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Abstract

Predictive models have played a critical role in local, national, and international response to the
COVID-19 pandemic. In the United States, health care systems and governmental agencies have relied
on several models, such as the Institute for Health Metrics and Evaluation, Youyang Gu (YYG),
Massachusetts Institute of Technology, and Centers for Disease Control and Prevention ensemble, to
predict short- and long-term trends in disease activity. The Mayo Clinic Bayesian SIR model, recently
made publicly available, has informed Mayo Clinic practice leadership at all sites across the United
States and has been shared with Minnesota governmental leadership to help inform critical decisions
during the past year. One key to the accuracy of the Mayo Clinic model is its ability to adapt to the
constantly changing dynamics of the pandemic and uncertainties of human behavior, such as changes
in the rate of contact among the population over time and by geographic location and now new virus
variants. The Mayo Clinic model can also be used to forecast COVID-19 trends in different hypo-
thetical worlds in which no vaccine is available, vaccinations are no longer being accepted from this
point forward, and 75% of the population is already vaccinated. Surveys indicate that half of American
adults are hesitant to receive a COVID-19 vaccine, and lack of understanding of the benefits of
vaccination is an important barrier to use. The focus of this paper is to illustrate the stark contrast
between these 3 scenarios and to demonstrate, mathematically, the benefit of high vaccine uptake on
the future course of the pandemic.
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he rapid development and availabil-

ity of vaccines have had a significant

impact on the potential to control
the COVID-19 pandemic. In the United
States, 3 vaccines are currently approved by
the Food and Drug Administration with
emergency use authorization. A number of
real-world studies have demonstrated high-
level effectiveness in preventing symptom-
atic and asymptomatic infections with these
available vaccines."" The current adminis-
tration has suggested that everyone who
would like to receive a vaccine will be able
to receive one by May 1, 2021. However,

surveys indicate that half of American adults
are hesitant to receive a COVID-19 vaccine,
and lack of understanding of the benefits of
vaccination is an important barrier to use.”®

With the potential concerns around vac-
cine hesitancy, it would be valuable to un-
derstand the impact of different levels of
vaccination rates on controlling the
pandemic. Various modeling approaches
may be used to better understand the impact
of vaccination on infection rates. Predictive
models have played a critical role in local,
national, and international response to the
COVID-19 pandemic. In the United States,
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FIGURE 1. Mayo Clinic Bayesian SIR model 4-month forecast on April 6, 2021, for the state of Minnesota (MN) cases (7-day average

per 100,000), hospital general care (floor) census, and intensive care unit (ICU) census.

health care systems and governmental
agencies have relied on several models,
such as the Institute for Health Metrics and
Evaluation,’ Youyang Gu (YYG).,® Massa-
chusetts Institute of Technology,” and Cen-
ters for Disease Control and Prevention
(CDC) ensemble,"’ to predict short- and
long-term trends in disease activity. In this
paper, we use the Mayo Clinic Bayesian SIR
model to compare 3 vaccine uptake sce-
narios in the future course of the pandemic.
The Mayo Clinic Bayesian SIR model was
recently made available to the public.''
This model has been used by practice leader-
ship at all Mayo Clinic hospitals across the
country to safely manage patient volumes
and has been shared with Minnesota state
leadership to help inform critical decisions
during the past year. One key to the accu-
racy of the Mayo Clinic model is its ability
to adapt to the constantly changing dy-
namics of the pandemic and uncertainties
of human behavior. Examples include
changes in the rate of contact among the
population over time and by geographic
location and, more recently, the impact of
new virus variants. The Mayo Clinic model
can also be used to forecast COVID-19
trends in different hypothetical worlds in
which no vaccine is available, vaccinations
are no longer being accepted from this point
forward, and 75% of the population is

already vaccinated. The focus of this paper
is to illustrate the stark contrast between
these 3 scenarios and to demonstrate, math-
ematically, the impact of vaccine uptake on
the future course of the pandemic.

PROBABILISTIC CHARACTERIZATION OF
FUTURE COVID-19 CASES AND
HOSPITALIZATIONS

The Mayo Clinic Bayesian SIR model along
with the corresponding vaccination model
and all assumptions have been previously
described by Storlie et al.'"' However, we
provide an overview in a supplement to
this article for convenience because the re-
sults depend heavily on the vaccination
model and assumptions being used.

Figure 1 provides a forecast for cases and
hospital census (general care and intensive
care unit, respectively) in the state of Minne-
sota for the next 4 months as of April 6, 2021
(the time of this writing), under our best
guess for vaccinations going forward. The
vaccination model is described the
Supplemental Material (available online at
http://www.mayoclinicproceedings.org) but
essentially assumes that future vaccination
trends will be similar to the past few weeks
until we reach a point of dwindling demand
(when 50% to 75% of the population has
been vaccinated). These results suggest that
the current rise in COVID cases

in

in
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FIGURE 2. Hypothetical scenario: If no one were vaccinated, what would the future look like? Four-month forecast on April 6, 2021,
for the state of Minnesota (MN) cases (7-day average per 100,000), hospital general care (floor) census, and intensive care unit (ICU)
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Minnesota is likely to continue for a few
more weeks before decreasing into the sum-
mer. The interquartile range (dashed lines)
and the 90% Bayesian credible interval indi-
cate bounds that should contain the future
trend with 50% and 90% certainty, respec-
tively. Based on prospective validation, the
Bayesian SIR model has been accurate with
its probability statements representing this
uncertainty, namely, close to 50% of future
paths for cases and hospitalizations have
fallen within the predictive interquartile
range for time horizons up to 4 weeks and
similar for the 90% bounds.'' These bounds
indicate that a large rise approaching the
magnitude of cases observed in November-
December 2020 is possible, even if unlikely.
It is also possible that cases and hospitaliza-
tions will stop increasing immediately and
begin to fall off much sooner, although this
is also unlikely.

