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Abstract
Background: When three SARS-CoV-2 vaccines came to market in Europe and North America in the winter of 2020–
2021, distribution networks were in a race against a major epidemiological wave of SARS-CoV-2 that began in autumn
2020. Rapid and optimized vaccine allocation was critical during this time. With 95% efficacy reported for two of the
vaccines, near-term public health needs likely require that distribution is prioritized to the elderly, health care workers,
teachers, essential workers, and individuals with comorbidities putting them at risk of severe clinical progression.
Methods: We evaluate various age-based vaccine distributions using a validated mathematical model based on
current epidemic trends in Rhode Island and Massachusetts. We allow for varying waning efficacy of vaccine-induced
immunity, as this has not yet been measured. We account for the fact that known COVID-positive cases may not have
been included in the first round of vaccination. And, we account for age-specific immune patterns in both states at
the time of the start of the vaccination program. Our analysis assumes that health systems during winter 2020–2021
had equal staffing and capacity to previous phases of the SARS-CoV-2 epidemic; we do not consider the effects of
understaffed hospitals or unvaccinated medical staff.
Results: We find that allocating a substantial proportion (> 75%) of vaccine supply to individuals over the age of 70
is optimal in terms of reducing total cumulative deaths through mid-2021. This result is robust to different profiles of
waning vaccine efficacy and several different assumptions on age mixing during and after lockdown periods. As we
do not explicitly model other high-mortality groups, our results on vaccine allocation apply to all groups at high risk of
mortality if infected. A median of 327 to 340 deaths can be avoided in Rhode Island (3444 to 3647 in Massachusetts)
by optimizing vaccine allocation and vaccinating the elderly first. The vaccination campaigns are expected to save a
median of 639 to 664 lives in Rhode Island and 6278 to 6618 lives in Massachusetts in the first half of 2021 when
compared to a scenario with no vaccine. A policy of vaccinating only seronegative individuals avoids redundancy in
vaccine use on individuals that may already be immune, and would result in 0.5% to 1% reductions in cumulative
hospitalizations and deaths by mid-2021.
Conclusions: Assuming high vaccination coverage (> 28%) and no major changes in distancing, masking, gathering
size, hygiene guidelines, and virus transmissibility between 1 January 2021 and 1 July 2021 a combination of
vaccination and population immunity may lead to low or near-zero transmission levels by the second quarter of 2021.
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Background
The international effort to bring a SARS-CoV-2 vac-
cine to market began in January 2020 with the release
of the viral genome sequence [1]. Development of two
mRNA vaccines and dozens of other vaccine candidates
began shortly thereafter [2, 3], and two vaccine candi-
dates (Moderna and Pfizer/BioNTech) were approved for
use in the USA by the US Food and Drug Adminis-
tration in December 2020 [4, 5]. A third vaccine was
approved in February 2021 [6]. Rollout of these two vac-
cines in the USA was the best near-term hope of stop-
ping the epidemic by spring/summer 2021 and keeping
the total death toll in the USA below half a million.
The Centers for Disease Control and Prevention [7–9]
together with state-level departments of health [10, 11]
developed vaccine distribution and prioritization plans
for the first batch of doses and the first few months of
distribution.
In vaccination campaigns, prioritization of certain pop-

ulation groups over others can influence the success of
the campaign. The classic trade-off in vaccine distribu-
tion programs is between vaccinating high-contact versus
high-risk individuals [12–15], and the optimal approach
depends on (1) the outcome measure being used—e.g.,
case numbers, hospitalizations, or deaths, (2) the vaccine
supply, (3) the mortality rate in the at-risk age groups, and
(4) the current level of transmission. For long-term plan-
ning in influenza vaccination, there is empirical evidence
that vaccination of children (the high-contact group) can
lead to reduced case numbers, morbidity, and deaths for
all age groups [16]; however, short-term planning is much
more sensitive to small changes in rollout details and
the current state of the epidemic. The benefit of reduced
transmission may come at a delay from the start of the
vaccination campaign, and thus it is often safer to protect
vulnerable groups with the direct benefit of vaccination
rather than the indirect benefits of vaccinating others.
This is especially true for the COVID-19 pandemic as
SARS-CoV-2 infections have an infection mortality rate
that is >10 times higher than that of influenza virus [17].
Vaccinating populations with real-time information on

seroprevalence or attack rate—used interchangeably here
as the seroprevalence is simply a 3-week delayed version
of the attack rate—allows a public health system to intro-
duce efficiencies into vaccine allocation. Here, we evaluate
different age-distributions for vaccine rollout given cur-
rent age-stratified attack rate estimates in Rhode Island
and Massachusetts [18]. While we assume that confirmed
seropositive individuals (i.e., those who were confirmed
COVID-19 cases in the past) will not receive the vaccine
in the first rounds of vaccine distribution, this will under-
standably be implemented through voluntary compliance
as it will not be possible to have a “seronegatives only” vac-
cine program in place due to the rapid schedule of ship-

