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A vaccine, when available, will likely become our best tool to control the cur-
rent COVID-19 pandemic. Even in the most optimistic scenarios, vaccine
shortages will likely occur. Using an age-stratified mathematical model paired
with optimization algorithms, we determined optimal vaccine allocation for
four different metrics (deaths, symptomatic infections, and maximum non-
ICU and ICU hospitalizations) under many scenarios. We find that a vaccine
with effectiveness >50% would be enough to substantially mitigate the ongo-
ing pandemic provided that a high percentage of the population is optimally
vaccinated. When minimizing deaths, we find that for low vaccine effective-
ness, irrespective of vaccination coverage, it is optimal to allocate vaccine to
high-risk (older) age-groups first. In contrast, for higher vaccine effectiveness,
there is a switch to allocate vaccine to high-transmission (younger) age-groups

first for high vaccination coverage. While there are other societal and ethical
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considerations, this work can provide an evidence-based rationale for vaccine

prioritization.
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Introduction

As of 22 September 2020, over 960 thousand people have died due to the ongoing SARS-CoV-2
pandemic (/). Different countries have enacted different containment and mitigation strategies,
but the world awaits impatiently for the arrival of a vaccine as the ultimate tool to fight this
disease and to allow us to resume our normal activities. There are over 100 vaccines under
development (2, 3), with some currently undergoing phase 3 clinical trials (3). However, there
are many unknowns surrounding a potential vaccine, including how effective it would be, how
long it would be protective, how effective it would be in older individuals, how many doses
would be immediately available, and how long scaling up the vaccine production would take.
Furthermore, should early vaccines have low effectiveness, what are the potential trade-offs
between using a low-effectiveness vaccine and waiting for a vaccine with a more desirable
vaccine effectiveness? With the hope of producing a vaccine in the near future comes the
difficult task of deciding whom to vaccinate first as vaccine shortages are inevitable (4-6).
Here we utilized a mathematical model paired with optimization algorithms to determine the
optimal use of vaccine for 100 combinations of vaccine effectiveness (VE) and number of doses

available under a wide variety of scenarios.

Methods

Briefly, we developed a deterministic age-structured mathematical model of SARS-CoV-2 trans-
mission with a population stratified into 16 age groups (Fig. S1, SM). Because, historically,
vaccine is distributed to each state in the United States (US) proportional to its population, and
the allocation strategy is then determined at the state level (7), we chose a state level model with
a population size similar to Washington State and demographics similar to those to the general

US population; however, our results are generalizable to other populations.
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We assumed that children were less susceptible to infection than middle-aged adults (20 to
65 years old), while older adults (older than 65) were relatively more susceptible (8) (we also
analyzed a scenario assuming equal susceptibility across age groups, see SM). We assumed
that both natural and vaccine-induced immunity last at least one year (our time horizon). At
the beginning of our simulations, 20% of the population have already been infected and are
immune (additional results for 10, 30 and 40% of the population can be found in the Results
section and in the SM) and all social distancing interventions have been lifted. To keep our
results as general as possible, as each state/country will have different vaccination rates, we
did not model the vaccination campaigns in the main analysis. Hence, we assumed that at the
beginning of our simulations, vaccination has been carried out and that vaccinated individuals
have reached the full protection conferred by the vaccine. However, we also analyzed, in a
separate scenario, how optimal allocation strategies changed when we modeled vaccination
campaigns explicitly. Here, we consider that front-line health care workers and other essential
personnel (e.g. firefighters, police) who should obviously be prioritized, have already been
vaccinated.

For the main analysis, we considered a vaccine having an effect of reducing susceptibility to
infection (referred to VE throughout the text) only. In addition, as separate analysis, we consid-
ered a vaccine that would also reduce the probability of COVID-19 disease (referred as VEcoy
below). This effect against COVID-19 disease was modeled as a combination of the vaccine ef-
fectiveness to prevent infection and the vaccine effectiveness to prevent disease given infection.
Because current vaccine clinical trial protocols have an expected vaccine effectiveness against
COVID-19 disease of 60% (9, 10), for this analysis we set VE-oy =60 while varying the relative
contributions of the other two vaccine effects (see SM for full description).

For the vaccine optimization, we collated the 16 age groups into five vaccination groups:

children (aged 0-19), adults between 20 and 49 years old, adults between 50 and 64 years old,
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adults between 65 and 74 years old, and those 75 and older. This stratification reflects our
current knowledge of disease severity and mortality based on age (11, 12).

We developed an optimization routine that combined a coarse global search algorithm with
a fast optimizer to explore the entire space of possible combinations of vaccine allocation. We
compared the optimal allocation strategy given by the optimizer to a pro-rata allocation, where
the vaccination coverage to each vaccination group is distributed proportionally to population
size in each group. We considered VE ranging from 10% to 100% and vaccination coverage
ranging from 10% to 100% of the total population. We evaluated four objective functions re-
flecting different metrics of disease burden that could be considered by decision makers: mini-
mization of the total number of symptomatic infections, total number of deaths, number of cases
requiring hospitalization (non-ICU) at the epidemic peak, and number of cases requiring ICU
hospitalization at the epidemic peak. We chose to minimize symptomatic infections as a key
metric because symptomatic individuals are the ones who are easier to identify and presumably,
particular interventions will be targeted to this group. In addition, minimizing symptomatic
individuals minimizes the transmission of SARS-CoV-2, and this is in line with current vac-
cine trials endpoints (9, 10). The last two objective functions were chosen because hospital bed
(non-ICU and ICU) occupancy is a key metric currently used to determine county/state/country
readiness to move between different interventions strategies. Here, we utilized the total number
of licensed ICU beds in WA state and its current goal of staying below 10% of hospital beds
occupied by COVID-19 cases (13, 14) as references when interpreting our results. Full details

of the methods can be found in the SM.
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Results
Epidemic mitigation and containment

Our model suggests that, for a basic reproduction number Ry = 3, herd immunity will be
achieved once 60% of the population is infected (equivalently 40% vaccinated with a perfect
vaccine under the optimal allocation strategy for minimizing infections assuming 20% of the
population has immunity already) (Fig. 1J, Fig. S2 and Fig. 2A).

The epidemic can be substantially slowed with any vaccine with a VE > 50% as long as
a majority of the population is vaccinated (Fig. 1E, Fig. 2A), and over 50% of deaths could
be averted (in comparison to no vaccination and no non-pharmaceutical intervention) with as
little as 35% of the population optimally vaccinated (Fig. 2A, B). If VE = 60%, the epidemic
is completely contained if we optimally vaccinate 70% of the population (or 50% for higher
VE = 70%) (Fig. 2A and Fig. 1F, I). In our model, only vaccines with VE >50% can main-
tain the number of non-ICU hospitalizations below the established goal (<10% hospital-bed
occupancy by COVID-19 patients) and can prevent an overflow of the ICUs. With VE = 60%,
optimally vaccinating 54% satisfies both hospital-bed occupancy goals (Figs. 2C, D, S3F and
S4F), compared to 67% under the pro-rata allocation (Figs. S5— S9). The optimal allocation
strategy outperforms the pro-rata allocation most under low vaccine availability, with a maxi-
mum difference of 32% deaths averted (for VE = 100% and with enough vaccine to cover 20%
of the population) and 32% symptomatic infections averted (for VE = 60% and vaccination
coverage of 60%) when compared with a pro-rata allocation strategy (Figs. 3, S5, S10). As VE
increases, both strategies tend to perform similarly as vaccination coverage increases (Fig. 3,

S5 S10).
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Optimal vaccine allocation changes with VE and vaccination coverage

The optimal allocation strategy to minimize deaths is identical for vaccine effectiveness between
10% and 50%: with low vaccination coverage, it is optimal to allocate vaccine first to the highest
risk group (people over 75 years old) and then to the younger vaccination groups as more
vaccine becomes available (Fig. 4A-E). In contrast, there is a threshold phenomenon observed
for VE>60%: for low coverage, the optimal allocation is still to vaccinate the high-risk groups
first, but when there is enough vaccine to cover roughly half of the population (60% for VE =
60%, 50% for VE = 70%, and 40% for VE> 80%), there is a switch to allocate vaccine to the
high-transmission groups (those aged 20-50 and children in our model) first. This is because
directly vaccinating those who are driving the epidemic results in a much slower epidemic
curve and hence in fewer deaths (Fig. 1F-H). As more vaccine becomes available the optimizer

allocates it to high-risk groups again (Fig. 4F-J).

