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Abstract 

Background  As we continue the fourth year of the COVID-19 epidemic, SARS-CoV-2 infections still cause high 
morbidity and mortality in the United States. During 2020–2022, COVID-19 was one of the leading causes of death 
in the United States and by far the leading cause among infectious diseases. Vaccination uptake remains low 
despite this being an effective burden reducing intervention. The development of COVID-19 therapeutics provides 
hope for mitigating severe clinical outcomes. This modeling study examines combined strategies of vaccination 
and treatment to reduce the burden of COVID-19 epidemics over the next decade.

Methods  We use a validated mathematical model to evaluate the reduction of incident cases, hospitalized cases, 
and deaths in the United States through 2033 under various levels of vaccination and treatment coverage. We 
assume that future seasonal transmission patterns for COVID-19 will be similar to those of influenza virus and account 
for the waning of infection-induced immunity and vaccine-induced immunity in a future with stable COVID-19 
dynamics. Due to uncertainty in the duration of immunity following vaccination or infection, we consider three expo‑
nentially distributed waning rates, with means of 365 days (1 year), 548 days (1.5 years), and 730 days (2 years). We 
also consider treatment failure, including rebound frequency, as a possible treatment outcome.

Results  As expected, universal vaccination is projected to eliminate transmission and mortality. Under current 
treatment coverage (13.7%) and vaccination coverage (49%), averages of 81,000–164,600 annual reported deaths, 
depending on duration of immunity, are expected by the end of this decade. Annual mortality in the United States 
can be reduced below 50,000 per year with 52–80% annual vaccination coverage and below 10,000 annual deaths 
with 59–83% annual vaccination coverage, depending on duration of immunity. Universal treatment reduces hos‑
pitalizations by 88.6% and deaths by 93.1% under current vaccination coverage. A reduction in vaccination cover‑
age requires a comparatively larger increase in treatment coverage in order for hospitalization and mortality levels 
to remain unchanged.

Conclusions  Adopting universal vaccination and universal treatment goals in the United States will likely lead 
to a COVID-19 mortality burden below 50,000 deaths per year, a burden comparable to that of influenza virus.
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Background
The COVID-19 epidemic in the United States entered 
its fourth year on March 1, 2023, with 507,000 Ameri-
cans dying in the first year, 433,000 in the second year, 
and 136,000 in the third year [1]. The epidemic response 
focused initially on non-pharmaceutical interventions 
(NPIs), treatment of severe cases, vaccine rollout in 
early 2021, and widespread rapid testing by late 2021 [2]. 
However, none of these interventions have allowed the 
US COVID-19 death rate to fall below 100 deaths per 
day even during non-peak periods of transmission. This 
would be required to lower COVID deaths to an annual 
number near 50,000 (< 20/100,000 annual mortality inci-
dence), comparable to a severe influenza season [3]. Such 
a goal is reasonable for the US, a wealthy country with 
advanced public and private sectors in medicine and pub-
lic health. To achieve a substantial mortality reduction in 
COVID-19 in the next several years, the most probable 
path lies in our past successes at controlling vaccine-
preventable diseases: actively promoting universal or 
near-universal vaccine coverage rather than issuing rec-
ommendations for voluntary individual vaccine uptake.

The unique challenge in long-term planning of SARS-
CoV-2 vaccination is that it conforms neither to our past 
experiences eliminating childhood vaccine-preventable 
infections such as smallpox, polio, or measles, nor can it 
be modeled on our current strategy to promote voluntary 
influenza vaccination which is meant to reduce risk of 
hospitalization and death in the youngest and oldest age 
groups. The clinical burden of SARS-CoV-2 is concen-
trated in the oldest age groups where population mortal-
ity rates are several times higher than those for influenza 
[4, 5]. Thus, it is likely that past approaches of universal 
childhood vaccination or voluntary vaccination, i.e., 
without urgent recommendations and proactive plan-
ning, will not work at substantially reducing the annual 
COVID-19 mortality burden.

Currently, there is substantial evidence that available 
COVID-19 vaccines are safe and effective at reducing 
transmission and decreasing the severity of disease [6, 7]. 
Modeling studies have shown that increasing vaccination 
coverage is beneficial for population health [8, 9], with 
some evidence in favor of targeting vulnerable popula-
tions in particular [10] and of combining vaccination with 
NPIs [11]. Similarly, current treatments have been shown 
to reduce the severity of disease, the likelihood of hospi-
talization, and the duration of infection [12–15]. This is 
in contrast to other respiratory viruses, where treatments 
are not widely available [16]. Therefore—with appropri-
ate supply, access, cost, and coverage—it may be possi-
ble to substantially reduce annual SARS-CoV-2 mortality 
rates in the US through therapeutic interventions in the 
current context of voluntary vaccination. However, fewer 

studies have aimed to examine how to use both vaccina-
tion and therapeutics to successfully reduce mortality. 
It is not known what combination of increased vaccina-
tion rates and increased access to anti-COVID therapeu-
tics would be the most cost-effective, and it is likewise 
not known what level of coverage of each is required to 
reduce annual death counts to levels similar to or lower 
than those for influenza virus.

This study aims to evaluate the effectiveness of dif-
ferent strategies using antiviral medications in tandem 
with higher levels of vaccination to adequately reduce 
COVID-19 morbidity and mortality in future epidemic 
years. We adapted a previously validated mathematical 
model of SARS-CoV-2 epidemiology and clinical pro-
gression in the US to predict future burden and then 
implemented various strategies of vaccine and antiviral 
deployments. We compared effectiveness of strategies 
via reductions in case totals, hospitalizations, and deaths. 
The results of this study provide insight into the benefits 
of using both annual vaccines and antiviral medications 
to reduce long-term COVID-19 burden.

Methods
This study uses a previously published dynamical model 
(Additional file  1: Fig. S1) [17–19] designed to examine 
COVID-19 burden in Rhode Island (RI), Massachusetts, 
Connecticut, and Pennsylvania. The model incorporates 
key aspects of SARS-CoV-2 dynamics, including asymp-
tomatic transmission, vaccination, and age-specific (10-
year age bands) risks of infection and severe outcomes. 
The model also accounts for underreporting of disease 
burden through a reporting rate, allowing the infected 
classes to represent reported symptomatic cases. Eleven 
daily data streams were used for the Bayesian model fit, 
which showed consistency in its inference of clinical and 
epidemiological transition parameters across four differ-
ent states and at different phases of data collection [17, 
18]. We adapted the previously published model, and 
based on its previous fit for RI [17, 18], we calibrated the 
transmission rate for the US and produced simulations 
for the present study.

Data sources
Daily data for cumulative cases, hospitalizations, and 
deaths are publicly available from the RI Department of 
Health (DOH) [20]. From these, we calculated daily inci-
dent cases, hospital admissions, and deaths. To apply 
results from a model calibrated to RI to the entire US, 
we collected weekly incident cases and deaths for the 
US, which are publicly available from the US Centers for 
Disease Control and Prevention (CDC) [1], and weekly 
hospitalization data, which are publicly available from 
the Department of Health and Human Services (HHS) 
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[21]. These data are available by state and were summed 
to represent national burden. For both RI and the US, we 
collected data between March 1, 2020, and November 30, 
2022.