ping, deployment, staffing, and vaccination. The current
seroprevalence also factors into allocation decisions as
the pace of vaccination and simultaneous transmission
will determine how quickly the population approaches the
herd-immunity threshold, an approach that has beneficial
non-linear effects in reducing the final tally of infected
individuals [19–21].
Using a mathematical model whose fit to Rhode Island

and Massachusetts COVID-19 data was described in
Wikle et al. [18], we consider seven different vaccine effi-
cacy profiles/halflives (currently an unknown), we evalu-
ate the individual importance of each 10-year age band to
vaccination outcomes, we compare several common age
allocations under assumptions of high and low vaccine
supply, and we evaluate the magnitude of population-
level effects if vaccination is dependent on serostatus.
We assume that health care workers and front-line med-
ical staff are vaccinated first, as our model is not able to
evaluate the effects of a stressed and understaffed health
system.

Methods
Model and fitting
We use a mathematical model developed by Wikle et al.
[18] and fit to Rhode Island and Massachusetts data so
that vaccination campaigns can be evaluated in the con-
text of the number of individuals already infected at the
time the vaccination campaign began. As of 30 November
2020 total estimated attack rates were 20.7% (95%CredInt:
17.3–24.1%) in Rhode Island and 12.5% (95% CredInt:
11.5–13.5%) in Massachusetts [22]. We upgraded the
model parameterization by using age-contact matrices
measured in Belgium (BE), as part of the CoMix study,
to describe lockdown and post-lockdown mixing pat-
terns [23]. The eight age bands in the CoMix data [23]
were transformed into our nine age bands using the
socialmixr R package [24]. To check the robustness
of our conclusions to different mixing assumptions, we
also parameterized the model using contact patterns mea-
sured in United Kingdom (UK) in March 2020 [25]. Since
the UK contact survey did not enroll participants aged
below 18, we assumed age group 0–9 and 10–19 had
symmetric contact patterns. The oldest age group in the
UK contact survey was 70+ while that in our model was
80+; therefore, when adopting results from the UK survey,
we assumed the 70–79 and 80+ age groups had identi-
cal contact patterns. We conducted a third analysis where
parameterization was done with a combination of UK and
BE contact matrices to represent contact patterns dur-
ing (UK matrix) and after (BE matrix) lockdown. Results
from the analysis using only BE contact patterns are pre-
sented in the main text and Figure S1-S29. Results from
analyses involving UK contact patterns are shown in the
Supplementary Materials as Figure S30-S40.
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All simulation results are presented as medians. We
draw ten sets of parameters from posterior distributions
of the new model fit, and we present simulation results
as the median value of these ten simulations. The new
model’s median 30 November 2020 attack rates ares 19.6%
for RI and 12.9% for MA.
To model vaccination with waning vaccine efficacy, we

add a 24-stage vaccinated state (classes Z1 to Z24 in
Fig. 1) in order to allow vaccine efficacy to be modeled as
x% efficacy at n weeks post-vaccination. Clearly, 24 vac-
cine efficacy estimates for different time points have not
been published, but we use this 24-compartment chain to
model the expected gradual changes in vaccine efficacy
from the early and measured stages in clinical trials (60 to
90 days after vaccination, with observed efficacy around
95%) to stages 12 or 18 months later when the vaccine
is assumed to have an exponentially waned efficacy (sev-
eral parameterizations are explored). Even for early-stage
efficacy, these data are not yet available because we do
not know the average enrollment duration of patients in
the two key trials. Nevertheless, we make several reason-
able choices for shapes of this efficacy function based on
the enrollment dates of each trial [26, 27]. The efficacy
curves in Fig. 2 are parameterized with a Hill-like func-
tion, HLs/(HLs + Ts), where HL is the efficacy half-life, s
is the slope, and T is the time post-vaccination. To trans-
late this individual efficacy into a population-level model,
we define the vaccine efficacy (VEj) in the vaccinated class
Zj as

VEj(tj) = (1 − e−FOI·tj) − (1 − e−aj·FOI·tj)
1 − e−FOI·tj , (1)

where tj is the time after the final vaccine dose, FOI is
the force of infection in the population, and aj is the rela-
tive reduction in susceptibility for a vaccinated individual
in class Zj (which is tj days after the final dose of vac-
cination). We assume an FOI of 0.001 per day, and for
tj = 60 or tj = 90 days we assume 95% efficacy and
solve for aj. For other values of tj, the vaccine efficacy is
assumed to follow one of the seven patterns in Fig. 2, and
24 aj values (relative risk parameters for a fixed time point
after vaccination) are solved for. We assume the force
of infection from 1 December 2021 onward is constant
and we explore three transmission scenarios. In the low-
transmission scenario, transmission levels in Rhode Island
and Massachusetts revert to their late spring and summer
levels. Under medium transmission, transmission levels
are set to their September through November mean value.
Under high transmission, wintertime transmission levels
continue through spring 2021; see Fig. 3. The medium
transmission scenario is explored in the main text, and
figures for the high and low scenarios are included in the
Supplementary Materials.