Optimal vaccine allocation differs for different objective functions

Next, we investigated how the optimal allocation strategy changed for different objective func-
tions and present results for VE = 60%. The optimal vaccine allocation for the four objectives
differed the most when fewer vaccines are available (enough vaccine to cover less than 30% of
the total population). When minimizing symptomatic infections and peak non-ICU hospitaliza-
tions, priority was given to the younger vaccination groups, as they have the most contacts in
our model and hence drive transmission (Fig. 5A,B, Fig. S11, S12). As we move toward more
severe outcomes (ICU hospitalizations at peak and deaths), for which older individuals are most
at risk, the optimal allocation strategy shifts toward those vaccination groups (Fig. 5C,D, S13).
Once more vaccine becomes available, the optimal allocation strategies are very similar for all
objective functions. In fact, they are nearly identical for all the objective functions when there

is enough vaccine to cover 60% and 70% of the population. For high coverage, the optimal
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allocation strategies for all objective functions shifted towards the high-transmission groups.
To note, we did not impose the optimizer to use all the available vaccine. As a result, the opti-
mizer found allocation strategies utilizing less than the total vaccine available while performing
equally well. This was very prominent when VE and vaccination coverage were very high. For
example, when minimizing peak ICU hospitalizations and VE = 90%, the optimizer utilized
vaccine to cover 75% of the population even though there was vaccine available to cover the
entire population. This is expected, complete containment is attained once a high proportion of
the population is vaccinated and any vaccine used above that threshold will result in the same

mathematical outcome.

Optimal vaccine allocation assuming vaccine effectiveness against COVID-
19 disease (VEcov)

In this section, we considered a vaccine that in addition to reducing the probability of acquir-
ing infection, it would reduce the probability of COVID-19 disease (see SM for full details).
We considered VEcoy = 60%, in line with expected vaccine effectiveness in the current trial
protocols (9, 10). The optimal allocation strategies assuming VEcoy = 60% are nearly identi-
cal to the ones without this effect (Fig. 6, S14-S16). As expected, including this effect against
COVID-19 disease has a huge impact on symptomatic infections and hospitalizations, even
when this vaccine is marginally effective against preventing infection (Fig. 7). For example, if
VE = 10% it can prevent 50% of the symptomatic infections when we optimally vaccinate 64%
of the population (Fig. 7A). Further, for this VE and this vaccination coverage, peak hospitaliza-
tions are substantially reduced (6,840 and 3,392 non-ICU and ICU hospitalizations respectively;
Fig. 7B, C) when compared to a vaccine without an effect in COVID-19 disease (15,091 and
8,405 non-ICU and ICU hospitalizations respectively; Fig. 2B, C).
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Optimal vaccine allocation as a function of pre-existing immunity to SARS-
CoV-2

As the COVID-19 pandemic dynamics have been dramatically different across the globe, we
expect to see a range of population-level naturally-acquired immunity when vaccination cam-
paigns start. Hence, we investigated the optimal use of vaccine with 10%, 30%, and 40% of
the population already immune at the beginning of the simulations. For all of these, the same
pattern is observed when minimizing deaths: for low coverage, it is optimal to allocate all of the
vaccine to the high-risk groups; for higher coverage, the optimal vaccination strategy switches
to allocate more vaccine to the high-transmission groups. This threshold however varies with
the degrees of pre-existing immunity in the population. When only 10% of the population has
natural immunity, the switch occurs at 80% vaccination coverage, but when 40% has natural
immunity, the threshold is observed at 40% vaccination coverage (Fig. 8). In addition, under
low pre-existing immunity to SARS-CoV-2, the optimal strategy favors vaccinating the older
vaccination groups (Fig. 8 A), while under higher pre-existing immunity, the optimal allocation

strategy tends to distribute vaccine more evenly across vaccination groups (Fig. 8D).

Modeling the vaccination campaign

In this section we modeled the vaccination campaign and determined the optimal vaccine al-
location. We extended our time horizon to two years and considered administering 75, 150,
or 300 thousand doses of vaccine per week (denoted by 75K, 150K and 300K respectively).
This corresponds to vaccinating the entire population in 101, 50 or 25 weeks respectively. The
first vaccination rate was chosen to roughly match the vaccination rate during the 2009 HIN1
pandemic in the US (0.87% of the population weekly (/5)). It is important to note that in order

to avoid confounding, as in the rest of this work, we did not assume any social distancing in-
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tervention. Similar to previous results, when the vaccination campaign is modeled, the optimal
vaccine allocation strategies were very different depending on the objective function: while the
older age groups are prioritized when minimizing deaths and maximum ICU-hospitalizations
(Fig. 9), the optimizer allocated vaccine to younger age groups when minimizing symptomatic
infections or maximum non-ICU hospitalizations (Fig. S17). Further, older age groups were pri-
oritized when vaccination rate was slow (75K doses administered per week, when minimizing
deaths and ICU peak hospitalization). For faster vaccination campaigns, the optimizer allocated
vaccine to younger age groups in addition to the older age groups. (Fig. 9). There were also
some important differences. First, for any VE and any vaccination rate, we did not observe
any threshold in vaccination coverage. In addition, because the time frame of the vaccination
campaigns occurs at a much slower speed than the epidemic, most of the vaccine under this
scenario is given after the epidemic (this was especially true when considering the 75K cam-
paign). This resulted in optimal allocation strategies that for a given VE, were identical beyond
a certain vaccination coverage (Fig. 9, Fig. S17) and the measured outcomes did not improve
beyond that coverage (Fig. S18). This points to the fact that even in the very optimistic scenario
of having a highly efficacious vaccine given at very high rates, additional interventions would

be necessary to control the epidemic while the vaccination campaign takes place.

Robustness of optimal allocation strategies around major parameters

One-way robustness analysis

We explored the robustness of the optimal allocation strategies around key features of the trans-
mission and natural history of SARS-CoV-2. For each of these features, we investigated how

changing that particular parameter would change the optimal allocation strategy.
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Susceptibility to infection: Because the effect of age on susceptibility to SARS-CoV-2 infec-
tion remains unclear, we compared the optimal allocation strategy under the assumption of dif-
ferential susceptibility, as suggested in (8, 16) (presented throughout the text), to one assuming
equal susceptibility across age groups (Figs. S19— S22), as suggested in (/7, 18). The optimal
allocation strategies under both equal and differential susceptibility were remarkably consis-
tent, but as expected, assuming equal susceptibility resulted in strategies allocating slightly
more vaccine to children (assuming equal susceptibility) as VE increases (VE> 60) and more
vaccine becomes available (coverage to vaccinate 70% or higher) (Figs. S19— S22 ). The major
differences were observed when minimizing peak non-ICU hospitalizations for low VE and low
vaccination coverage (less than , assuming equal susceptibility resulted in favoring adults aged

50-65 over younger adults (Fig. S21).