COVID-19 vaccination data for RI are publicly avail-
able from RI DOH and CDC. Weekly counts of people 
who completed the doses of a primary series (two doses 
of Pfizer or Moderna vaccines or single dose of Johnson 
and Johnson vaccine) from RI are available from RI DOH 
[20] from December 13, 2020, to July 30, 2022. The data 
afterwards are available from CDC [22] through Novem-
ber 30, 2022. Both data sources contain age-specific totals 
of individuals receiving a COVID-19 vaccine (either an 
initial series or booster). The age groups from CDC were 
as follows: 0–4, 5–12, 13–17, 18–64, 65 + , and these were 
adjusted to our 10-year age bands assuming a uniform 
distribution of coverage within each CDC age band.

Monthly influenza vaccination coverage from the 
2010–2011 season to the 2020–2021 season was collected 
from the CDC [23], provided by the National Immuniza-
tion Survey-Flu (NIS-Flu) and the Behavioral Risk Factor 
Surveillance System (BRFSS). Coverage was estimated 
as the proportion of the US population that received an 
influenza vaccine based on telephone surveys conducted 
from October to May in each season. Coverage among 
children (6 months–17 years old) is reported by NIS-Flu, 
and coverage among adults is reported by BRFSS.

The national and jurisdictional cumulative counts of 
delivered and administered therapeutics including nir-
matrelvir/ritonavir (Paxlovid), molnupiravir (Lagevrio), 
and tixagevimab/cilgavimab (Evusheld) are available 
from HHS [24]. We defined treatment coverage in the 
current season as the coverage of Paxlovid because it is 
the most commonly used COVID-19 therapeutic in the 
US. Current treatment coverage is 13.7%, calculated from 
total administered doses of Paxlovid (6,279,116) and total 
COVID-19 cases (45,666,906) between January 1, 2022, 
and November 30, 2022, in the US.

Model adaptation
We introduced one vaccination class to the previously 
developed model. The vaccine provides protection 
against infection: after receiving a vaccine, individuals 
are moved to this class (“Vac” in Additional file 1: Fig. 
S1). The vaccine only protects individuals who are not 
infected, including individuals who recently recovered 
or were discharged from hospital, and susceptible indi-
viduals. While we allow individuals who are infected 
and not yet symptomatic to get vaccinated, including 
individuals who are presymptomatic or asymptomatic, 
they will continue a normal course of infection. We 
assumed that mRNA vaccines have around 95% effi-
cacy against infection for age > 18 based on previous 

studies [25, 26]. Thus, we assume 95% vaccine efficacy 
against infection for all ages. From December 13, 2020, 
to November 30, 2022, the vaccination rate was deter-
mined by the weekly number of people who completed 
a primary series (two doses from Pfizer or Moderna, 
or one dose from Johnson & Johnson) reported by RI 
DOH or CDC.

To account for treatment of symptomatic individuals, 
additional transitions were added between classes. Dur-
ing the 6-day infection period, symptomatic individuals 
who receive treatment will do so during the first 3 days 
of infection. As a rebounding effect (the relapse of symp-
toms or viral load within a short time after treatment) 
of the therapeutics has been reported [27–32], we con-
sider three treatment outcomes: (i) successful treat-
ment, where patients recover completely after treatment 
and move to the recovered class after day 3 of infection; 
(ii) treatment failure, which includes rebound, where 
patients are still symptomatic and infectious after failed 
treatment; and (iii) hospitalization, where patients are 
hospitalized after failed treatment. Treatment efficacy 
is modeled by two parameters: probability of treatment 
failure and hospitalization fraction given treatment fail-
ure. We set the probability of treatment failure to be 5.9% 
based on population studies on the rebounding effect of 
Paxlovid and Molnupiravir [32, 33] and the probability 
of hospitalization after failed treatment to an 88% risk 
reduction of hospitalization when compared to no treat-
ment [12, 34]. Other values for these parameters are 
discussed in the “Potential risks of vaccine or treatment 
failure” section.

We introduced waning of infection-induced and vac-
cine-induced immunity starting at the beginning of the 
Delta period (June 2021). A number of studies have been 
published comparing times to reinfection among individ-
uals who have or have not been previously vaccinated or 
infected [35–42] many of which align with an estimated 
40% to 70% becoming susceptible to reinfection after 
1 year (Table S1). Comparison among studies and infer-
ence on absolute measures of protection are challenging 
as the studies (i) used different controls groups and (ii) 
used cohorts that were exposed to infection during dif-
ferent periods of the epidemic. Nevertheless, the rates 
of reinfection in these studies appear to be consistent 
with average rates of immune waning between 365 days 
(1  year) and 730  days (2  years), so we considered both 
durations as well as 548  days (1.5  years) in analyses. 
Exponentially distributed waning periods with mean 
durations of 365 days, 548 days, and 730 days imply that 
63%, 49%, and 39% of individuals lose immunity within 
1 year of infection, respectively.

Since we project disease burden for a long duration 
(8 years), we also incorporated natural births, deaths, and 
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aging in the model. The national natural birth and death 
rates were based on recent CDC reports [43, 44].

Parameters pertaining to clinical progression, such as 
probability of symptomatic infection, hospitalization, 
and death, were previously fit for RI using data through 
June 6, 2021 [18]; we used these values in the model for 
this time period. These, as well as parameters for vac-
cine and treatment efficacies [45], were updated based on 
published literature for the Delta period (June 7, 2021–
December 20, 2021) and Omicron period (December 21, 
2021 onward) [46–51]. Details are presented in Table S2.

Between June 7, 2021, and November 30, 2022, we cali-
brated the time-varying transmission rate to fit the daily 
hospitalized cases in the US such that at least 85% of the 
days within this period produced modeled hospitaliza-
tion values within 10% of the observed hospitalization 
incidence. Across the three transmission assumptions, 
the weeks falling outside this window occurred in June, 
July, and August of 2021 and May, June, and November 
of 2022. We chose to fit hospitalization data because it 
is less affected by underreporting. We then applied the 
average transmission rate parameter in the Omicron 
period (December, 21, 2021, to November, 30, 2022) to 
December 1, 2022, through February 28, 2023, multiplied 
by a factor such that the observed deaths between March 
1, 2022, and February 28, 2023, would be approximately 
170,000, reflecting the probable number of deaths during 
this period (162,136 between March 2, 2022, and Janu-
ary 31, 2023, as of February 7, 2023) [1]. To apply results 
from a RI-calibrated model to the entire US, we scaled 
model outputs using the ratio of the total reported symp-
tomatic cases between the US and RI during each of the 
four variant periods: wildtype (March 1, 2020–March 30, 
2021), Alpha (March 31, 2021–June 6, 2021), Delta (June 
7, 2021–December 20, 2021), Omicron (December 21, 
2021 onward). We used this method rather than scaling 
by population size because RI contributes a substantially 
higher number of cases compared to population. The US 
population is 330 times larger than the RI population, 
and US case numbers were between 220 and 240 times 
higher than RI case numbers; this is likely due to higher 
population density and higher-than-average reporting in 
RI. This method is also equivalent to comparing popu-
lation-based incidence for RI and the US. The scaled-up 
results match the trends observed in the US (Additional 
file 1: Fig. S2).