Individuals can be vaccinated if they are in the sus-
ceptible class. Individuals who experienced asymptomatic
infection and are in the recovered class can also be vacci-
nated, according to whether they were likely to have been
asymptomatic or not [28] and confirmed PCR-positive or
not (reporting parameter ρ in Wikle et al. [18]). Individ-
uals in the exposed class E or the asymptomatic class A
can be chosen for vaccination but we assume that they
progress through their normal course of infection with no
effect of the vaccine, as vaccination will have occurred for
these individuals at a time when their immune system has
already been exposed to whole live virus SARS-CoV-2.
Vaccinated individuals from S and R are moved into

the vaccinated class Z1. This means that we assume all
vaccinated individuals become seropositive after vaccina-
tion. These individuals can then be infected, despite their
seropositivity, at the relative rate aj in the class Zj, solved
for in equation (1). Individuals progress from Z1 through
to Z24 and back to S over the course of 540 days. Likewise,
individuals entering the recovered class R are all assumed
to be seropositive, with naturally immunity waning after a
mean 540 days.

Vaccination strategies
Vaccination strategies are considered where doses are
made available for 4.7% or 28.3% of the population.We call
these the low and high supply scenarios: 50,000 or 300,000
vaccinations available in RI, and 300,000 or 1.8 million
vaccinations available in MA. Distribution lasts from 14
December 2020 through 13 January 2021 (4.7% vaccine
coverage) or 14 December 2020 to 4 March 2021 (28.3%
vaccine coverage).
The following age-based strategies are considered: (1)

random, where any individual ≥ 16 in the population can
be chosen for vaccination on a particular day; (2) 16–29
age group only; (3) 30–59 age group only; (4) 60-and-
above age group only; vaccine supply is allocated to the
20–39 and 60+ age groups in proportions of (5) 75/25, (6)
50/50, (7) 25/75; vaccine supply is allocated to the 20–49
and 70+ age groups in proportions of (8) 75/25, (9) 50/50,
and (10) 25/75. If there is sufficient supply to cover an
entire age group, the remaining vaccines are allocated to
the second age group. If both age groups have been cov-
ered completely, the remaining vaccines are distributed at
random in the population to all individuals over the age of
16.
In addition, using the nine 10-year age bands in our

model, we consider all 29 − 1 = 511 possible combina-
tions of age bands in the vaccination strategy. We take this
approach to see if including or excluding a particular age
band has a large effect on the results, after marginalizing
over the inclusion/exclusion of the other age groups. As
evaluation criteria, we consider the median total cumula-
tive number of cases, hospitalizations, and deaths through
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Fig. 1We extend the model from [18] to include a 24-stage vaccinated compartment, denoted by Z. Other compartments are susceptible (S),
exposed (E), asymptomatic (A), infected and symptomatic but not hospitalized (I), hospitalized in acute stage of infection (HA), in critical care (acute
stage) (CA), on mechanical ventilation (V), in critical care recovering phase (CR), hospitalized and recovering (HR), recovered (R), recovered from
hospitalization (RHOSP). Green arrows show progression after an individual is vaccinated; dashed arrows indicate death. Exposed and asymptomatic
individuals who are vaccinated receive no benefit from the vaccine and progress on their normal infection/disease course. We assume vaccines are
not given to individuals with past confirmed infection. However, if no serological test is performed before vaccinating, it is possible that individuals
in exposed (E), asymptomatic (A), and recovered (R) classes will have an equal chance of receiving the vaccine as truly susceptible individuals.
Re-infection is possible as shown by arrows going from recovered R and RHOSP back to susceptible compartment S. Vaccinees in the Z class are not
fully protected from infection since we allow waning of vaccine-induced immunity over time; infection of vaccinated individuals is shows with the
dashed arrows from Z to E

to 30 June 2021, where the median is taken over ten for-
ward simulations using ten parameter samples from the
posterior of the model fit. Our model does not evalu-
ate the benefits of vaccinating health care workers. We
assume that health care and front-line medical staff are
vaccinated first, and that hospital capacity and staffing
during the winter wave are not affected by absenteeism or
a surge of COVID-19 cases.