Susceptibility to symptomatic disease: While we know that children are much less suscep-
tible to develop severe disease (/9), the role of age in the probability of developing any kind of
COVID-19 symptoms remains currently unclear. Hence we compared optimal allocation strate-
gies assuming assuming equal probability of all age groups to develop symptoms (presented
throughout the text) as suggested in (/9, 20) to ones assuming different probabilities by age
(children being less susceptible and older adults, more susceptible), as suggested in (27). The
optimal allocation strategies for minimizing deaths and peak ICU are very consistent (Figs. S23,
S24), but, as expected, we observed some changes when minimizing symptomatic infections
and peak non-ICU hospitalizations (Figs. S25, S26). When we minimized symptomatic infec-
tions, the optimal allocation strategies were very similar for vaccines with VE> 60. For lower
VE, the optimal allocation strategies tended to favor more the middle- and older-age adults

groups (Fig. S25). When minimizing maximum non-ICU hospitalizations, the optimal allo-
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cation strategies were nearly identical for high vaccination coverage (> 70%) but switched to

adults aged 50-75 (as opposed to younger adults) if vaccination coverage is lower (Fig. S26).

Basic reproduction number R,: Many regions in the world have controlled the epidemic
using social distancing interventions and have reduced the effective reproduction number R
to hover around 1. Hence, we analyzed the optimal allocation strategies in this section with
Ry set to 1.5, 2 and 2.5, assuming still that at the beginning of our simulations, 20% of the
population has been infected and are now recovered. For minimizing deaths and ICU peak
hospitalizations, when R, = 1.5, the optimal allocation strategy favors vaccinating children
for low VE (Fig. 10A, S27), is more equally distributed if VE = 60% and favors vaccinating
the older age groups for higher VE (Fig. 10D, G). If Ry = 2, we observe the same threshold
phenomenon described for higher R, but at a lower VE: for VE = 30% the optimal use of
vaccine is to allocate it to high-risk groups under low vaccine coverage and to the younger
groups once there is enough vaccine to cover 60% of the population. As VE is higher, this
threshold moves up (Fig. 10C, G, K). Finally, for Ry = 2.5, the optimal allocation strategy is
identical to the one for Ry = 3. For minimizing symptomatic infections and non-ICU peak
hospitalizations, the optimal allocation strategies were more homogeneous, favoring more the
younger age groups in alignment with the results presented in the main text (Fig. S28, S29). Itis
important to note here that social distancing interventions have kept the effective reproduction
number low, but that, if those measures are lifted, then R, would go up again. Hence, any

vaccination program should take this into account.

Distribution of pre-existing immunity in the population: Here, we assumed a different Dis-

tribution of pre-existing immunity in the population. For this section of the analysis, we ran the
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simulations without any vaccination until the recovered compartments reached 20% of the popu-
lation. We then used this composition of the population as the initial distribution of pre-existing
immunity (this composition will depend on the contact matrix and the demographics used).
The optimal allocation strategies were very similar to those obtained in the main analysis, with
some notable differences. First, under this scenario, the optimal allocation strategies tended
to protect vaccination groups in full before prioritizing other groups. This was very apparent
when minimizing deaths or peak ICU hospitalizations: for low VE (irrespective of vaccination
coverage) or high VE but low vaccination coverage, the optimal allocation strategies prioritized
the highest-risk age groups (individuals aged 65-75 and those over 75 years old) to get fully
before allocating to other groups (Figs. S30, S31). Second, the threshold observed when mini-
mizing deaths was occurred at higher vaccination coverage under this scenario. For example, if
VE = 60%, this threshold occurs when there is enough vaccine to cover 70% of the population
(Fig. S30F-J). Lastly, when minimizing symptomatic infections or non-ICU peak hospitaliza-
tions, the optimal allocation strategies shifted away from young adults towards adults in the

50-65 vaccination groups (Figs. S32, S33).

Duration of the incubation period: Based on early studies (17, 22-24), we presented results
assuming an incubation period of 5.1 days. However, a new study (25) has suggested that the
incubation period for COVID-19 might be longer (7.76 days). We found no difference in the

optimal allocation strategies assuming this longer incubation period (Fig. S34).

Number of current infections: We compared the optimal allocation strategies when the sim-
ulations were started with a higher number of infected individuals (10,000 current infections).
This would reflect a situation where the epidemic is in full exponential growth when vaccination

becomes available. The optimal allocation strategy was surprisingly robust under this scenario,
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with nearly identical allocation strategies for all objective functions (Fig. S35).
Multi-way robustness analysis

In addition, we selected four parameters ([?y, proportion of infections that are asymptomatic,
relative infectiousness of asymptomatic infections, relative infectiousness of pre-symptomatic
infections) for which there is the most uncertainty and re-ran the optimization routine for several
combinations of them (full details in SM). The optimal allocation strategies were very robust

under this analysis (Supplemental Files SF1-SF4).

Discussion

The COVID-19 pandemic has devastated families and societies around the world. A vaccine,
when available, would most likely become our best tool to control the spread of SARS-CoV-2.
However, in the short term, even in the most optimistic scenarios, vaccine production would
likely be insufficient. In this work, we paired a mathematical model of SARS-CoV-2 transmis-
sion with optimization algorithms to determine optimal vaccine allocation strategies. Given the
current uncertainties surrounding such a vaccine (we do not yet know if and when this vaccine
would be available, how efficacious it will be, or the number of doses immediately available) we
explored 100 combinations of VE and vaccination coverage under a wide variety of scenarios
minimizing four metrics of disease burden.

Our results suggest that, assuming 12y = 3, any vaccine with medium to high effectiveness
(VE > 50%) would be able to considerably slow the epidemic while keeping the burden on
healthcare systems manageable, as long as a high proportion of the population is optimally
vaccinated. Moreover, once VE = 70%, full containment of the epidemic would be possible.
This is in agreement with vaccine modeling studies (26, 27). Further, we showed that much

can be achieved even with low vaccination coverage; indeed, with medium VE, over half of
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deaths can be averted by optimally vaccinating only 35% of the population. When minimizing
deaths, for low VE and a low supply of vaccine, our results suggest that vaccines should be
given to the high-risk groups first. For high VE and high vaccination coverage, the optimal
allocation strategy switched to vaccinating the high-transmission groups (younger adults and
children). This remained true under equal or reduced susceptibility to infection for children,
pointing to the importance of children as key players in disease transmission. This finding is
consistent with previous work for other respiratory viruses (28—30) that found that protecting
the high-transmission groups indirectly protects the high-risk groups and is the optimal use
of resources. Further, the optimal allocation strategies were identical when we considered a
vaccine that would also reduce symptomatic infections, but the impact of such a vaccine would
of course be greater in reducing COVID-19 disease and healthcare burden. Our results show
that even if this vaccine had a marginal effect in preventing infection, it would still be very
beneficial to reduce the number of hospitalizations and symptomatic infections. It is expected
that once a vaccine is proven to be effective, more information about its mechanisms of action,
including how it affects the viral load trajectory and the relationship between that trajectory and
infectiousness will be available allowing us to expand and refine our projections.

Here, we utilized mathematical optimization to determine the optimal vaccine allocation
and by design, did not impose any restrictions in the allocation strategies. However in prac-
tice, implementation of optimal strategies must also account for other factors (ethical, political,
and societal). When large quantities of vaccine are available, a feasible solution could involve
first vaccinating the high-risk groups and then allocating the remaining vaccine to the high-
transmission groups.

This study has several limitations. Our model assumes that both natural and vaccine-
acquired immunity will last for at least one year. We do not yet know how long immunity

against SARS-CoV-2 will last. There is some evidence that neutralizing antibodies become
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undetectable a few weeks following infection (?), though it is unclear how this correlates with
immunity. If immunity were short-lived, then these results would only be applicable for that du-
ration. Further, we assumed that asymptomatic and symptomatic infections would confer equal
immunity. However, it is conceivable that asymptomatic infections might result in a weaker
immune response (37). We chose four metrics of disease burden to minimize. However, other
metrics, such as minimization of asymptomatic infections, or a combination of all of these met-
rics, might be key to stop the spread of the epidemic. We have identified optimal allocation
strategies, and once more information about a vaccine characteristics is known, validating our
allocation strategies with more complex models is welcome. To avoid confounding effects from
different interventions, we optimized vaccine allocation assuming no social distancing interven-
tions in place. In reality, vaccination, at least at the beginning, would take place while some
social distancing interventions remain in effect. Under those circumstances, we would need
less vaccine to control the epidemic. In that sense, our results are conservative. To keep the
optimization from being unreasonably long, our model assumes that vaccination is given all at
once and does not capture geographical differences or other heterogeneities.

