). The largest percent-
age reduction in infections compared to when serology testing is
not available happens when the vaccine becomes available before
the peak. In the scenario where the effective R0 is 1.68 (high), the
largest reduction in infections occurs when the vaccine becomes
available one month ahead of the peak, followed by the same
month as the peak. When R0s are 1.46 (medium–high) and 1.35
(medium), the largest reductions happen when the vaccine is avail-
able two or three months ahead of the peak, depending on the
value of p. When the R0 is 1.27 (low), the largest reduction occurs
the vaccine is available one or two months ahead of the peak.
When vaccines are deployed too early or too late (5 months or
more months before or after the peak) using serology testing does
not significantly affect the IAR.

3.2. Peak infections and peak day

The timing of the vaccine availability has a significant effect on
reducing the peak infections as seen in Fig. 3. When vaccines are
deployed before the baseline peak day it pushes the peak back
(peak day is now earlier). When the vaccine is deployed after the
Fig. 2. Infection attack rate for the scenarios evaluated when the vaccine i
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baseline peak day, the peak infections and peak day remain
unchanged. The use of serology testing helps to reduce the peak
infections when the vaccine is deployed one or two months before
the peak. The largest reduction of 161 new daily cases occurs when
employing universal serology testing (p = 1), the R0 is 1.68 (high)
and the vaccine becomes available one month before the peak.
The peak day does not significantly change when serology testing
is used and we evaluate scenarios with the same R0 and vaccine
timing.

3.3. Deaths

The earlier vaccines become available, the largest the reduction
in deaths, as displayed in Fig. 4. The use of serology testing has the
largest percentage reduction in deaths when the time of vaccine
deployment is before and close to the baseline peak day, following
the same pattern as when evaluating IAR (Table 4). In the scenarios
where the vaccine becomes available before or during the peak, the
use of serology reduces up to 279 deaths compared to when serol-
ogy is not used, which occurs when employing universal serology
testing (p = 1), the R0 is 1.68 (high) and the vaccine is available
one month before the baseline peak.

3.4. Alternative scenarios

The results under alternative scenarios of vaccine supply and
efficacy can be found in the Supplementary Materials. The base
scenario consists of a vaccine supply that covers 50% of the popu-
lation with a vaccine efficacy of 90%. When the vaccine supply cov-
ers 25% of the population and the vaccine efficacy is 90%, we
observed a similar pattern as to the base scenario. The use of serol-
ogy testing reduces the IAR and deaths when the vaccines are
deployed before the infection peak. A distinction to the base sce-
nario is that when supply is limited, serology testing utilization
has significant results even if the vaccine becomes available
5 months ahead of the peak.
s available for 50% of the population and the vaccine efficacy is 90%.



Fig. 3. Peak infections for the scenarios evaluated when the vaccine is available for 50% of the population and the vaccine efficacy is 90%.

Fig. 4. Total deaths for the scenarios evaluated when the vaccine is available for 50% of the population and the vaccine efficacy is 90%.
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When the vaccine supply covers 50% of the population and has
an efficacy of 70%, the number of cases and deaths increases com-
pared to the base scenario, however employing serology testing is
still beneficial to reduce the IAR and deaths. The percentage reduc-
tion in cumulative infections and deaths is comparable to when
vaccine efficacy is higher at 90%. Similar to what is observed in
the base scenario, when the vaccine is available 5 months ahead
of the peak, serology testing does not significantly reduce the num-
ber of cases and deaths.
4. Discussion

The deployment of vaccines is an effective intervention to
reduce the spread of a pandemic by limiting the number of suscep-
tible individuals who can get infected by the disease safely and
timely. Vaccine supply will be limited as the pandemic affects
countries worldwide. Therefore, it is important to evaluate policies
that can provide us with effective and fair allocation guidelines for
vaccines. In this paper, we evaluated the use of serology testing to
prioritize the allocation of the limited supply of vaccines to suscep-
tible individuals, as opposed to individuals who have previously
contracted the disease and are immune to some extent but are
unaware of their status. The value of using serology testing comes
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from the information that it provides regarding the status of the
individuals concerning the existence of a previous infection at
the time of vaccination.

Serology testing programs have been already deployed in large-
scale geographic surveys as well at the local level to estimate the
true prevalence of COVID-19 [25–29]. Additionally, serological
testing has been previously explored as a way to deploy a non-
medical intervention called ‘‘shield immunity” where recovered
individuals substitute susceptible individuals to avoid shutting
down businesses and services while limiting the spread of the dis-
ease [30].

The simulation results show that vaccination has the largest
reduction in IAR and deaths when it is deployed as early as possi-
ble. When the vaccine is deployed too late, after 5 months or later,
vaccines do not significantly reduce the IAR and deaths. Employing
serology testing to prioritize administering the vaccines to those
who are fully susceptible reduces the IAR and the deaths. The lar-
gest reductions occur when the vaccine becomes available before
and close to the peak day of the pandemic. The benefit gained by
using serology testing diminishes as the vaccines are deployed
too early or late (5 months or more months before or after the
peak). In the base scenario where vaccine supply covers 50% of
the population and vaccine efficacy is 90% and we compare the
impact of serology testing among scenarios with the same R0, the



Table 3
Reduction in the cumulative infections when a person receives a serology test with probability 0.25, 0.5, 0.75, and 1 relative to when serology test is
not used (p = 0), when the vaccine is available for 50% of the population and the vaccine efficacy is 90%. The largest percentage reduction is
highlighted.
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largest reduction in IAR and deaths occurs when the vaccines
become available one to three months before the peak day,
depending on the transmission rate and probability of getting a
serology test (Tables 3 and 4). When the supply of the vaccine is
lower (i.e., supply covers 25% of the population instead of 50%)
or the vaccine efficacy is lower (i.e., 70% instead of 90%) serology
testing offers similar benefits regarding the reduction in IAR and
deaths, with the distinction that when the supply covers 25% of
the population, the use of serology testing significantly reduces
the IAR and deaths even when the vaccine becomes available
5 months ahead of the peak (Tables S1, S2). Ideally, vaccine deploy-
ment should occur as early as possible, and the use of serology
testing should be evaluated depending on how early or late the
vaccine becomes available relative to the disease progression.