Results
As the duration of immunity from the two current high-
efficacy vaccines (Pfizer/BioNTech and Moderna) to have
completed phase 3 clinical trials is not known, we build
several vaccine profiles that have 95% vaccine efficacy at
60 to 90 days post-vaccination, with four different slopes
of waning vaccine efficacy (Fig. 2). In the most pessimistic

scenario considered here, vaccine efficacy wanes to 50%
after 6 months and continues to lower levels via an expo-
nential decay thereafter (three solid lines Fig. 2). Seven
profiles are considered in all, and while there are quanti-
tative differences in the population-level outcomes when
considering different vaccine profiles, qualitatively the 6-
month outcomes on age prioritization (see below) are
not sensitive to the exact shape of the vaccine efficacy
profile. Outcomes after 12months are sensitive to the vac-
cine profile, with shorter half-life vaccines likely requiring
booster campaigns to be planned for 2022 (results not
shown).
The most straightforward approach to maximizing pub-

lic health utility out of every vaccine dose is to vaccinate
either high-contact and high-risk individuals. It is known
that contact rates vary across the age groups, and that for
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Fig. 2We assume that vaccine efficacy wanes over time following a Hill-like function characterized by an efficacy half-life and slope (Equation 1). The
half-life (as shown with different line styles) denotes on which day after vaccination the efficacy drops below the 50% mark. The slope (shown with
different line colors) denotes how fast the vaccine loses its efficacy; for example, considering the solid lines in this figure (half-life = 180), efficacy of the
orange vaccine (slope = 2) reduces from 70 to 50% in 64 days while that of the red vaccine (slope = 4) does so in 36 days. Here, we choose 7 vaccine
profiles whose 60-day and/or 90-day efficacies are at least 90% to represent the currently approved vaccines from Pfizer/BioNTech and Moderna

SARS-CoV-2 risk and clinical severity increase monoton-
ically with increasing age. To determine the average sizes
of the effects of including or excluding certain age groups
for SARS-CoV-2 vaccination in Rhode Island and Mas-
sachusetts, we considered all possible strategies (511 in
total) defined by inclusion/exclusion based on 10-year age
band. We assumed that transmission from 1 December
2020 onwards would persist at the mean level observed
in September - November 2020 (the “medium transmis-
sion” scenario). The violin plots in Fig. 4 show the total
number of cases, hospitalizations, and deaths when a par-
ticular age group is included (blue) or excluded (orange)
in a vaccination strategy. Each of the vaccination strategies
considered here simply has random distribution among
individuals in the included age groups. Including the mid-
dle age groups (20–39 or 20–49) results in an overall
benefit in reducing case numbers, with average reduc-
tions of 0.42% (IQR: 0.29–0.66%) when including the
20–29 age group, 0.67% (IQR: 0.51–0.89%) for the 30–
39 age group, and 0.35% (IQR: 0.24–0.54%) for the 40-49
age group. When evaluating hospitalizations, including
the 70-79 age group results in 0.63% (IQR: 0.50–0.83%)
fewer hospitalizations, and including the 80+ age group
results in 0.84% (IQR: 0.68–1.09%) fewer hospitaliza-
tions. When evaluating deaths as the relevant outcome
measure, including the 70–79 age group results in 0.48%
(IQR: 0.31–0.79%) fewer deaths, and including the 80+
age group results in 3.58% (IQR: 2.98–4.63%) fewer
deaths. As expected, the high-risk (70+) and high-contact
(20–49) age groups should be priority targets for vac-
cination campaigns, with an elderly focused campaign
being the simplest approach to minimizing fatalities in the
short-term.

In a low-supply scenario with 50,000 vaccinations avail-
able in Rhode Island (4.7% coverage) during the initial
rollout, allocating 25% of vaccines to the 20–49 age group
and the remaining 75% to the 70+ age group is optimal
(among the strategies evaluated) in terms of minimiz-
ing deaths and hospitalizations; see left three columns,
Fig. 5. While the two different 25/75 (younger/older)
allocations we evaluated are optimal for death and hospi-
talization outcomes, they are associated with the highest
final case counts meaning that they have the smallest
effect on overall transmission reduction. The 75/25 allo-
cations are best at reducing case counts and near-optimal
at reducing hospitalizations (red lines, Fig. 5). But, as the
75/25 allocations are majority focused on the younger
age classes, they are associated with a substantially higher
final death count by mid-2021 as they fail to provide
enough vaccination for the age groups with the highest
risk of dying if infected. Figure 6 (top row) shows that
prioritization of vaccine allocation to the 70+ age group
has a modest effect on reducing hospitalizations and a
substantial effect on reducing deaths, as much as a 7%
difference in cumulative deaths through 30 June 2021,
when viewing the two extreme strategies (10/90 versus
90/10 allocations). This corresponds to more than a
hundred deaths in RI and hundreds of deaths in Mas-
sachusetts. Because the vaccine supply is low absolute
benefits are also low, and most age-allocation strategies
are associated with case/hospitalization/death outcomes
that are within 5% of a simple random allocation strategy.
In a more optimistic scenario—300,000 vaccines pro-