Using current coverage of vaccination and treat-
ment, we established a “status quo” scenario, represent-
ing COVID-19 projections if vaccination and treatment 
use remain unchanged. We set the status quo treatment 
coverage at 13.7% and the initial vaccination coverage to 
49% based on the allocation of Paxlovid and the adminis-
tered number of primary series and boosters during the 

third year of the epidemic (2022–2023) (detailed assump-
tion of vaccine coverage are in Additional file 1: S1 Text, 
Table S3, and Fig. S3). Current statewide levels of treat-
ment and vaccination are available in Additional file  1: 
Fig. S4 and Additional file 1: Fig. S5.

Projecting future disease burden
We assumed future transmission would be equal to the 
average over the observed Omicron period (December 
21, 2021–November 30, 2022) and adjusted the trans-
mission levels in the model for future projections based 
on influenza dynamics in the US. Seasonal wintertime 
forcing in transmissibility was introduced starting in the 
2023–2024 season, where transmission increases by up 
to 20% in a sinusoidal curve between October and Feb-
ruary, estimated from influenza transmission during win-
ter in the northeastern US [52]. We assumed monthly 
COVID-19 vaccination patterns would resemble those 
of influenza vaccinations. Age-specific proportions of 
influenza vaccines administered during each month were 
linearly interpolated to generate age-specific propor-
tions of administered COVID-19 vaccines administered 
each week in a year (Details in Additional file 1: S1 Text). 
The annual age-specific trend of vaccination is shown in 
Additional file 1: Fig. S6.

From the status quo, we generated model projections 
from March 1, 2023, to February 28, 2033, and recorded 
cumulative reported cases, hospital admissions, and 
deaths. We then applied changes in vaccine coverage 
and treatment coverage to the model to estimate burden 
under different strategies of vaccination and/or treat-
ment. Because the epidemic showed transient dynamics 
over the first two seasons (2023, 2024) and settled down 
to stationary behavior starting in 2025, we used averaged 
annual cases, hospital admissions, and deaths over 2025–
2033 as the primary measure for comparison across 
strategies. We repeated analyses for two additional trans-
missibility scenarios, optimistic and pessimistic, referring 
to transmissibility equal to half and double, respectively, 
of that observed during the 2022–2023 season.

Results
Status quo projections
If current vaccination and treatment coverage (49% and 
13.7%, respectively) do not change going forward and 
a neutral assumption regrading transmission (average 
transmission from 2022–2023 stays the same) holds, 
our model projects an average annual COVID-19 bur-
den of 12.7 million reported cases, 485,000 hospitaliza-
tions, and 81,000 deaths for 730-day immune waning; 
21.3 million reported cases, 807,000 hospitalizations, 
and 127,000 deaths for 548-day immune waning, 
and an annual burden of 30.1 million reported cases, 
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1,111,000 hospitalizations, and 164,000 deaths for 365-
day immune waning. In an “optimistic” scenario where 
future transmission rates are half of the estimated 
transmission rates for the 2022–2023 season, yearly 
burden ranges from 1.3 million to 7.3 million cases, 
47,000 to 224,000 hospitalizations, and 6689 to 29,000 
deaths (across the three immune waning rates). In a 
“pessimistic” scenario where transmission is doubled, 
yearly burden is estimated to be between 20.8 million 
and 50.6 million cases, 917,000 and 2.2 million hospi-
talizations, and 167,000 and 362,000 deaths. The neu-
tral and pessimistic scenarios both predict mortality 
from COVID-19 that substantially exceeds that from 
influenza seasons (range of annual mortality: 12,000–
52,000 [3]) if no increases are made to vaccination or 
treatment coverage.

Increasing vaccination coverage
Assuming treatment coverage remains at current lev-
els, increasing vaccination coverage alone reduces 
cases, hospitalizations, and deaths. When the transmis-
sion rate stays the same as the 2022–2023 season (neu-
tral scenario), our model shows that annual deaths from 
COVID-19 during the next 5–10  years can be reduced 
to fewer than 50,000 (comparable to a severe influ-
enza season) if more than 52% (730-day immune warn-
ing), 62% (548-day immune waning), or 80% (365-day 
immune waning) of the population is vaccinated every 
year. Deaths can be reduced to fewer than 10,000 if 
more than 59% (730-day immune waning), 72% (548-day 
immune waning), or 83% (365-day immune waning) of 
the population is vaccinated every year (Fig. 1). In these 
neutral scenarios, disease burden would be eliminated by 
the start of the 2025–2026 season if annual vaccination 

Fig. 1  Annual cases, hospitalizations, and deaths between 2025 and 2033 under varying vaccination coverages in three transmission scenarios 
and three immune durations. The current vaccination coverage is 49%. The treatment coverage through the entire period is 13.7%
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reaches 68% (730-day immune warning), 76% (548-day 
immune waning), or 90% (365-day immune waning) cov-
erage, respectively.

If future transmissibility is halved, current vaccination 
coverage (49%) would reduce deaths below 50,000 for all 
three durations of immune waning. Increasing the cov-
erage to 56% (365-day immune duration), 52% (548-day 
immune duration) would reduce annual deaths below 
10,000 by the 2025–2026 season, which is achieved 
with 49% coverage if the immune duration is 730  days. 
Increasing coverage to 58% (730-day immune dura-
tion), 61% (548-day immune duration), and 68% (365-
day immune duration) would eliminate mortality at the 
beginning of the 2025–2026 season. In the pessimistic 
scenario where transmissibility is doubled, even universal 
vaccination coverage is not projected to reduce annual 
mortality below 50,000 if the true mean duration of 
immune waning is 365  days. Annual vaccination cover-
age needs to reach 78% for 548-day immune duration and 
65% for 730-day immune duration to achieve fewer than 
50,000 deaths per year. Eighty-two percent for 548-day 
immune duration or 72% for 730-day immune duration is 
needed to reduce annual deaths below 10,000. To elimi-
nate mortality, 89% (548-day immune duration) or 78% 
(730-day immune duration) annual vaccine coverage is 
needed to eliminate mortality as we enter the 2025–2026 
season.

Increasing treatment coverage
Assuming current vaccination coverage and virus trans-
missibility remain unchanged, treatment coverage or 
treatment access rates of 47% (730-day immune dura-
tion), 69% (548-day immune duration), or 77% (365-day 
immune duration) would be sufficient to reduce annual 
death rates below 50,000. One hundred percent treat-
ment coverage cannot reduce the annual death below 
10,000 under 365-day and 548-day. Ninety-five percent 
treatment coverage would reduce the annual death below 
10,000 under 730-day. Benefits of universal treatment 
are consistent across the three transmission scenarios 
and three immune durations with average reductions of 
88.6% for hospitalizations and 93.1% for deaths. Increas-
ing population-level treatment coverage reduces disease 
burden in a linear manner (Fig. 2) and is more effective 
at reducing hospitalizations and deaths than infections. 
We project that a 10% increase (absolute percentage 
points) in treatment coverage leads to an average annual 
reduction of 390,000 cases, 111,000 hospitalizations, and 
17,400 deaths (365-day immune waning); a reduction of 
265,000 cases, 80,000 hospitalizations, and 13,400 deaths 
(548-day immune duration); or a reduction of 312,000 
cases, 49,000 hospitalizations, and 8,700 deaths (730-
day immune waning). As expected, access to treatment 

becomes more important as vaccination coverage 
declines (Additional file 1: Fig. S7) and if future transmis-
sion rates increase (Fig. 2); though the relative decrease is 
similar across scenarios, the absolute difference changes 
substantially.