We utilized mortality and hospitalization rates published by Ferguson et al. (/2) that were
based on the epidemic in Wuhan, China, but these rates may vary vastly in different regions.
In particular, it is now known that certain underlying conditions (e.g. obesity, diabetes, heart
disease) are important risk factors for developing severe COVID-19, hospitalization and death.
As the population makeup of individuals with underlying conditions can be very different in
different countries, it is then key to determine region-based estimates of COVID-19 related hos-
pitalizations and deaths, so that models can be adequately parameterized. Further, we compared
modeled peak hospitalizations to current state goals for hospital bed occupancy, but it is possible
that a lower vaccine effectiveness or a lower vaccination coverage could achieve the same goals

because deterministic models tend to overestimate the transmission dynamics. We computed
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the optimal allocation strategies utilizing age as the sole risk factor. However, other factors, like
occupation have been linked to an increased risk of acquisition and severe disease (?, 32). Fur-
thermore, several studies (33, 34) have shown that, as a result of health systems with systemic
health and social inequalities, people from racial and ethnic minority groups are at increased
risk of getting sick and dying from COVID-19 in certain countries. These are crucial consid-
erations that will be included in further studies and can point towards who, within a given age
group, should get the vaccine first.

We believe that these results can provide a quantification of the effectiveness of different
allocation scenarios under four metrics of disease burden and can be used as an evidence-based

guidance to vaccine prioritization.
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Figure 1: Simulated prevalence of symptomatic COVID-19 infections for VE ranging from
10% (A) to 100% (J) in 10% increments. For each VE and each vaccination coverage, the
optimal vaccine allocation for minimizing symptomatic infections was used in these simula-
tions. Colors represent different vaccination coverage, ranging from 0 (black, “baseline”) to
100% (magenta). For clarity, we present here epidemic curves for the main set of parameters
only and show a complete figure with uncertainty bounds in Fig. S2.
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Figure 2: Four key metrics of COVID-19 burden under optimal distribution of vaccine.
Percentage of symptomatic infections (A) and deaths (B) averted, number of maximum non-
ICU (C) and ICU (D) hospitalizations as a function of VE and vaccination coverage (total
vaccine available as a percentage of the population). The dotted lines correspond to VE = 50%
and vaccine available to cover 50% of the population. The isoclines indicate the current goal for
WA state of having 10% of licensed general (non-ICU) hospital beds occupied by COVID-19
patients in (C) and total ICU licensed hospital beds in WA state in (D).
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Figure 3: Percentage of deaths averted for the optimal allocation strategy (blue) and the
pro-rata strategy (green) for VE ranging from 10% (A) to 100% (J) in 10% increments
and vaccination coverage ranging from 10% to 100% of the total population. The shaded
areas represent results of 1,000 simulations with the top and bottom 2.5% simulations removed.
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Figure 4: Optimal allocation strategies for minimizing deaths for VE ranging from 10%
(A) t0 100% (J) in 10% increments (additional figures for minimizing symptomatic infec-
tions, number of non-ICU hospitalizations at peak and number of ICU hospitalizations
at peak are given in SM). For each plot, each row represents the total vaccination coverage
available (percentage of the total population to be vaccinated) and each column represents a
different vaccination group. Colors represent the percentage of the population in a given vacci-
nation group to be vaccinated.
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Figure 5: Optimal allocation strategies for minimizing: symptomatic infections (A), Num-
ber of non-ICU hospitalizations at peak (B), Number of ICU hospitalizations at peak (C)
and total number of deaths (D). Here, we assumed VE = 60%. For each plot, each row
represents the total vaccination coverage available (percentage of the total population to be
vaccinated) and each column represents a different vaccination group. Colors represent the
percentage of the population in a given vaccination group to be vaccinated.
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Figure 6: Optimal allocation strategies for minimizing total symptomatic infections for VE
ranging from 10% (A) to 60% (F) in 10% increments for VEcoy = 60%. For each plot,
each row represents the total vaccination coverage available (percentage of the total population
to be vaccinated) and each column represents a different vaccination group. Colors represent
the percentage of the population in a given vaccination group to be vaccinated.
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Figure 7: Three key metrics of COVID-19 burden under optimal distribution of vaccine
for VEcov = 60%. Percentage of symptomatic infections averted (A), number of maximum
non-ICU (C) and ICU (D) hospitalizations as a function of VE and vaccination coverage (total
vaccine available as a percentage of the population). The dotted lines correspond to VE = 50%
and vaccine available to cover 50% of the population. The isoclines indicate the current goal for
WA state of having 10% of licensed general (non-ICU) hospital beds occupied by COVID-19
patients in (C) and total ICU licensed hospital beds in WA state in (D).
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Figure 8: Optimal allocation strategies for minimizing deaths assuming 10% (A), 20% (B)
30% (C) and 40% (D) of the population has natural immunity to COVID-19 at the start
of the simulations. Here, we assumed VE = 60%. For each plot, each row represents the
total vaccination coverage available (percentage of the total population to be vaccinated) and
each column represents a different vaccination group. Colors represent the percentage of the
population in a given vaccination group to be vaccinated.
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Figure 9: Optimal allocation strategies for minimizing deaths for two VE = 50% (A-C)
and VE =90% (D-F) and for three different vaccination rates: 75K (A and D), 150 (B and
E) and 300 (C and F) thousand vaccine doses administered per week. For each plot, each
row represents the total vaccination coverage available (percentage of the total population to
be vaccinated) and each column represents a different vaccination group. Colors represent the
percentage of the population in a given vaccination group to be vaccinated.
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Figure 10: Optimal allocation strategies for minimizing deaths for three different VE: 30%
(A-C), 60% (D-F) and 90% (G-I) for three different values of Ry = 1.5, 2, and 2.5 (addi-
tional figures for minimizing symptomatic infections, number of non-ICU hospitalizations
at peak and number of ICU hospitalizations at peak are given in SM). For each plot, each
row represents the total vaccination coverage available (percentage of the total population to
be vaccinated) and each column represents a different vaccination group. Colors represent the
percentage of the population in a given vaccination group to be vaccinated.
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Mathematical model:

We developed a deterministic mathematical model with 16 age groups: 0—4, 5-9, 10-14, 15—
19, 20-24, 25-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, and >75.
For each age-group, the population is divided into the following compartments: those who are
susceptible (5) to infection; exposed (F£) but are not yet infectious; infectious; and recovered
(R). Infectious individuals are classified by severity of symptoms. Those who are infectious
may be asymptomatic (A) or pre-symptomatic (P). As pre-symptomatic individuals become
symptomatic, they may not require hospitalization (/), require hospitalization (H), or require
intensive care (C). Because of the short duration of our simulation, we did not model any
births or deaths. We assumed a population of 7.615 million people, the current population of
Washington State (35) and parameterized the demographic composition of the population to be

similar to that of the United States (36).
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The model equations (where a dot represents differentiation with respect to time) are:

S; = —Am;S;

E; = \S; — oE;,

Ai = aoE; — vaA;,

P =(1-a)oE; —yph,

I = (1= h)ypPi = il;
H; = h(1 —c)ypP — v H;,

C; = heypP; — voCh

RA; = Yadi,
R =1,
RH; =y H;,
RC; = 70C;

Svi = —(1 — VE)Am; Sy,
Ev;=(1—VE)ASy; — 0Fy;,
AV,i = aUEV,i - VAAv,z‘ )

Pv,z‘ =(1—a)oEv, —vpPy,,
jV,i = (1 - h)’YPPV,z' - 'VI]V,M

Hy; = h(1 - c)ypPy; — yuHy,

C’V,i = hC”YPPV,i - ’YCCV,i )

RAV,i = ’YAAV,i )
RV,@' = ’YIIV,z' )
RHV,i =yuHy,,
RCv,; = vcCl,,
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where the force of infection is
16

A= ZBM/NJ X [T’A(Aj + AVJ') + TP(Pj + PV,j) + TH(Hj + Hv,j + Oj + CVJ) + (]j + I\/’j)] .
j=1

A diagram of the model is shown in Fig.S1.