cured in Rhode Island (28.3% population coverage)—
strategies focused on the elderly can reduce cumula-
tive death numbers by as much as 10% when compared
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Fig. 3 Dynamics of SARS-CoV-2 epidemic in Rhode Island under three different transmission scenarios from 1 December 2020 onwards. The vaccine
profile shown here has efficacy half-life of 180 days and slope of 2. The vaccination campaign covers 300,000 people (28.3% population coverage)
and ends on 4 March 2021. Under medium transmission (middle column), the population mixing parameter is assumed to remain at the mean
mixing level from September through November 2020. This mixing parameter (top row) is reduced by 30% and increased by 30% to achieve low
and high transmission settings, respectively. The second and third row show the size of susceptible (S) and symptomatic (I) compartment over time.
The fourth row shows the cumulative deaths, both at home and in hospitals. The last row shows seroprevalence (including vaccinees) in Rhode
Island from 15 August 2020 to 30 June 2021. With no vaccination (dotted gray line), attack rate would reach 34.9%, 45.9%, and 58.2% by 30 June 2021
under low, medium, and high transmission settings, respectively. Scenarios and dynamics for Massachusetts shown in Additional file 1: Figure S14

to a random distribution strategy (three right columns,
Fig. 5). The optimal strategy among those evaluated is
a 25/75 distribution to the 20–49 and 70+ age groups,
outperforming the 60+ strategy and the 20–39 and 60+
strategy with 25/75 allocation, both of which vaccinate

more elderly individuals but have sub-optimal outcomes
because they have too small of an effect on transmission
reduction. With ample vaccine supply, most individuals in
the 20–49 and 70+ age groups will be vaccinated. How-
ever, the allocation is still important in deciding which
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Fig. 4 Impact of including (blue) or excluding (orange) each age group in a vaccination policy, measured as reductions in cumulative cases,
hospitalizations, and deaths in Rhode Island by 30 June 2021. With nine age classes in the model, there are 29 − 1 = 511 possible age-based
vaccination strategies where the vaccine supply is equally distributed among the participating age groups. The vaccination campaign in this figure
ends on 4 March 2021 and the total vaccine supply is enough to vaccinate 300,000 people (28.3% coverage). Vaccine efficacy half-life here is 360
with slope = 2. Each violin plot shows the distribution across 256 (blue) or 255 (orange) strategies which include or exclude the corresponding age
group. Each strategy was evaluated by taking the median of ten runs with ten different sets of parameters drawn from the inference [18] posterior
distributions. Campaigns which cover the 30–39 age group would reduce the median of cumulative cases by 0.67% and cumulative hospitalizations
by 0.06% compared to those not covering this age group. The median of cumulative deaths drops by 3.58% when targeting the 80+ age group
when compared to strategies that do not include the 80+ age group. Results for Massachusetts shown in Additional file 1: Figure S13

groups are vaccinated earlier than others. Figure 6 (bot-
tom row) shows that the percentage of the entire allo-
cation going to the 20–49 and 70+ age groups does not
differ greatly between a starting allocation of 90/10 and
10/90 (because everyone is eventually vaccinated anyway),
but in a 10/90 allocation (i.e., 90% of vaccines reserved
for 70+) the older age groups receive the vaccine earlier.
Under a 10/90 allocation, the mortality benefits are sub-
stantial, with 11% fewer deaths when compared to a 90/10
allocation in which the 20–49 age group is vaccinated ear-
lier. For both low and high supply scenarios, strategies

focusing predominantly on higher-contact age groups—
e.g., strategies where 50% or more of the vaccine supply is
allocated to younger age groups—are always sub-optimal
at minimizing deaths.
The high and low vaccine supply scenarios have iden-

tical implications for the current epidemiological situa-
tion in Massachusetts. Figure S20 shows that the 25/75
vaccine allocation to the 20–49 and 70+ age groups is
also the optimal allocation (when considering deaths as
the primary outcome) among those examined for Mas-
sachusetts. Under a scenario of low vaccine supply, deaths
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Fig. 5 Comparison of ten vaccination strategies in Rhode Island based on cumulative cases (second row), hospitalizations (third row), and deaths
(fourth row), given two levels of vaccine supply and under the three most pessimistic assumptions for vaccine profile (top row). The left three
columns show outcomes when the vaccine supply is low (50,000 vaccines), and the right three columns show outcomes for high vaccine supply
(300,000 vaccines). Our reference strategy is “random” (solid gray line) where everybody has an equal chance of getting vaccinated. The solid pink,
cyan, and green lines are strategies which cover the 16–29, 30–59, and 60+ age groups, respectively. The dashed-dotted lines are strategies
targeting 20–39 and 60+ age groups with different distribution of vaccine supply to the two age groups (e.g., blue is 25% of the allocation for 20–39
and 75% of the allocation for 60+). The dashed lines are strategies which include 20–49 and 70+ age groups, which are the key age groups
identified in Fig. 4. Results for medium transmission scenario in Massachusetts shown in Additional file 1: Figure S20