We tested scenarios where serology testing was deployed at
various intensities. The results of the model show that when uni-
versal serology testing is not viable (i.e., p = 1), adopting an
approach where only a fraction of the eligible individuals receive
serology tests is still effective.

The earliest the vaccine is introduced, the largest the reduction
will be observed in the peak infections. A reduction in peak infec-
tions implies a decrease in the number of daily new cases. This is
important to consider since access to healthcare services can
become impaired if the number of infected individuals seeking
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medical attention is greater than the available capacity. The use
of serology testing reduces the peak infections when the vaccine
is deployed one or two months before the peak day (Fig. 3). In all
other scenarios, serology testing does not significantly affect the
infection peak. Similarly, serology testing does not significantly
affect the resulting peak day.

The results of the modeling show that when vaccine supply is
limited, using serology testing to decide vaccine allocation priority
groups would ensure targeted utilization and higher impact of vac-
cines to reduce the IAR and deaths. Since the magnitude of the
reduction depends on the number of serology tests employed
and the relative time between the infection peak day and when
vaccination becomes available, policymakers must consider the
trade-off between the cost of the serology testing and the marginal
benefit of its implementation given the state of the pandemic.
While predicting the exact timing of the peak might be challeng-
ing, decision-makers could use data-driven tools to project the dis-
ease spread geographically and over time. If a region is projected to
be close to or has passed the peak, these projections (along with
other factors, such as cost and capacity available for testing) could
inform the decisions as to whether to utilize serology testing dur-
ing the vaccine rollout.

Costs associated with the implementation of pre-vaccination
serology testing include the direct costs of testing, as well as the



Table 4
Reduction in the cumulative deaths when a person receives a serology test with probability 0.25, 0.5, 0.75, and 1 relative to when serology test is not
used (p = 0), when the vaccine is available for 50% of the population and the vaccine efficacy is 90%. The largest percentage reduction is highlighted.
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indirect logistical burden related to running a testing site, which
includes coordination of supply chains for timely delivery of
results and vaccination processes, robust appointment systems to
avoid delays in vaccination, among others; therefore, strategic
logistical planning is essential for effective implementation. While
the implementation of pre-vaccination serology testing might pull
resources away from other interventions, we have demonstrated
that its use reduces infection and death counts. Other benefits of
implementing serology testing to identify recovered individuals
not discussed in this research include positive public health (i.e.,
determine the level of herd immunity in the community, under-
stand the level of symptomatic vs asymptomatic infection) [31]
and societal (i.e., individuals’ return to work, improved mental
health) impact, as well reducing resource utilization of diagnostic
testing.
4.1. Limitations

The results presented are limited by the restriction of our model
and the assumptions made for the parameters explained in the
methodology section. We use an extended SIR model which
assumes homogenous mixing of the population. We do not stratify
the population by age and therefore cannot account for age-
dependent model parameters, such as the infection fatality ratio
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[15]. The infection transmission rates used in the model are static.
In reality, these rates change over time depending on the interven-
tions put in place and community compliance [32,33]. We decided
to use a simpler SIR model to directly evaluate the impact of serol-
ogy testing without confounding the effects of other interventions.
We modeled vaccine distribution as a one-dose vaccine. Most vac-
cines currently available in the market require two doses separated
by 21–28 days [34,35]. In our model assuming a one-dose vaccine
is equivalent to simulating a perfect administration of a two-dose
vaccine (e.g., nobody misses the second dose).

We assumed that serology tests are administered daily and that
results are available immediately. In practice, the turnaround
times for serology testing results range from 24 to 48 h in general.
Even though our assumption simplifies the serology testing pro-
cess, it does not significantly change the results. In practice, serol-
ogy testing can be done reasonably ahead of time which can
provide logistical flexibility to the implementation process.
Changes in the status of the individual (i.e., susceptible individual
at the time of serology test who become infected after or infected
individual who become recovered) are unlikely to be captured
through a serology test as results are delivered and can be miti-
gated if participants are asked to isolate while they wait for their
serology results. Although the limitations listed, the model pro-
posed captures the pandemic dynamics and the allocation of vacci-
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nes using serology testing. The model provides us with a simple
and accurate representation of the benefits of using serology as
part of the vaccination process.

5. Conclusions

The use of serology testing as part of the vaccine implementa-
tion process is an effective method to maximize the benefit of a
COVID-19 vaccine. It provides a tool to identify and deliver the lim-
ited supply of the vaccine to a larger portion of the population that
may be more susceptible to SARS-CoV-2 infection and as a result,
increases the likelihood of success of COVID-19 vaccination efforts.
Identifying and prioritizing vaccination of those individuals who
are susceptible to infection reduces the IAR and deaths. The mag-
nitude of the reduction depends on the relative timing between
the infection peak day and the time when vaccines become avail-
able. Policymakers need to evaluate the cost-effectiveness of
deploying serology tests based on the current spread of the pan-
demic in their community and the timeline for the vaccine
distribution.
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