We used the age-specific contact matrix M for the US given in (37) and corrected for reci-
procity. We assumed Ry = 3. We used previously reported age-specific estimates of the severity
of infections that require hospitalization, critical care and that lead to death given by Ferguson
et al. (/2). This report has age-specific percentages of symptomatic cases requiring hospitaliza-
tions, percentages of hospitalized cases requiring critical care and the infection fatality ratio for
the population divided in 10 age groups: 0-9, 10-19, ..., 70-80 and > 80. Because we have
16 age groups, we considered the rates in our groups to be similar within a given age group
given in (/2). For example, the rates of hospitalization and mortality for the groups 0-5 and
5-10 in our model are those in the age group 0-9 in (/2). For the oldest group in our model
(> 75) we did a weighted average of the rates in (/2) according to the relative percentages of
the population aged 75-80 and > 80. With these rates in hand, we used the total number of
infections and symptomatic infections given in our model to compute the number of hospital-
izations (and then the number of ICU hospitalizations) and deaths. An average hospital stay
lasts 5 days without intensive care, or 10 days if intensive care is required (/7). We assumed
a latent period of three days and an infectious period for non-hospitalized infections of 3 and
5 days respectively (17, 38). We assumed that immunity would last at least one year, which
corresponds to the duration of our simulations.

A proportion, (1 — a), of infections is symptomatic. Of these, a proportion, h, requires hos-
pitalization. Further, a proportion, ¢, of hospitalizations requires intensive care (ICU). Symp-
tomatic and asymptomatic individuals are assumed equally infectious. Pre-symptomatic indi-

viduals, however, are assumed to be more infectious to match the finding that 40% of trans-
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mission occurs prior to symptom onset (//, 39). Once hospitalized, individuals are assumed
no longer infectious. We determined the optimal allocation strategies assuming both that sus-
ceptibility to infection is age-specific and that susceptibility to infection is equal across all age
groups. See Table S1 for details.

Simulations were run with initial conditions set to a 20% recovered population distributed
proportionally to population size (pro-rata) and disease severity, respectively. In addition, sim-
ulations were started assuming 1,000 current infections distributed among the infectious symp-
tomatic and asymptomatic infectious compartments (compartments A;, Ay, I;, Iv,;, H;, Hy;, C;

and CV,i).

Vaccination

We assumed a leaky vaccine (40) that reduces susceptibility to infection, modeled as a reduced
probability of acquiring a SARS-CoV-2 infection. For each vaccination coverage and vac-
cination strategy considered, we computed within each age-group the fraction of susceptible
people among all those individuals in that group who could have sought the vaccine (suscep-
tible, exposed, infected pre-symptomatic, infected asymptomatic, and recovered asymptomatic
populations), and utilized that fraction as the fraction of people who were actually vaccinated
in each age-group, while assuming that the remaining vaccine would be wasted.

Further, we did not model the vaccination campaign. Our simulations start assuming that
the population to be vaccinated has already been vaccinated, and that vaccinated individuals

have reached the full protection conferred by the vaccine.

Vaccine effectiveness against COVID-19 disease VEcoy

We also explored the optimal allocation strategies with a vaccine that would reduce susceptibil-

ity to infection and that would also reduce probability of having a COVID-19 disease (denoted
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by VEcov) as follows. We define the vaccine effect for susceptibility VE as a measure of the
vaccine to reduce the probability of a person getting infected. We define the vaccine effect for
COVID-19 disease and infection as VEp as a measure of the vaccine to reduce symptoms given
infection and VE oy as the vaccine effect for reducing COVID-19 disease (47). Then it follows
that

VEcov =1 — (1 — VE)(1 — VEp). (A2)

In our analysis, we assumed that VE-oy = 60, in line with the expected effectiveness in the
current vaccine trial protocols (2, 10), Equation (A2) implies that for this value of VEcoy, VE
and VEp need to be between 0 and 60%. Hence, we restricted VE to this range for this part
of the analysis. The equations of vaccinated compartments in the model were then modified as

follows:

Svi = —(1 — VE)Am; Sy, ,

Ey; = (1 —VE)ASy; — 0By,
Ayi=(1—(1—VEp)(1 —a))oBEy; —yalvi,
Pyi = (1—VEp)(1—a)oFEy; —vpPy,,

Ivi = (1 = h)ypPyi — vilvi,

Hy,; = h(1 — c)ypPy; — yuHy;

Cvi = heypPyi — vcCvis

RAV,z‘ = VAAV,z' )
Rv,z' =vlv;,
RHV,Z' =yuHy;,
RCv,; = vcCvi
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Uncertainty analysis

We performed uncertainty analysis in two ways. First, we examined the robustness of the opti-
mal vaccination strategies against the number of initial infections, the fraction of the population
with natural immunity at the start of the simulations and the relative susceptibility of children
and older adults to infection. In addition, we selected four parameters (the basic reproduc-
tion number Ry, the fraction of asymptomatic infections, and the reduction/increase in infec-
tiousness for asymptomatic and pre-symptomatic infections) that we considered would have
the most influence in the optimal allocation strategies and re-run the optimization for the 100
VE-vaccination coverage pairs with 36 different combinations of those parameters. Table S2
provides the combinations of values used for this part of the analysis.

Second, we examined the uncertainty in the output measures (number of infections, num-
ber of deaths, etc) arising from uncertainty surrounding the model parameters, and chose those
parameters for which there is the least agreement. These parameters were: Ry, the mean pre-
symptomatic period, the mean infectious period of non-hospitalized symptomatic infections, the
proportion of infections that are asymptomatic, and the relative infectiousness of asymptomatic
infections. We sampled 1000 parameter sets from pre-determined distributions as follows. For
Ry, the proportion of asymptomatic infections, and the multiplier increasing or decreasing the
infectiousness of pre-symptomatic infected individuals, we used truncated normals. For the du-
ration of the latent and infectious periods (both pre- and post symptoms) we utilized gamma dis-
tributions. Finally, for the relative infectiousness of asymptomatic infections, we chose among
three values: 0.2, 0.5 and 1. Table S1 gives the ranges utilized for each of these parameters.
We sampled 1000 parameter sets and ran the model with those sets for the optimal allocation
strategy for each combination of VE and vaccination coverage pair. Further, we removed the

top and bottom 2.5% of the simulations.
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Optimization

Objective functions: We performed the optimization routine to minimize four different ob-
jective functions: total symptomatic infections, total deaths, maximum number of hospitaliza-
tions not requiring intensive care and maximum number of hospitalizations requiring intensive
care. For each of these, we ran the deterministic model for one year. Further, we evaluated the
optimal vaccine allocation for 100 VE-vaccination coverage combinations (VE ranging from
10 to 100% and vaccination coverage ranging from 10 to 100% of the total population, in in-

crements of 10%).