are reduced by approximately 8% when comparing to a
strategy of random vaccine allocation; under high vac-
cine supply, deaths are reduced by approximately 13%
when comparing to a random strategy. As in Rhode Island,
prioritization of the 70+ group (or any group with a
similar mortality risk) leads to optimal outcomes (see
Figure S23).
For Rhode Island, assuming a total of 300,000 vaccina-

tions (28.3% coverage), a strategy that is targeted 25/75
at the 20–49 and 70+ age groups will results in 335–353
(from the least to the most optimistic vaccine efficacy
profile) fewer hospitalizations and 327–340 fewer deaths
by 30 June 2021 than a random allocation strategy. Com-
pared to the unmitigated scenario (no vaccine), this
vaccination strategy will save 639–664 more lives and
reduce hospitalization numbers by 1563–1633 by the
end of June 2021. In Massachusetts, with an ample sup-
ply of vaccines (1.8M vaccines distributed by March),
this same approach translated to 1647–1766 fewer

hospitalizations and 3444–3647 fewer deaths compared
to a random strategy, and a total of 11,716–12,424 fewer
hospitalizations and 6278–6618 fewer deaths compared to
a scenario with no vaccine. Our current seroprevalence
estimates indicate that when the distribution campaign is
finished on 4 March 2021, the population-level immunity
(combined natural and vaccine-induced) in Rhode Island
will be 71.3% and in Massachusetts will be 61.1%.
Vaccination of seropositive individuals can lead to

wastage of vaccines, especially if the seropositive individ-
uals were infected recently. Figure 7 shows that a policy
of vaccinating only seronegative individuals would result
in 0.5% to 1% fewer hospitalizations and deaths through
mid-2021 than policy where serostatus is not checked
prior to vaccination. Because the fraction of seropositive
individuals in December/January was still low, a focus on
vaccinating sero-negative individuals early in the vaccina-
tion campaign is not associated with a major public health
benefit.
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Fig. 6 Analysis of different age allocations for strategies focused on the 20–49 and 70+ age groups, ranging from a 10/90 allocation (90% of vaccines
initially given to 70+ age group) to a 90/10 allocation (90% of vaccines initially given to 20–49 age group). Top row shows the low-supply scenario
for Rhode Island (50,000 vaccines) and bottom row shows the high supply scenario (300,000 vaccines available). Left and right columns show
scenarios for different vaccine profiles, with a 180-day half-life vaccine shown on the left and a 540-day half-life vaccine on the right. Narrow plots
show the cumulative vaccinations by age class, for the 20–49 (dashed lines) and 70+ (solid lines) groups under different allocation strategies. Circles
and crosses show the percentage reduction in hospitalizations (circles) and deaths (crosses) when compared to a random distribution strategy. The
x-axis shows the final vaccine allocation to the 20–49 and 70+ age groups. In the top row (low supply), these allocations are 10/90, 20/80 etc., as
planned. But, in the bottom row, for 10/90, 20/80,..., 50/50, allocation, there is nearly enough vaccine for all individuals in these two age classes, and
when one age group is fully vaccinated the remainder of the supply is used for the second age group. Thus, while the final age distribution does not
vary much 57/43 to 58/42 under amply vaccine supply, it does affect which groups get vaccinated earlier. Under ample vaccine supply, a 10/90
allocation means that older individuals get vaccinated earlier and more deaths and hospitalizations are averted. For 0/100 and 100/0 allocation, after
the target group is fully covered, the remaining vaccine doses are distributed randomly to other age groups in the population. Results for medium
transmission scenario in Massachusetts shown in Additional file 1: Figure S23

Discussion
Two key characteristics of epidemic management that
we account for when devising optimal vaccine distri-
butions are (1) current seroprevalence levels in Rhode
Island and Massachusetts and (2) the waning effect of
vaccine efficacy. End-of-2020 attack rate was estimated
to be 25.9% (95% CredInt: 24.5–27.2%) for Rhode Island
and 20.6% (95% CredInt: 19.0–22.8%) for Massachusetts
[29, 30]. These levels were too low to hope that vaccina-
tion campaigns would push populations past the point of
herd immunity in early 2021. Nevertheless, assuming vac-
cine supplies would reach 20% to 30% coverage statewide
by spring, both Rhode Island and Massachusetts would
be able to reach approximately 60% to 70% population