Combining strategies of vaccination and treatment 
coverage
We varied treatment and vaccine coverage simultane-
ously to identify combinations that lower annual death 
counts to more acceptable levels. For example, if vac-
cination coverage can only be increased to 55%, then 
55% vaccine coverage with 65–75% treatment coverage 
(depending on immune durations) would reduce annual 
death counts below 50,000 (Fig. 3, Additional file 1: Fig. 
S8). The accrual of public health benefits is linear with 
increasing treatment coverage but non-linear (acceler-
ating) with increasing vaccination coverage. Sufficiently 
high vaccination rates will eliminate deaths altogether 
regardless of treatment coverage, but the same is not true 
for sufficiently high treatment access. Multiple combina-
tions of vaccine/treatment access are projected to lead to 
annual death counts below 50,000; as examples, for 548-
day immune duration, 55%/65% access, 45%/75% access, 
and 35%/85% access are all associated with ~ 50,000 
annual deaths (Fig. 3). A small drop in vaccination cov-
erage requires a comparatively larger compensatory 
increase in treatment coverage to achieve the same mor-
tality result. Similar effects of vaccination and treatment 
are observed in reducing hospitalization (Additional 
file 1: Fig. S9) or cases (Additional file 1: Fig. S10).

Current vaccine and treatment coverages by state serve 
as examples of achievable coverage levels at the national 
level (Additional file 1: Fig. S4, Additional file 1: Fig. S5). 
Additionally, this information identifies states requir-
ing the most effort and highest resource allocation to 
improve coverage rates, as well as those currently pur-
suing strategies that would yield adequately low annual 
mortality. Under 730-day immune waning, eight states’ 
current vaccination and treatment coverages would 
result in less than 10,000 annual deaths if applied nation-
ally, and 11 would result in annual deaths between 10,000 
and 50,000. Under 548-day immune waning, only six 
states have current vaccination and treatment coverages 
that would result in annual deaths below 10,000 (if those 
coverages were reached nationally), and three have cov-
erages that would achieve between 10,000 and 50,000 
deaths (Fig. 4). Under 365-day immune waning, no state’s 
coverage would achieve under 10,000 deaths, and one 
state’s coverage would achieve under 50,000 deaths if 
applied nationally. Most states are under-vaccinated, with 
current coverage levels that would be associated > 50,000 
annual deaths nationally under 730-day or 548-day 
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waning. Even higher coverage of vaccination and treat-
ment would be needed under 365-day immune waning 
(Additional file 1: Fig. S11).

Burden reduction of age‑specific vaccination
We examined the potential benefits of increasing vac-
cination coverage in a particular age group by increas-
ing coverage by 25% for each of four age groups: 0–19, 
20–49, 50–69, and > 70. Given an immune duration 
of 548  days, we found that age-specific effects vary 
across transmission scenarios and the baseline vacci-
nation coverage (Fig.  5). Targeting the age group with 
the highest population (20–49), the age group with 
the highest contact rate (0–19) or the age group with 

the highest death risks (> 70) can all maximize the dis-
ease burden reduction under a combination of specific 
transmission scenario and baseline vaccination cover-
age. The result suggests a combined consequence from 
multiple approaches reducing disease burden: either 
from removing the source of transmission by vaccinat-
ing the younger age group or directly protecting the 
elderly from death by vaccination when the transmis-
sion is far from elimination. The findings indicate the 
necessity for a flexible approach in the management of 
age-specific vaccination strategies. Evaluation of the 
current transmission rate and contact rate would be 
needed to make strategies to maximize the disease bur-
den reduction.

Fig. 2  Annual cases, hospitalizations, and deaths between 2025 and 2033 under varying treatment coverage in three transmission scenarios 
and three immune durations. The current treatment coverage is 13.7%. The vaccination coverage through the entire period is 49%
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Fig. 3  Mean annual deaths (in thousands) between 2025 and 2033 under various combinations of vaccination and treatment coverage. Three 
rates of immune waning are considered: 365 days (top), 548 days (middle), and 730 days (bottom). The outlined cell represents the treatment 
and vaccination coverages closest to observed levels (49% vaccine coverage, 13.7% treatment coverage)
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Potential risks of vaccine or treatment failure
To account for uncertainty in future vaccine and treat-
ment efficacies, we examined additional scenarios to 
determine how model projections would change if vac-
cine or treatment efficacies dropped. In all three trans-
mission scenarios, disease burden can still be eliminated 
after the 2025–2026 season under high coverage of a vac-
cine with 88% efficacy [53] (this was chosen as the effi-
cacy of primary series of vaccinations against the Delta 
variant); at least 63–74% coverage would be required 
under the optimistic scenario (for the three waning 
rates), 73–98% under the neutral scenario, and 85–98% 
coverage under the pessimistic scenario for 548-day 
and 730-day immune duration. For a vaccine with 50% 
efficacy—to provide an example of an immune-escape 
scenario like the one seen when the Omicron variant 
emerged in autumn 2021—universal vaccination would 
not eliminate mortality burden (Additional file  1: Fig. 
S12).

Post-treatment viral rebound is a concern for treatment 
uptake and efficacy, but it is currently rare, seen in < 10% 
of patients [27–31, 54]. Our projections indicate that if 
the probability of treatment failure increases to 20%, uni-
versal treatment would still be able to reduce mortality 
by 84% and hospitalizations by 88%, on average, across 
all three transmission scenarios and three immune dura-
tions (Additional file 1: Fig. S13). Furthermore, if the true 

risk reduction for hospitalization of treatment is 50%, 
lower than the originally reported 88%, as indicated in 
recent CDC reports [13], universal treatment is projected 
to reduce mortality by 82% and hospitalization by 59% 
on average across all three transmission scenarios and 
three immune durations. Similarly, using a risk reduction 
for hospitalization of 30% (as seen in molnupiravir trials 
[55]), universal treatment is projected to reduce mortality 
by 77% and hospitalization by 45% on average across all 
three scenarios and three immune durations (Additional 
file 1: Fig. S14).

Discussion
We used a previously validated model to assess future 
COVID-19 burden under different vaccination and treat-
ment coverages. Our model showed that, if transmission 
remains unchanged, current vaccine and treatment cov-
erage levels between December 2021 and November 2022 
are projected to lead to 81,000–164,600 deaths annually 
(range: 6700–362,000, across various scenarios of trans-
mission severity and immune durations), a mortality 
level that exceeds the most severe influenza seasons. As 
expected [56, 57], simulations of SARS-CoV-2 dynamics 
through 2033 show that high vaccination coverage and 
high treatment coverage are both effective approaches for 
lowering COVID-19 deaths below 50,000 deaths annu-
ally—a crucial marker that will allow our public health 

Fig. 4  Estimated annual burden between 2025 and 2033 under 548-day immunity waning if implementing the current vaccination and treatment 
coverages of 50 states nationally (black dots). Contour lines show 10,000 and 50,000 annual deaths, representing the highest and lowest death 
counts from recently observed influenza seasons
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system to state that control of SARS-CoV-2 is approxi-
mately as successful as control of influenza virus.