Optimization routine: For the optimization routine, we collated the population into 5 vac-
cination groups: 0-19 years old, 20-49 years old, 50-64 years old, 65-74 years old and those
aged 75 and older. These vaccination groups were chosen for two reasons; clinically, these
groups represent the finest granularity that we could find in the data and computationally, this
reduces the dimension of the optimization problem. We defined a decision variable in terms of
the proportion total vaccine available as follows: let v be a decision vector v = (vq,va, ..., Us),
where v; represents the proportion of the total available vaccine to be given to vaccination

group 1. For each objective function, our optimization routine consisted of two steps:

1. We performed an exhaustive search on a coarse grid (42) of the unit simplex in the
vaccination group space (the set of vectors (vq,vs,...,vs) with non-negative entries
such that Z?:1 v; = 1). The grid was chosen so that the unit simplex was divided
into 0.05 units and was computed in Sage (43). For example, a point in this grid is
v = (0.05,0.5,0.1,0.2,0.15), that corresponds to utilize 5, 50, 10, 20 and 15% of the
available vaccine in vaccination groups 1 through 5 respectively (as noted above, this

vector would be repaired if vaccine exceeds the population in any vaccination group).
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2. We selected the best 25 decision variables obtained above, the pro-rata allocation vector
and an additional 25 decision variables sampled uniformly from the unit simplex (44),
and used these 51 points as initial points for the Nelder-Mead minimizer implemented in
SciPy (45, 46). To note, we also ran the optimization using particle swarm optimization
algorithm (47, 48) and obtained similar optimal solutions, but solutions obtained with

Nelder-Mead gave slightly better optimal values and ran faster.

Feasibility: We defined the decision variable in terms of proportion of total vaccine available
because this allowed us to perform an exhaustive search on a coarse grid of the decision variable
space that is independent of the population in each group. With this, our optimizer can be easily
adapted to populations with different sizes and with different age group distributions. Further,
this allowed us to quickly perform an exhaustive search in the decision variable space. The
trade-off of this approach comes with guaranteeing feasibility.

In this setup, a feasible vector is defined as any vector v so that 0 < Z?Zl v; < 1, where
v; represents the proportion of vaccine allocated to vaccination group ¢. This guarantees that
we are using at most all of the available vaccine. Because Nelder-Mead is an unconstrained
optimization method, we had to “repair” any non-feasible solution v given by Nelder-Mead.
That is, if v was a solution with Zle v; > 1, then, we radially mapped v to its corresponding
feasible vector v* in the unit simplex defined above.

However, this will not guarantee that the amount of vaccine given in each group does not
exceed the actual population in that group. That is to say, the vaccine proportion vector may not
be feasible in terms of the actual population distribution.

Hence, for any given total vaccine available, we further “repaired” any given feasible vac-
cine proportion vector v* by mapping it to a vaccine group population proportion vector r =

(21,29, ...,x5), where x; represents the fraction of the population in vaccination group i to be
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vaccinated (so that excess vaccine for that vaccination group is removed). In this way, we can
guarantee feasibility in terms of both the percentage of vaccine available and people in each
vaccination group.

To run the deterministic model described above, the decision variable is then transformed
into a vector of size 16, where each entry corresponds to one of the 16 age groups of our model.
Vaccine in each age-group was distributed proportionally to the fraction of the population that it
represents within its vaccination group. For example, in the first group (people under 20 years
old), children aged 0—4, 5-9, 10-14 and 15-19 represent 24%, 24.4%, 25.7%, and 25.9% of
that group. Hence, within the first vaccination group, vaccine would be allocated to each of the
four age groups according to those proportions. The objective functions were then evaluated

via the mathematical model.
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Figure S1: Diagram of the SEIR model without age structure.
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Figure S2: Simulated prevalence of symptomatic COVID-19 infections for VE ranging
from 10% (A) to 100% (J) in 10% increments. Colors represent different vaccination cov-
erage, ranging from 0 (black, “baseline”) to 100% (magenta). For each VE and vaccination
coverage, the optimal allocation strategy to minimize symptomatic infections was utilized in
these simulations. Furthermore, for each vaccination coverage, the shaded area (area encom-
passed by the dotted lines for baseline) represents results of 1,000 simulations with the top and
bottom 2.5% simulations removed.
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Figure S3: Simulated prevalence of non-ICU hospitalizations for VE ranging from 10%
(A) to 100% (J) in increments of 10%. Colors represent different vaccination coverage, rang-
ing from O (black, “baseline”) to 100% (magenta). The dashed line represents the current goal
of having 10% of licensed general (non-ICU) hospital beds occupied by COVID-19 patients in
WA state. For each VE and vaccination coverage, the optimal allocation strategy to minimize
non-ICU hospitalizations was utilized in these simulations. Further, for each vaccination cover-
age, the shaded area (encompassed by the dotted lines for baseline) represents results of 1,000
simulations with the top and bottom 2.5% simulations removed.

16


https://doi.org/10.1101/2020.08.14.20175257
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2020.08.14.20175257; this version posted December 15, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY-NC-ND 4.0 International license .

A VE = 10% B VE = 20% (o VE = 30% D VE = 40% E VE = 50%
15000 — baseline 15000 15000 - 15000 - 15000 -
— 10%
. 20%
8 12000 f 30% 12000 12000 12000 12000 A
= - 40%
g 50%
© 9000 [ 60% 9000 9000 + 9000 + 9000 1
5 — 70%
N — 80%
_g 6000 = 90% 6000 6000 6000 6000
Q = 100%
2
o
T 3000 Total ICU bed 3000 3000 3000 A 3000 1
capacity
0+ = 0+ 0+ 0+ 0+ -
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
F VE = 60% G VE = 70% H VE = 80% I VE = 90% J VE = 100%
15000 15000 15000 A 15000 A 15000 A
8 12000 12000 12000 A 12000 A 12000 A
2
© 9000 9000 9000 9000 9000
®
N
_,2 6000 6000 6000 6000 - 6000
3
o
T 3000 3000 3000 3000 3000
\ e = L
0 2 0 AS : 0 . 0 0
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360 0 90 180 270 360

Days Days Days Days Days

Figure S4: Simulated prevalence of ICU hospitalizations for VE ranging from 10% (A)
to 100% (J) in increments of 10%. Colors represent different vaccination coverage, ranging
from O (black, “baseline”) to 100% (magenta). The dashed line represents the total capacity of
ICU beds in WA state. For each VE and vaccination coverage, the optimal allocation strategy to
minimize ICU hospitalizations was utilized in these simulations. Furthermore, for each vacci-
nation coverage, the shaded area (area encompassed by the dotted lines for baseline) represents
results of 1,000 simulations with the top and bottom 2.5% simulations removed.
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Figure S5: Simulated prevalence of symptomatic COVID-19 infections for VE ranging
from 10% (A) to 100% (J) in increments of 10% under a pro-rata distribution of vaccine
(vaccine is distributed according to the proportion of the population in each vaccination
group). Colors represent different vaccination coverage, ranging from 0 (black, “baseline”) to
100% (magenta). For each vaccination coverage, the shaded area (area encompassed by the
dotted lines for baseline) represents results of 1,000 simulations with the top and bottom 2.5%