THREE HYPOTHETICAL VACCINATION
SCENARIOS
In this section, 3 hypothetical vaccination
scenarios are considered. Whereas none of
these scenarios are realistic, they serve to
illustrate the critical impact of vaccination
rates on COVID-19 cases and
hospitalizations.

The first scenario depicted in Figure 2
shows a hypothetical future in which a

COVID-19 vaccine did not exist under our
current behavior patterns with current
strains of the virus. For a given county and
day, the model estimates a rate of spread
for a given infected individual if all people
were susceptible but then suppresses that
rate by the proportion of the population
that is not currently susceptible to infection.
This model estimate for the unabated rate of
spread can change as a result of new variants
or changes in social behavior. To produce
the “no vaccine” scenario, we simply placed
the vaccinated individuals back into the sus-
ceptible pool and propagated the model for-
ward with no impedance to the rate of
spread due to vaccination. However, it is still
assumed that there is impedance due to nat-
ural infection—acquired immunity.

The rise under this scenario is stark and
almost unbelievable. This is because the
actual rise that is currently happening in
Minnesota is in the face of an approximately
35% vaccinated population (according to
CDC data), which means the unabated
spread rate in the model right now is very
high. That is, if no one were vaccinated, we
would likely be seeing a much higher repro-
duction number right now than we have
seen since very early in the pandemic. It is
difficult to untangle how much of this
elevated rate of spread right now is due to
new variants as opposed to changes in social
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FIGURE 3. Hypothetical scenario: If no more people were vaccinated, what would the future look like? Four-month forecast on April
6, 2021, for the state of Minnesota (MN) cases (7-day average per 100,000), hospital general care (floor) census, and intensive care

unit (ICU) census assuming no further vaccination from this point forward.

behavior. Regardless of the reason, the
absence of vaccinations in the current envi-
ronment would have been likely to result
in by far the largest surge to date.

Thankfully, we do have several effective
vaccines that people are receiving. As of
this writing, according to CDC data, 33%
of the US population has received at least 1
dose of vaccine.'” The second hypothetical
scenario examines resulting cases and hospi-
talizations in the event that no further vacci-
nations are given (Figure 3). Our model
demonstrates that existing vaccinations are
substantially blunting the rise predicted in
Figure 2. However, without further vaccina-
tions, the risk of a substantial increase is
much greater and would last much longer
than what is expected under our best guess
scenario presented in Figure 1.

Finally, the last scenario in Figure 4 ex-
plores what would happen if the population
were 75% vaccinated right now. This forecast
is as stark as the no vaccination scenario. Ac-
cording to the model, this level of vaccination
would completely suppress the growth (even
in the face of the recent elevated spread rates)
and immediately drive cases and hospitaliza-
tions down to very low levels.

DISCUSSION
The Mayo Clinic Bayesian SIR model was
developed during the early weeks of the

COVID-19 pandemic by a
modeling task force. The goal was to pro-
vide COVID-19 census forecasting to help
clinical leaders understand the potential
short- and long-term impacts of the
pandemic on hospital operations. Since
inception, the model has been continu-
ously revised to account for more data
sources and the evolving dynamics of
the pandemic, most recently the addition
of vaccination. Several vaccination sce-
narios show how vaccination rates will
shape the future of the COVID-19
pandemic.

There are several important caveats to
these results. These results are dependent
on the wuncertainties of our model,
although it is a model that has made ac-
curate predictions for COVID surges
thus far.'' Given our current knowl-
edge,'”"” it is likely that vaccination-
acquired (and natural infection—acquired)
immunity will wane and the population
will once again become vulnerable to
SARS-CoV-2 infection. Our best under-
standing based on experience with other
coronaviruses is that duration of immu-
nity may be on the order of 1 to 2 years
(on average),'”'” with some becoming
susceptible again to infection sooner
than others. This time frame also depends
greatly on the impact of new virus

predictive
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variants on vaccine efficacy. It is also un-
derstood that the fewer cases there are,
the less opportunity that SARS-CoV-2
has to mutate and to generate new strains
that can escape vaccine-induced immu-
nity. The vaccine is not 100% effective,
even in the next few months after it has
been received, so it will not prevent all
infections, and this is considered in the
modeling results. However, vaccination
has also been shown to decrease the
severity of infections and potential need
for hospitalizations.

CONCLUSION

Comparing the range of predictions between
scenarios offers compelling evidence for
what many have assumed to be true, namely,
without vaccinations, a large surge would be
imminent. Conversely, vaccinations will
suppress an otherwise inevitable surge of
cases, but only if enough individuals take
advantage of what modern science has pro-
vided. With continued education, persever-
ance, and exemplary leadership at the local,
state, and national levels, attaining a 75%
vaccination rate is a realistic goal. This is
the shortest path to return to life as we
knew it before the pandemic.
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