As we continue the fourth year of the epidemic, 
COVID-19-associated mortality is still the largest among 
all infectious pathogens in the US. The next highest 
annual infectious disease mortality burdens in the US are 
attributed to influenza virus and pneumonia (between 
12,000 and 52,000 deaths annually), respiratory syn-
cytial virus (between 5,000 and 15,000 annual deaths) 
[58], HIV/AIDS (~ 6,000), and viral hepatitis (~ 5,000) 
[59]. Clearly, any controllable infectious pathogen that 
causes > 100,000 annual deaths needs constant prioritiza-
tion and the full attention of the Centers for Disease Con-
trol and Prevention, State Departments of Health, and 
federal budgeting decisions until annual death numbers 
can be brought down to levels comparable to other infec-
tious diseases.

Current vaccination coverage in the US remains low 
for a variety of reasons including lack of access, coor-
dinated disinformation campaigns [60, 61], and vaccine 
hesitancy [62]. Antiviral therapeutics and monoclonal 

antibody treatments (Table S4) offer another effective 
way of reducing COVID-19 hospitalizations and deaths 
when vaccine hesitancy may be too strong to overcome 
in the near term. However, as a long-term approach, it 
is important to remember that treatment offers direct 
benefits only (to the patient receiving the treatment) 
while vaccination provides both direct and indirect 
benefits by lowering the probability of (i) one’s own 
infection and (ii) onward infections they would have 
caused. The increased benefit of vaccination can be 
seen in Fig. 3, where increasing vaccination alone leads 
to greater reductions in mortality compared to similar 
increases in treatment, a finding echoed in other stud-
ies [56]. As vaccine coverage increases, the indirect 
benefits of vaccination do not suffer from diminishing 
returns; rather, they benefit from accelerating returns 
[63, 64]. This means that every additional vaccinee 
lowers total COVID-19 risk more than the previous 
vaccinee. It is imperative that we remind the nation’s 
public health leadership of this basic fact of epide-
miology as experience from the successful measles, 

Fig. 5  Annual burden across all ages between 2025 and 2033 given age-specific vaccination when immune duration is 548-day. The targeted 
age group (on x-axis) has 25% higher vaccination coverage than the vaccination coverage applied on other age groups. The current vaccination 
coverage is 49%. The treatment coverage through the entire period is 13.7%
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smallpox, and polio vaccination campaigns has faded 
from memory over the past 75  years. Additionally, 
although NPIs have proven to be effective [65, 66], 
they are best used as emergency measures while other 
interventions are insufficient or not yet available (e.g., 
during 2020 before COVID vaccines were approved). 
In a future with endemic COVID-19, vaccination and 
treatment are the most readily adoptable and sustain-
able interventions, as they do not require large-scale or 
long-term behavioral changes such as persistent mask-
ing, event cancelations, movement restrictions, and 
reduced social contacts.

This study contributes to current literature examining 
the benefits of vaccination coverage to manage COVID-
19 [10, 67, 68] while also incorporating treatment cov-
erage [56]. This contrasts with the majority of other 
treatment-focused studies by examining population ben-
efits rather than individual benefits [69, 70]. Our model 
provides reliable results through incorporating the key 
characteristics of long-term COVID transmission in the 
future, including immunity waning, natural birth, death, 
aging, and underreporting of the symptomatic cases.

The results of this study can help inform resource prior-
itization for vaccination and/or treatment. Prioritization 
can be evaluated at both regional and state levels, as vac-
cination and treatment coverage vary substantially across 
and within states (Fig.  4). Identifying states that should 
be prioritized for increased vaccination and/or treatment 
access would be an ideal way to initiate a national public 
health campaign intended to cover the majority of Amer-
icans with access to vaccines and COVID-19 treatments. 
The vertical and horizontal shifts in Figs. S9, S10 and S11 
can be used to anticipate changes in total case numbers 
and absenteeism, strains on healthcare systems, and pro-
jected death counts if vaccination and treatment access 
are inadequate.

Evaluating vaccination and treatment as national cov-
erage percentages does not account for nonuniform 
access to these interventions and the nonuniform risk of 
infection and severe outcomes that is already well known 
for SARS-CoV-2 transmission in the US. Prior to and 
throughout the COVID-19 epidemic, access to health-
care has been shown to vary substantially among various 
geographic and demographic groups. It is important to 
consider implementation strategies that are both effective 
and equitable [71, 72]. Therefore, we should be careful 
not to aim absolute or national-level coverage recom-
mendations at an uncertain herd immunity threshold—
a mistake made in early 2021 during the initial vaccine 
rollouts [18]. Recommendations should instead aim for 
universal access and coverage for both vaccination and 
treatment through strong and targeted recommenda-
tions adapted to every community’s priorities and needs. 

Passive recommendations for voluntary vaccination have 
so far proven unable to move annual COVID-19 vaccina-
tion past the 50% coverage mark [73].

Limitations
One notable limitation in our analysis is that we assume 
that SARS-CoV-2 dynamics in the US will progress in 
accordance to mixing patterns, reporting rates, and 
health care access as seen in our RI-based parameteriza-
tion. The data from RI have the best quality, and previ-
ous model fitting was most successful for RI compared 
to MA, CT, and PA [17, 18]. More than 40 statistical fits 
were performed during 2020 and 2021 at different stages 
of data completeness and proved that inference on clini-
cal parameters—progression rates to hospitalization, 
intensive care unit admission, death—and durations of 
infection and hospital care is robust across four states 
[17, 18]. This suggests that the basic clinical progression 
of a COVID-19 case is similar across states and different 
public health systems. However, population density, mix-
ing rates, and compliance with NPIs do vary among states 
and regions in the US. We attempted to address this by 
linking the situations in the US with RI. We calibrated the 
national transmission rate based on the national hospi-
talization data; we scaled national case numbers from RI-
case numbers to account for the differences in healthcare 
situations. But the unaccounted heterogeneity among 
states and counties will certainly have an effect on the 
implied herd immunity levels shown in Fig. 3.

Our model considered the susceptible (S) class as not 
immunologically naïve, instead having some immunity 
from previous infection or vaccination. The S class repre-
sents individuals whose immunity had waned enough to 
be susceptible to reinfection. This may bias our interpre-
tation of the results as the clinical progression between 
immune-naïve individuals and individuals with partial 
immunity is likely different. We attempted to address this 
by using clinical parameters from studies using popula-
tions containing both previously infected and vaccinated 
individuals (see Table S2). Some studies have shown that 
vaccine-induced immune protection from severe disease 
wanes more slowly than immune protection from infec-
tion [39], indicating differences in the durations of pro-
tection against infection and severe disease. Our model 
currently only considers protection from infection and 
therefore is unable to incorporate the likely differences 
in waning protection from infection compared to waning 
protection from severe clinical outcomes. Little is known 
regarding the duration of immunity from severe out-
comes, making its incorporation into the model increase 
uncertainty in burden estimates. Estimates of duration of 
immunity from infection are varied (Table S1), motivat-
ing the consideration of three durations in our study. This 
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is further complicated by the fact that vaccine effective-
ness is likely to be heterogeneous across the population 
and, as in the case of influenza vaccines, varying year to 
year. To properly address the differences of protection 
against infection and severe diseases would also require 
a substantially different model structure from the one we 
used (Fig S1) and is outside of the scope of our analysis.