simulations removed.
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Figure S6: Simulated prevalence of non-ICU hospitalizations for VE ranging from 10%
(A) to 100% (J) in increments of 10% under a pro-rata distribution of vaccine (vaccine
is distributed according to the proportion of the population in each vaccination group.
Colors represent different vaccination coverage, ranging from 0 (black, “baseline”) to 100%
(magenta). The dashed line represents the current goal of having 10% of licensed general (non-
ICU) hospital beds occupied by COVID-19 patients in WA state. For each vaccination coverage,
the shaded area (area encompassed by the dotted lines for baseline) represents results of 1,000
simulations with the top and bottom 2.5% simulations removed.
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Figure S7: Simulated prevalence of ICU hospitalizations for VE ranging from 10% (A) to
100% (J) in increments of 10% under a pro-rata distribution of vaccine (vaccine is dis-
tributed according to the proportion of the population in each vaccination group. Colors
represent different vaccination coverage, ranging from 0 (black, “baseline”) to 100% (magenta).
The dashed line represents the total capacity of ICU beds in WA state. For each vaccination cov-
erage, the shaded area (area encompassed by the dotted lines for baseline) represents results of
1,000 simulations with the top and bottom 2.5% simulations removed.
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Figure S8: Number of maximum non-ICU hospitalizations as a function of VE and vacci-
nation coverage (total vaccine available as a percentage of the population) for the pro-rata
allocation strategy (A) and the optimal allocation strategy (B). The dotted lines correspond
to VE = 50% and vaccine available to cover 50% of the population. The isoclines indicate the
current goal of having 10% of licensed general (non-ICU) hospital beds occupied by COVID-19
patients in WA state.
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Figure S9: Number of maximum ICU hospitalizations as a function of VE and vaccina-
tion coverage (total vaccine available as a percentage of the population) for the pro-rata
allocation strategy (A) and the optimal allocation strategy (B). The dotted lines correspond
to VE = 50% and vaccine available to cover 50% of the population.The isoclines indicate the
number of licensed ICU hospital beds in WA state.
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Figure S10: Percentage of symptomatic infections averted for the optimal allocation strat-
egy (blue) and the pro-rata strategy (green) for VE ranging from 10% (A) to 100% (J) in
10% increments and vaccination coverage ranging from 10% to 100% of the total pop-
ulation. The shaded areas represent results of 1,000 parameter simulations with the top and
bottom 2.5% simulations removed.
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Figure S11: Optimal allocation strategies for minimizing symptomatic infections (with
differential susceptibility) for VE ranging from 10% (A) to 100% (J) in 10% increments.
For each plot, each row represents the total vaccination coverage available (percentage of the
total population to be vaccinated) and each column represents a different vaccination group.
Colors represent the percentage of the population in a given vaccination group to be vaccinated.
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Figure S12: Optimal allocation strategies for minimizing the number of non-ICU hospital-
izations at peak (with differential susceptibility across age groups) for VE ranging from
10% (A) to 100% (J) in 10% increments. For each plot, each row represents the total vacci-
nation coverage available (percentage of the total population to be vaccinated) and each column
represents a different vaccination group. Colors represent the percentage of the population in a
given vaccination group to be vaccinated.
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Figure S13: Optimal allocation strategies for minimizing the number of ICU hospitaliza-
tions at peak (with differential susceptibility) for VE ranging from 10% (A) to 100% (J)
in 10% increments. For each plot, each row represents the total vaccination coverage available
(percentage of the total population to be vaccinated) and each column represents a different vac-
cination group. Colors represent the percentage of the population in a given vaccination group
to be vaccinated.
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Figure S14: Optimal allocation strategies for minimizing symptomatic infections for VE
ranging from 10% (A) to 60% (F) in 10% increments and VEcoy = 60%. For each plot,
each row represents the total vaccination coverage available (percentage of the total population
to be vaccinated) and each column represents a different vaccination group. Colors represent
the percentage of the population in a given vaccination group to be vaccinated.
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Figure S15: Optimal allocation strategies for minimizing the maximum non-ICU hospi-
talizations for VE ranging from 10% (A) to 60% (F) in 10% increments and VEcoy =
60% . For each plot, each row represents the total vaccination coverage available (percentage of
the total population to be vaccinated) and each column represents a different vaccination group.
Colors represent the percentage of the population in a given vaccination group to be vaccinated.
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Figure S16: Optimal allocation strategies for minimizing the maximum ICU hospitaliza-
tions for VE ranging from 10% (A) to 60% (F) in 10% increments and VEcoy =60%. For
each plot, each row represents the total vaccination coverage available (percentage of the total
population to be vaccinated) and each column represents a different vaccination group. Colors
represent the percentage of the population in a given vaccination group to be vaccinated.
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Figure S17: Optimal allocation strategies for minimizing peak non-ICU hospitalizations
for VE =50% (A-C) and VE=90% (D-F) when including a vaccination campaign with 75
(A and D), 150 (B and E) or 300 (C and F) thousand vaccine doses administered per week.
For each plot, each row represents the total vaccination coverage available (percentage of the
total population to be vaccinated) and each column represents a different vaccination group.
Colors represent the percentage of the population in a given vaccination group to be vaccinated.
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Figure S18: Four key metrics of COVID-19 burden under optimal distribution of vac-
cine. Percentage of symptomatic infections averted (A-C), deaths averted (D-F), number
of maximum non-ICU (H-J) and ICU (K-M) hospitalizations as a function of VE and vac-
cination coverage (total vaccine available as a percentage of the population) when mod-
eling a vaccination campaign with 75 (left), 150 (middle), or 300 (right) thousand doses
of vaccine administered per week. The dotted lines correspond to VE = 50% and vaccine
available to cover 50% of the population. The isoclines indicate the current goal for WA state
of having 10% of licensed general (non-ICU) hospital beds occupied by COVID-19patients in
(C) and total ICU licensed hospital beds in WA state in (D)
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Figure S19: Optimal allocation strategies for minimizing deaths assuming all age groups
have equal susceptibility to infection. Here, VE ranges from 10% (A) to 100% (J) in
10% increments. For each plot, each row represents the total vaccination coverage available
(percentage of the total population to be vaccinated) and each column represents a different
vaccination group. Colors represent the percentage of the population in a given vaccination

group to be vaccinated.
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Figure S20: Optimal allocation strategies for minimizing symptomatic infections assum-
ing all age groups have equal susceptibility to infection. Here, VE ranges from 10% (A)
to 100% (J) in 10% increments. For each plot, each row represents the total vaccination
coverage available (percentage of the total population to be vaccinated) and each column repre-
sents a different vaccination group. Colors represent the percentage of the population in a given
vaccination group to be vaccinated.
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Figure S21: Optimal allocation strategies for minimizing the number of non-ICU hospital-
izations at peak assuming all age groups have equal susceptibility to infection. Here, VE
ranges from 10% (A) to 100% (J) in 10% increments. For each plot, each row represents the
total vaccination coverage available (percentage of the total population to be vaccinated) and
each column represents a different vaccination group. Colors represent the percentage of the
population in a given vaccination group to be vaccinated.
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Figure S22: Optimal allocation strategies for minimizing the number of ICU hospitaliza-
tions at peak assuming all age groups have equal susceptibility to infection. Here, VE
ranges from 10% (A) to 100% (J) in 10% increments. For each plot, each row represents the
total vaccination coverage available (percentage of the total population to be vaccinated) and
each column represents a different vaccination group. Colors represent the percentage of the
population in a given vaccination group to be vaccinated.
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Figure S23: Optimal allocation strategies for minimizing the number of deaths for VE
ranging from 10% (A) to 100% (J) in 10% increments assuming age-specific rates for
symptomatic infection. For each plot, each row represents the total vaccination coverage
available (percentage of the total population to be vaccinated) and each column represents a
different vaccination group. Colors represent the percentage of the population in a given vacci-

nation group to be vaccinated.
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Figure S24: Optimal allocation strategies for minimizing the number of symptomatic infec-
tions for VE ranging from 10% (A) to 100% (J) in 10% increments assuming age-specific
rates for symptomatic infection. For each plot, each row represents the total vaccination cov-
erage available (percentage of the total population to be vaccinated) and each column represents
a different vaccination group. Colors represent the percentage of the population in a given vac-