immunity by spring 2021, substantially slowing the spread
of the virus by late spring and summer. These approxima-
tions assume our medium transmission scenario, and do
not yet account for the arrival and spread of the higher-
transmission B.1.1.7 lineage identified in the UK in late
December [31, 32]. Vaccine efficacy is unlikely to wane
so quickly that large groups of vaccinated individuals will
be at risk of reinfection in mid-2021, however a small
proportion of individuals infected in March-August 2020
may be at risk of reinfection if their antibody levels were
to wane to sub-protective levels one year post-infection.
The key variable to keep track of in summer/fall 2021
will be duration of immunity—both natural and vaccine-
induced—to understand if the population-level risk of
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Fig. 7 Difference between vaccinating all individuals (dashed lines) and vaccinating only antibody-negative individuals (solid lines). Three different
vaccine profiles are considered (three columns). Plots show cumulative cases (rows 1 and 2), hospitalizations (rows 3 and 4), and deaths (rows 5 and
6) under both low supply (50,000 vaccines available) and ample supply (300,000 vaccines available). Green lines show the preferred 25/75 allocation
in the 20–49 and 70+ age groups, and red lines show a 75/25 vaccine allocation. In Rhode Island, a vaccination campaign that is able to vaccinate
only antibody-negative individuals will result in 0.5% to 1% fewer hospitalizations and deaths. Results for Massachusetts shown in Additional file 1:
Figure S24
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renewed outbreaks is likely to return in fall 2021. If dura-
tion of immunity is short, especially in the older age
groups, booster vaccinations may be needed in late 2021.
The basic outcome observed in our evaluations is that

high-mortality groups need to be vaccinated first in order
to minimize death counts. In our model, groups that are at
high risk of death if infected are the older age groups, but
our analysis implies that any high-risk group—whether
the risk factor is age, obesity, diabetes, past lung dis-
ease, lack of health care access, or anything else—should
have equally high priority to vaccination. The obvious
second-order implication is that individuals who have
high-contact rates with risk groups or cohabit with some-
one at elevated risk of death should similarly be prioritized
for vaccination. Although the highly specific context in
which we have been managing COVID-19 risk over the
past year allows us to identify such individuals on a case by
case basis, there does not seem to be a systematic way to
define this second-order group who have either frequent
contacts or cohabitation with high-risk individuals; the
clear exceptions are health care workers and employees of
long-term care facilities.
Vaccination of high-contact groups alone is not an opti-

mal approach, primarily due to the large mortality differ-
ences between the youngest and oldest age groups. This
conclusion is identical to the one reached in Bubar et
al. [15] and Moore et al. [33], but it differs from many
common optimal vaccine allocations for influenza virus
where distribution to high-contact groups can be optimal
under a wide range of conditions [12–14]. For SARS-CoV-
2 vaccine rollout optimization, both Hogan et al. [34] and
Matrajt et al. [35] found that under some conditions, vac-
cination of younger age groups was optimal. Matrajt et
al. [35] found that if vaccine supply is sufficient to cover
40% to 70% of the population and the vaccine campaign
is modeled as instantaneous, then vaccination prioritiza-
tion of younger age groups minimizes deaths. However,
if the vaccine rollout is gradual, vaccination of the elderly
is the optimal way to minimize deaths during the epi-
demic (their Figure 9). Likewise, Hogan et al. [34] found
that under an intermediate level of vaccine supply (20%
to 40%, their Figure 4) vaccination of children was opti-
mal, but these modeling exercises assumed that children
under 16 were eligible for vaccination and that the level
of population immunity was around 11% to 16% at the
time of vaccine rollout. Currently, there does not appear
to be a general use-case where distribution of SARS-CoV-
2 vaccines to younger individuals before older individuals
results in fewer deaths during the course of a concurrent
vaccination campaign and SARS-CoV-2 epidemic.
One efficiency that is important to evaluate in the early

part of a vaccination campaign—especially when sup-
ply is moderate—is the deprioritization of vaccination
for individuals with past confirmed COVID-19 infections

or recent confirmed COVID-19 infections. Although this
would normally be voluntary, public health communica-
tion around this topic could ask individuals with known
past infection to offer up their place in the vaccination
queue to those that are still fully susceptible. In Rhode
Island andMassachusetts, more than 75% of symptomatic
COVID-19 cases were likely identified through testing
during 2020, meaning that a large majority of individuals
would be aware that they had a past infection. Asymp-
tomatically infected individuals would not know that they
were COVID-positive at some point in 2020, unless they
were included in a random screening campaign focused
on nursing home staff/residents or essential workers.
Most asymptomatic infections during 2020 would have
occurred in the < 20 or < 30 age groups, individuals who
would not be prioritized for vaccination, thus reducing the
effect that serostatus would have on vaccine wastage in the
early part of the campaign. Despite the good intentions
of such a policy, our analysis shows that serological test-
ing prior to vaccination would not provide a meaningful
benefit to the campaign overall, and it would likely add to
delays unless rapid high-specificity point-of-care IgG tests
were used. Our model currently assumes that individuals
with past known infection are not included in the win-
ter/spring vaccination campaign; if these individuals are
included, the hospitalization and mortality benefits of the
vaccination campaign are predicted to be lower by about
0.5% to 1%.
The major benefit in focusing on state-level analy-