We assumed that the duration of immune protection is 
the same after infection or vaccination; however, it is pos-
sible that the waning rates of immunity gained from vac-
cination and infection differ, though current studies do not 
appear to have conclusive answers to this question [40]. 
Incorporating a vaccine that has a different duration of 
protection compared to natural infection or has a different 
duration of protection from infection compared to hospi-
talization or death requires a model structure distinct from 
the one used in this study as well as further data or assump-
tions pertaining to those protections. Our results show that 
average annual mortality differs based on the three dura-
tions of immunity presented. Our results may therefore be 
sensitive to this limitation of model structure and assump-
tions made. The range of thresholds of vaccination cover-
age needed to achieve milestones of disease management 
(such as our thresholds of 10,000 and 50,000 annual deaths) 
further underlines the important effect of immune waning 
when forecasting future epidemic waves of SARS-CoV-2.

Future directions
Increasingly, rebound reports during Paxlovid treatment 
are being published [27–31, 54, 74]; however, some stud-
ies also show rebound occurring during natural infec-
tion [74–76]. Even accounting for rebound effects, our 
model results still indicate that high levels of treatment 
access will lead to substantial reductions in hospitaliza-
tion and death. We considered other reductions in the 
risk of hospitalization after treatment (Additional file  1: 
Fig. S14), as the relative reduction in hospital admissions 
will vary by treatment and by the control group against 
which comparison is done. As more data are collected on 
treatment efficacy, for currently circulating variants and 
current levels of hospitalization, it will be imperative to 
update current projections based on the most commonly 
available and prescribed drugs. As more patients receive 
antiviral treatments, another important concern will be 
the potential for emergence of drug-resistant genotypes. 
Mutations in SARS-CoV-2 following treatment with nir-
matrelvir, a component of Paxlovid, have already been 
observed in the laboratory [77, 78]. Thus, it is important 
to continue monitoring outcomes of treatment efficacy 
studies, and policy should be updated based on any major 
changes in treatment profile, efficacy, or drug resistance.

The costs of various public health measures to increase 
vaccination or treatment access are likely to differ. The 

primary focus of this study was reduction of COVID-19 
disease burden and not cost-effectiveness, and the same 
reduction in mortality achieved through modifying either 
treatment or vaccination is viewed as equivalent despite 
having potentially different financial costs. Detailed cost-
ing studies will be needed to evaluate the cost-effective-
ness of various combinations of vaccine and treatment 
coverage in reducing morbidity and mortality.

In the first months of the fourth epidemic year (March 
2023–July 2023), a total of 18,975 deaths were reported 
by the CDC [1]. In 2021 and 2022, these months saw 
low COVID-19 burden compared to other times of year, 
making this estimate a likely minimum value if incidence 
trends follow those of the previous years and if an antici-
pated increase in transmission during winter months is 
observed. Applying this five-month total to the remain-
der of the year leads to an estimated 45,540 deaths by the 
end of February 2024. If the remainder of the year follows 
these 5 months, then COVID-19 will result in at least as 
many deaths as the most severe influenza seasons. How-
ever, this would align more closely with our scenarios 
that assume transmission lower than or equal to that 
in the 2022–2023 season as well as a longer duration of 
immunity. Observing mortality through February 2024 is 
crucial to determining which of our scenarios are most 
likely, informing best practices for future vaccination and 
treatment strategies.

Conclusions
A total of 136,000 Americans were reported to have 
died by the end of the third year of the COVID-19 epi-
demic, a fact that must be viewed as a public health 
failure given (i) the availability of vaccines in 2022, (ii) 
an update to include the Omicron variant in a bivalent 
vaccine formulation, and (iii) the vaccines’ approval in 
June 2022 for children under five—the last age group 
to be vaccinated. Although it is still not clear whether 
the planning of new and active public health cam-
paigns should aim to get vaccination coverage levels 
to 80% or 90% or higher, it is clear that the vast major-
ity of US states are under-vaccinated, and it is prob-
able that > 100,000 Americans will die annually from 
COVID if no major improvements are made in vaccine 
adoption. The simplest approach to narrowing this gap 
appears to be a recommendation for universal vaccina-
tion and a measurement each year of how effectively 
this recommendation (and its associated efforts and 
policies) is working in different states and age groups. 
Although it is unlikely that changes in vaccination cov-
erage can be achieved quickly, we would strongly urge 
our national-level public health leadership to begin 
making plans for outreach and communication around 
universal COVID-19 vaccine coverage.



Page 13 of 15Yang et al. BMC Medicine          (2023) 21:321 	

Abbreviations
BRFSS	� Behavioral risk factor surveillance system
CDC	� Center for Disease Control and Prevention
COVID or COVID-19	� Coronavirus infectious disease 2019
DOH	� Department of Health
HHS	� Health and Human Services
NIS-Flu	� National immunization survey-flu
NPI	� Non-pharmaceutical interventions
RI	� Rhode Island
SARS-CoV-2	�Severe acute respiratory syndrome coronavirus-2
US	� United States

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12916-​023-​03025-z.

Additional file 1: Text S1. Estimating current and future vaccine cover‑
ages. Table S1. Estimated durations of immunity following vaccination 
or infection from literature. Table S2. Updated clinical parameters for the 
Omicron variant. Table S3. COVID-19 vaccine doses administered by age 
group in the United States between December 1, 2021-November 30, 
2022. Table S4. Treatment efficacies of COVID-19 therapeutics. Figure 
S1. Model diagram. Figure S2. Calibrated output compared to observed 
data in RI and the US. Figure S3. Cumulative doses of COVID-19 vaccines 
administered in the United States. Figure S4. Coverage of Paxlovid in 50 
states as of Dec 11, 2022. Figure S5. Vaccination coverage in 50 states 
between Dec 1, 2021, and Nov 30, 2022. Figure S6. Weekly percent‑
ages of achieved coverage of influenza vaccination by age groups by 
calendar month. Figure S7. Burden reduction slopes following treatment 
coverage under different vaccination coverages. Figure S8. Heatmaps of 
annual mortality under combinations of vaccine and treatment coverage 
under each transmission scenario and rate of immune waning. Figure 
S9. Heatmaps of annual hospitalizations under combinations of vaccine 
and treatment coverage under each transmission scenario and rate of 
immune waning. Figure S10. Heatmaps of annual incident cases under 
combinations of vaccine and treatment coverage under each transmis‑
sion scenario and rate of immune waning. Figure S11. Combinations of 
treatment coverage and vaccine coverage that lead to COVID-19 mortality 
within the range of annual influenza mortality as well as below or over this 
range. Figure S12. Annual burden between 2025 and 2033 given 50% 
and 88% vaccine effectiveness. Figure S13. Annual burden between 2025 
and 2033 given 20% probability of treatment failure. Figure S14. Annual 
burden between 2025 and 2033 given 30% and 50% risk reduction to 
hospitalization after failed treatment.

Acknowledgements
The authors acknowledged the Department of Health of Rhode Island for 
providing patient data.

Authors’ contributions
Conceptualization: FY, MFB, JLS. Data curation: FY, TNAT, EH, MFB. Formal 
analysis: FY, JLS. Methodology: FY, TNAT, EH, MFB, JLS. Software: FY, TNAT. 
Supervision: MFB, JLS. Validation: FY. Visualization: FY, JLS. Writing—original: FY, 
EH, JLS. Writing—review: FY, TNAT, EH, MFB, JLS. All authors read and approved 
the final manuscript.