cination group to be vaccinated.
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Figure S25: Optimal allocation strategies for minimizing the maximum number of non-
ICU hospitalizations for VE ranging from 10% (A) to 100% (J) in 10% increments as-
suming age-specific rates for symptomatic infection. For each plot, each row represents the
total vaccination coverage available (percentage of the total population to be vaccinated) and
each column represents a different vaccination group. Colors represent the percentage of the
population in a given vaccination group to be vaccinated.
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Figure S26: Optimal allocation strategies for minimizing the the maximum number of
ICU hospitalizations for VE ranging from 10% (A) to 100% (J) in 10% increments as-
suming age-specific rates for symptomatic infection. For each plot, each row represents the
total vaccination coverage available (percentage of the total population to be vaccinated) and
each column represents a different vaccination group. Colors represent the percentage of the
population in a given vaccination group to be vaccinated.
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Figure S27: Optimal allocation strategies for minimizing maximum ICU hospitalizations
for three different VE: 30% (A-C), 60% (D-F) and 90% (G-I) for three different values of
Ry =1.5,2, and 2.5. For each plot, each row represents the total vaccination coverage available
(percentage of the total population to be vaccinated) and each column represents a different
vaccination group. Colors represent the percentage of the population in a given vaccination
group to be vaccinated.
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Figure S28: Optimal allocation strategies for minimizing symptomatic infections for three
different VE: 30% (A-C), 60% (D-F) and 90% (G-I) for three different values of R, =
1.5, 2, and 2.5. For each plot, each row represents the total vaccination coverage available
(percentage of the total population to be vaccinated) and each column represents a different
vaccination group. Colors represent the percentage of the population in a given vaccination
group to be vaccinated.
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Figure S29: Optimal allocation strategies for minimizing maximum non-ICU hospitaliza-
tions for three different VE: 30% (A-C), 60% (D-F) and 90% (G-I) for three different
values of R, = 1.5, 2, and 2.5. For each plot, each row represents the total vaccination cover-
age available (percentage of the total population to be vaccinated) and each column represents
a different vaccination group. Colors represent the percentage of the population in a given
vaccination group to be vaccinated.
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Figure S30: Optimal allocation strategies for minimizing the number of deaths for VE
ranging from 10% (A) to 100% (J) in 10% increments assuming a different distribution
of pre-existing immunity in the population (see Main for details). For each plot, each row
represents the total vaccination coverage available (percentage of the total population to be
vaccinated) and each column represents a different vaccination group. Colors represent the
percentage of the population in a given vaccination group to be vaccinated.
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Figure S31: Optimal allocation strategies for minimizing the number of symptomatic in-
fections for VE ranging from 10% (A) to 100% (J) in 10% increments assuming a dif-
ferent distribution of pre-existing immunity in the population (see Main for details). For
each plot, each row represents the total vaccination coverage available (percentage of the total
population to be vaccinated) and each column represents a different vaccination group. Colors

represent the percentage of the population in a given vaccination group to be vaccinated.
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Figure S32: Optimal allocation strategies for minimizing the maximum number of non-
ICU hospitalizations for VE ranging from 10% (A) to 100% (J) in 10% increments as-
suming a different distribution of pre-existing immunity in the population (see Main for
details). For each plot, each row represents the total vaccination coverage available (percent-
age of the total population to be vaccinated) and each column represents a different vaccination
group. Colors represent the percentage of the population in a given vaccination group to be

vaccinated.
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Figure S33: Optimal allocation strategies for minimizing the maximum number of ICU
hospitalizations for VE ranging from 10% (A) to 100% (J) in 10% increments assuming
a different distribution of pre-existing immunity in the population (see Main for details).
For each plot, each row represents the total vaccination coverage available (percentage of the
total population to be vaccinated) and each column represents a different vaccination group.
Colors represent the percentage of the population in a given vaccination group to be vaccinated.
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Figure S34: Optimal allocation strategies for minimizing the number of deaths for VE
ranging from 10% (A) to 100% (J) in 10% increments assuming a latent period of 5 days.
For each plot, each row represents the total vaccination coverage available (percentage of the
total population to be vaccinated) and each column represents a different vaccination group.
Colors represent the percentage of the population in a given vaccination group to be vaccinated.
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Figure S35: Optimal allocation strategies for minimizing deaths (with differential sus-
ceptibility) for VE ranging from 10% (A) to 100% (J) in 10% increments, with 10,000
infections at the start of simulation. For each plot, each row represents the total vaccination
coverage available (percentage of the total population to be vaccinated) and each column repre-
sents a different vaccination group. Colors represent the percentage of the population in a given
vaccination group to be vaccinated.
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Parameter
1/o

1/vp

1/7a

1/vs

1/vu

1/70
a

h

QU

TA

TH

rp

mo—14
mis5—64

Mes5+

Meaning

mean duration of latent period

mean pre-symptomatic period

mean infectious period of /4

mean infectious period of I after develop-
ing symptoms

mean duration of non-ICU hospitalization
mean duration of ICU hospitalization
proportion of infections that are asymp-
tomatic

proportion of symptomatic infections requir-
ing hospitalization

proportion of hospitalizations requiring ICU
infection fatality ratio

degree of reduced susceptibility due to vac-
cine

relative infectiousness of asymptomatic in-
fections ?

relative infectiousness of hospitalized infec-
tions

relative infectiousness of pre-symptomatic
infections®

relative susceptibility for those under age 15
relative susceptibility for those between age
15 and 64

relative susceptibility for those age 65+
basic reproductive number

transmission coefficient

contact matrix

total population

recovered proportion of the total population
att =0

Value (Range)
3d

2(1-3)d

5d

3(2-5)d

5d
10d
0.35 (0.15-0.65)

age-stratified

age-stratified
age-stratified
varied

1(0.2,0.5, 1)
0
1.3 (1.1-1.4)

0.34
1

1.47
3(2.5-3.5)
calculated

7,615,000
0.2 (0.1-0.4)

Reference
(22)
(49)
assumed*
(17,38)

un
(1)
(11,50,51)
(12)

(12)
(12)

1)
assumed

calculated?

(8)
(8)

(8)
(53,54)

(37)
(35
assumed

“assumed to match the duration of infectiousness of symptomatic infections
bwith respect to non hospitalized symptomatic infections
“with respect to non hospitalized symptomatic infections
dcalculated so that the proportion of infections due to pre-symptomatic individuals is roughly 40% for Ry = 3

(52)

Table S1: Description of parameters used in the model.
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Ry a rA Tp

2.50 0.15 0.50 1.00
2.50 0.15 0.50 1.50
2.50 0.15 1.00 1.00
2.50 0.15 1.00 1.50
2.50 0.35 0.50 1.00
2.50 0.35 0.50 1.50
2.50 0.35 1.00 1.00
2.50 0.35 1.00 1.50
2.50 0.55 0.50 1.00
2.50 0.55 0.50 1.50
2.50 0.55 1.00 1.00
2.50 0.55 1.00 1.50
3.00 0.15 0.50 1.00
3.00 0.15 0.50 1.50
3.00 0.15 1.00 1.00
3.00 0.15 1.00 1.50
3.00 0.35 0.50 1.00
3.00 0.35 0.50 1.50
3.00 0.35 1.00 1.00
3.00 0.35 1.00 1.50
3.00 0.55 0.50 1.00
3.00 0.55 0.50 1.50
3.00 0.55 1.00 1.00
3.00 0.55 1.00 1.50
3.50 0.15 0.50 1.00
3.50 0.15 0.50 1.50
3.50 0.15 1.00 1.00
3.50 0.15 1.00 1.50
3.50 0.35 0.50 1.00
3.50 0.35 0.50 1.50
3.50 0.35 1.00 1.00
3.50 0.35 1.00 1.50
3.50 0.55 0.50 1.00
3.50 0.55 0.50 1.50
3.50 0.55 1.00 1.00
3.50 0.55 1.00 1.50

Table S2: Combinations of parameters used in the robustness analysis.
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Supplemental Files

SF1: Robustness analysis for the optimization strategies when minimizing symptomatic infec-
tions. Each page of the document represents one VE. Within each page, each subplot represents
the optimal allocation strategy for that particular VE and for the combination of parameters

given in the row of Table S2 indicated in the subtitle.

SF2: Robustness analysis for the optimization strategies when minimizing total deaths. Each
page of the document represents one VE. Within each page, each subplot represents the optimal
allocation strategy for that particular VE and for the combination of parameters given in the row

of Table S2 indicated in the subtitle.

SF3: Robustness analysis for the optimization strategies when minimizing peak non-ICU hos-
pitalizations. Each page of the document represents one VE. Within each page, each subplot
represents the optimal allocation strategy for that particular VE and for the combination of pa-

rameters given in the row of Table S2 indicated in the subtitle.

SF4: Robustness analysis for the optimization strategies when minimizing peak ICU hospi-
talizations. Each page of the document represents one VE. Within each page, each subplot
represents the optimal allocation strategy for that particular VE and for the combination of

parameters given in the row of Table S2 indicated in the subititle.
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