ses of vaccine rollout is that cumulative seroprevalence
and vaccination numbers can be tracked on a month
by month basis. This is critical for public communica-
tion in the initial months of a vaccination campaign as
the public will be eager to know whether total infection
and vaccination counts are in the range of “30+10” or
“40+20”, allowing the public health system to describe
risk in terms of the fraction of individuals that are still
not immune. Assuming our medium transmission sce-
nario through spring and improved vaccination trends
at approximately 0.5% of the population per day, both
Massachusetts and Rhode Island were predicted [36] to
cross the 50% immune mark in February or March 2021,
and it is likely that this occurred according to inference
done in early 2021 [29, 37]. As the more transmissi-
ble B.1.1.7 lineage began circulating in New England
at higher levels in spring 2021—with a third to half of
sequenced viruses identified as B.1.1.7 [38]—it is impera-
tive in spring and summer to be cautious on the re-starting
of larger group activities until a substantial majority of
each state’s population is vaccinated. This new variant is
associated with a higher herd-immunity threshold, and
re-opening too quickly or too early would risk generating
new outbreaks while the vaccination campaign is not yet
complete.
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Limitations
Our modeling approach has several limitations. First,
although age stratification allows for a straightforward
strategy design focused on protecting the elderly, our
model does not include any variables on race, comorbidi-
ties, health care workers, or other essential workers. This
means that some key high-contact and high-risk groups
are omitted from the modeling, and it is unlikely that an
age-group proxy would be a suitable substitute for any
of them. For example, health care workers would likely
fall into the high-contact category, but they may preferen-
tially be in contact with non-susceptibles (i.e., SARS-CoV-
2 positives) making them more a high-exposure group
than a high-contact group. In addition, the benefits of
vaccinating HCWs and essential workers is that certain
essential services (hospitals, schools, grocery stores) can
continue functioning, a benefit not captured in traditional
epidemiological models.
Second, phase 3 efficacy trials of the Pfizer/BioNTech

and Moderna vaccines were not designed to evaluate
reductions in transmission. Thus it is not possible to state
whether the vaccines’ high efficacy could be compromised
by asymptomatic or sub-clinical infections occurring in
vaccinated individuals and allowing for the continuation
of transmission. Asymptomatic individuals do have lower
viral loads and fewer opportunities to transmit via large
droplets projected out through coughs, sneezes, speech,
or breathing. Therefore, inadequate vaccine prevention
of potentially-transmissible asymptomatic infections may
reduce the indirect benefits of vaccination, but this effect
size is currently unknown (and possibly small). Asymp-
tomatic and pre-symptomatic infection does occur for
SARS-CoV-2, but the naturally observed infectivities in
household and contact tracing contexts are likely to be dif-
ferent than the infectivity of a vaccinated infected asymp-
tomatic individual. Preliminary reports from a Moderna
FDA filing [39] were interpreted as early evidence that
the Moderna vaccine may offer some degree of protec-
tion against asymptomatic infection. Three large cohorts
that reported results in 2021 showed that vaccine effi-
cacy against infection is above 70% [40–42] with differ-
ing efficacy against variants [41]. The efficacy against
transmission is not known, but the efficacy of a vac-
cine against transmission given that a vaccinee is infected
has been estimated at 43% (Pfizer/BioNTech) and 45%
(AstraZeneca) [43]. In our model analysis, if vaccinated
individuals were added to a “partially susceptible pool”
and allowed to be infected with mild or no clinical symp-
toms, case numbers would increase but the hospitaliza-
tion and death outcomes in our analysis are unlikely to be
affected.
Third, results on long-term efficacy and efficacy by

age are currently unknown. The combination of these
two is critical as older individuals may be protected

for a shorter time than younger healthier individuals. If
vaccine-induced immunity were to wane quickly in older
individuals, the vaccine would be least effective in the
group that needs it the most. All vaccination campaigns
would then need to be restructured as routine/repeat
campaigns that focus on the most vulnerable individuals
and account for the fact that re-vaccination may need to
occur often to realize the vaccination campaign’s intended
mortality benefits.

Conclusions
Real-time knowledge of seroprevalence can guide deci-
sions on vaccine allocation. Knowing which population
groups have experienced the most infection and how far
seroprevalence has advanced population-wide can help
determine the total vaccine supply needed as well as its
distribution priorities. This highlights the value of (1)
real-time attack-rate estimation, (2) completeness of pop-
ulation surveillance, and (3) widespread testing. Compre-
hensive surveillance and widespread testing ensure that
individuals are as informed as possible about their serosta-
tus to SARS-CoV-2 and allows for the health system to
communicate to seropositive individuals that they should
forego vaccination in the first few rounds of allocation
while immunologically naive individuals are vaccinated
first. Given the 1 January 2021 seroprevalence levels in
Rhode Island and Massachusetts, older age groups and
vulnerable populations with substantial risk of hospital-
ization or death resulting from SARS-CoV-2 infection
should be the priority groups for vaccination, after the
completion of vaccine rollout for front-line health and
medical workers.
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