Funding
FY is supported by contract No. HHS N272201400007C from NIH/NIAID Center 
of Excellence in Influenza Research and Surveillance. TNAT and MFB are 
supported by the Bill and Melinda Gates Foundation (INV-005517). EH is sup‑
ported by the Eberly College of Science Barbara McClintock Science Achieve‑
ment Graduate Scholarship in Biology at the Pennsylvania State University. JLS 
is supported by NIH/NIAID F32AI167600.

Availability of data and materials
Relevant data and code for this study are available at https://​github.​com/​
Fuhan-​Yang/​covid-​treat​ment-​psu-​cidd. 

Declarations

Ethics approval and consent to participate
No individual patient data is included in this manuscript thus not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biology and Center for Infectious Disease Dynamics, Pennsyl‑
vania State University, University Park, PA 16802, USA. 

Received: 16 February 2023   Accepted: 8 August 2023

References
	1.	 CDC. COVID data tracker. Centers for disease control and prevention. 

2020. https://​covid.​cdc.​gov/​covid-​data-​track​er. Accessed 23 Jan 2023.
	2.	 Peeling RW, Heymann DL, Teo Y-Y, Garcia PJ. Diagnostics for COVID-19: 

moving from pandemic response to control. Lancet. 2022;399:757–68.
	3.	 CDC. Burden of influenza. Centers for disease control and prevention. 

2022. https://​www.​cdc.​gov/​flu/​about/​burden/​index.​html. Accessed 10 
Jan 2023.

	4.	 Torres C, García J, Meslé F, Barbieri M, Bonnet F, Camarda CG, et al. Iden‑
tifying age- and sex-specific COVID-19 mortality trends over time in six 
countries. Int J Infect Dis. 2022;128:32–40.

	5.	 Quandelacy TM, Viboud C, Charu V, Lipsitch M, Goldstein E. Age- and sex-
related risk factors for influenza-associated mortality in the United States 
between 1997–2007. Am J Epidemiol. 2014;179:156–67.

	6.	 Zheng C, Shao W, Chen X, Zhang B, Wang G, Zhang W. Real-world effec‑
tiveness of COVID-19 vaccines: a literature review and meta-analysis. Int J 
Infect Dis. 2022;114:252–60.

	7.	 Lopez Bernal J, Andrews N, Gower C, Robertson C, Stowe J, Tessier E, et al. 
Effectiveness of the Pfizer-BioNTech and Oxford-AstraZeneca vaccines on 
covid-19 related symptoms, hospital admissions, and mortality in older 
adults in England: test negative case-control study. BMJ. 2021;373:n1088.

	8.	 Tetteh JNA, Nguyen VK, Hernandez-Vargas EA. Network models to evalu‑
ate vaccine strategies towards herd immunity in COVID-19. J Theor Biol. 
2021;531:110894.

	9.	 Tatapudi H, Das R, Das TK. Impact of vaccine prioritization strategies on 
mitigating COVID-19: an agent-based simulation study using an urban 
region in the United States. BMC Med Res Methodol. 2021;21:272.

	10.	 Foy BH, Wahl B, Mehta K, Shet A, Menon GI, Britto C. Comparing COVID-19 
vaccine allocation strategies in India: a mathematical modelling study. Int 
J Infect Dis. 2021;103:431–8.

	11.	 Borchering RK, Viboud C, Howerton E, Smith CP, Truelove S, Runge MC, 
et al. Modeling of future COVID-19 Cases, hospitalizations, and deaths, 
by vaccination rates and nonpharmaceutical intervention scenarios - 
United States, April-September 2021. MMWR Morb Mortal Wkly Rep. 
2021;70:719–24.

	12.	 Hammond J, Leister-Tebbe H, Gardner A, Abreu P, Bao W, Wisemandle W, 
et al. Oral nirmatrelvir for high-risk, nonhospitalized adults with COVID-19. 
N Engl J Med. 2022;386:1397–408.

	13.	 Shah MM, Joyce B, Plumb ID, Sahakian S, Feldstein LR, Barkley E, et al. Pax‑
lovid associated with decreased hospitalization rate among adults with 
COVID-19 — United States, April–September 2022. MMWR Morb Mortal 
Wkly Rep. 2022;71:1531–7.

	14.	 Gottlieb RL, Vaca CE, Paredes R, Mera J, Webb BJ, Perez G, et al. Early rem‑
desivir to prevent progression to severe COVID-19 in outpatients. N Engl J 
Med. 2022;386:305–15.

	15.	 Dougan M, Azizad M, Chen P, Feldman B, Frieman M, Igbinadolor A, et al. 
Bebtelovimab, alone or together with bamlanivimab and etesevimab, 
as a broadly neutralizing monoclonal antibody treatment for mild to 
moderate, ambulatory COVID-19. 2022:2022.03.10.22272100.

https://doi.org/10.1186/s12916-023-03025-z
https://doi.org/10.1186/s12916-023-03025-z
https://github.com/Fuhan-Yang/covid-treatment-psu-cidd
https://github.com/Fuhan-Yang/covid-treatment-psu-cidd
https://covid.cdc.gov/covid-data-tracker
https://www.cdc.gov/flu/about/burden/index.html


Page 14 of 15Yang et al. BMC Medicine          (2023) 21:321 

	16.	 Ison MG, Hayden FG. Antiviral agents against respiratory viruses. Infect 
Dis. 2017;18:1318-1326.e2.

	17.	 Wikle NB, Tran TN-A, Gentilesco B, Leighow SM, Albert E, Strong ER, et al. 
SARS-CoV-2 epidemic after social and economic reopening in three U.S. 
states reveals shifts in age structure and clinical characteristics. Sci Adv. 
2022;8:eabf9868.

	18.	 Tran TN-A, Wikle NB, Yang F, Inam H, Leighow S, Gentilesco B, et al. SARS-
CoV-2 attack rate and population immunity in Southern New England, 
March 2020 to May 2021. JAMA Netw Open. 2022;5:e2214171.

	19.	 Tran TN-A, Wikle NB, Albert E, Inam H, Strong E, Brinda K, et al. Optimal 
SARS-CoV-2 vaccine allocation using real-time attack-rate estimates in 
Rhode Island and Massachusetts. BMC Med. 2021;19:162.

	20.	 Rhode Island COVID-19 Data FAQ. https://​ridoh-​covid-​19-​data-​faq-​rihea​
lth-​rihea​lth.​hub.​arcgis.​com/. Accessed 7 Feb 2023.

	21.	 COVID-19 Reported Patient Impact and Hospital Capacity by State Time‑
series | HealthData.gov. https://​healt​hdata.​gov/​Hospi​tal/​COVID-​19-​Repor​
ted-​Patie​nt-​Impact-​and-​Hospi​tal-​Capa/​g62h-​syeh. Accessed 7 Feb 2023.

	22.	 COVID-19 Vaccinations in the United States,Jurisdiction | Data | Centers 
for Disease Control and Prevention. https://​data.​cdc.​gov/​Vacci​natio​ns/​
COVID-​19-​Vacci​natio​ns-​in-​the-​United-​States-​Juris​di/​unsk-​b7fc. Accessed 
7 Feb 2023.

	23.	 Influenza Vaccination Coverage for All Ages (6+ Months) | Data | Centers 
for Disease Control and Prevention. https://​data.​cdc.​gov/​Flu-​Vacci​natio​
ns/​Influ​enza-​Vacci​nation-​Cover​age-​for-​All-​Ages-6-​Mont/​vh55-​3he6. 
Accessed 7 Feb 2023.

	24.	 COVID-19 Therapeutics Thresholds, Orders, and Replenishment by 
Jurisdiction | HHS/ASPR. https://​aspr.​hhs.​gov:​443/​COVID-​19/​Thera​peuti​
cs/​Orders/​Pages/​defau​lt.​aspx. Accessed 7 Feb 2023.

	25.	 Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy 
and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med. 
2021;384:403–16.

	26.	 Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. 
Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N Engl J 
Med. 2020;383:2603–15.

	27.	 Boucau J, Uddin R, Marino C, Regan J, Flynn JP, Choudhary MC, et al. 
Characterization of virologic rebound following nirmatrelvir-ritonavir 
treatment for COVID-19. Clin Infect Dis. 2023;76(3):e526–9.

	28.	 Charness ME, Gupta K, Stack G, Strymish J, Adams E, Lindy DC, et al. 
Rebound of SARS-CoV-2 infection after nirmatrelvir–ritonavir treatment. 
N Engl J Med. 2022;387:1045–7.

	29.	 Coulson JM, Adams A, Gray LA, Evans A. COVID-19 “Rebound” associated 
with nirmatrelvir/ritonavir pre-hospital therapy. J Infect. 2022;85:436–80.

	30.	 Ranganath N, O’Horo JC, Challener DW, Tulledge-Scheitel SM, Pike ML, 
O’Brien M, et al. Rebound phenomenon after nirmatrelvir/ritonavir treat‑
ment of coronavirus disease 2019 (COVID-19) in high-risk persons. Clin 
Infect Dis. 2023;76(3):e537–9.

	31.	 Wang Y, Chen X, Xiao W, Zhao D, Feng L. Rapid COVID-19 rebound in 
a severe COVID-19 patient during 20-day course of Paxlovid. J Infect. 
2022;85:e134–6.

	32.	 Wang L, Berger NA, Davis PB, Kaelber DC, Wolkow ND, Xu R. COVID-19 
rebound after Paxlovid and Molnupiravir during January-June 2022. 
medRxiv. 2022;2022.06.21.22276724.

	33.	 Li H, Gao M, You H, Zhang P, Pan Y, Li N, et al. Association of nirmatrel‑
vir/ritonavir treatment on upper respiratory severe acute respiratory 
syndrome coronavirus 2 reverse transcription-polymerase chain reac‑
tion (SARS-Cov-2 RT-PCR) negative conversion rates among high-risk 
patients with coronavirus disease 2019 (COVID-19). Clin Infect Dis. 
2023;76(3):e148–54.

	34.	 Pfizer. Pfizer’s novel COVID-19 oral antiviral treatment candidate reduced 
risk of hospitalization or death by 89% in interm analysis of phase 2/3 
EPID-HR study. 2021. https://​www.​pfizer.​com/​news/​press-​relea​se/​press-​
relea​se-​detail/​phize​rs-​novel-​covid-​19-​oral-​antiv​iral-​treat​ment-​candi​date. 
Accessed 6 Jan 2023.

	35.	 Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. 
COVID-19 vaccine effectiveness against the Omicron (B.1.1.529) variant. N 
Engl J Med. 2022;386:1532–46.

	36.	 Ferdinands JM, Rao S, Dixon BE, Mitchell PK, DeSilva MB, Irving SA, et al. 
Waning of vaccine effectiveness against moderate and severe covid-19 
among adults in the US from the VISION network: test negative, case-
control study. BMJ. 2022;379:e072141.

	37.	 Tartof SY, Slezak JM, Fischer H, Hong V, Ackerson BK, Ranasinghe ON, et al. 
Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a 
large integrated health system in the USA: a retrospective cohort study. 
Lancet. 2021;398:1407–16.

	38.	 De Giorgi V, West KA, Henning AN, Chen LN, Holbrook MR, Gross R, et al. 
Naturally acquired SARS-CoV-2 immunity persists for up to 11 months 
following infection. J Infect Dis. 2021;224:1294–304.

	39.	 Ssentongo P, Ssentongo AE, Voleti N, Groff D, Sun A, Ba DM, et al. 
SARS-CoV-2 vaccine effectiveness against infection, symptomatic and 
severe COVID-19: a systematic review and meta-analysis. BMC Infect Dis. 
2022;22:439.

	40.	 Bobrovitz N, Ware H, Ma X, Li Z, Hosseini R, Cao C, et al. Protective 
effectiveness of previous SARS-CoV-2 infection and hybrid immunity 
against the omicron variant and severe disease: a systematic review and 
meta-regression. Lancet Infect Dis. 2023. https://​doi.​org/​10.​1016/​S1473-​
3099(22)​00801-5.

	41.	 Hansen CH, Michlmayr D, Gubbels SM, Mølbak K, Ethelberg S. Assessment 
of protection against reinfection with SARS-CoV-2 among 4 million PCR-
tested individuals in Denmark in 2020: a population-level observational 
study. Lancet. 2021;397:1204–12.

	42.	 Nordström P, Ballin M, Nordström A. Risk of SARS-CoV-2 reinfection and 
COVID-19 hospitalisation in individuals with natural and hybrid immu‑
nity: a retrospective, total population cohort study in Sweden. Lancet 
Infect Dis. 2022;22:781–90.

	43.	 Hamilton BE, Martin JA, Osterman MJK. Births: Provisional data for 2021. 
Vital Statistics Rapid Release; no 20. Hyattsville: National Center for Health 
Statistics; 2022.

	44.	 Kochanek KD. Mortality in the United States, 2019. 2020.
	45.	 Lewnard JA, Liu VX, Jackson ML, Schmidt MA, Jewell BL, Flores JP, et al. 

Incidence, clinical outcomes, and transmission dynamics of severe coro‑
navirus disease 2019 in California and Washington: prospective cohort 
study. BMJ. 2020;369:m1923.

	46.	 Wu Y, Kang L, Guo Z, Liu J, Liu M, Liang W. Incubation period of COVID-19 
caused by unique SARS-CoV-2 strains: a systematic review and meta-
analysis. JAMA Netw Open. 2022;5:e2228008.

	47.	 Boucau J, Marino C, Regan J, Uddin R, Choudhary MC, Flynn JP, et al. 
Duration of shedding of culturable virus in SARS-CoV-2 Omicron (BA.1) 
infection. N Engl J Med. 2022;387:275–7.

	48.	 Lewnard JA, Hong VX, Patel MM, Kahn R, Lipsitch M, Tartof SY. Clinical 
outcomes associated with SARS-CoV-2 Omicron (B.1.1.529) variant and 
BA.1/BA.1.1 or BA.2 subvariant infection in Southern California. Nat Med. 
2022;28:1933–43.

	49.	 COVID-19 Nursing Home Data - Centers for Medicare & Medicaid Services 
Data. https://​data.​cms.​gov/​covid-​19/​covid-​19-​nursi​ng-​home-​data. 
Accessed 8 Jan 2023.

	50.	 Nyberg T, Ferguson NM, Nash SG, Webster HH, Flaxman S, Andrews N, 
et al. Comparative analysis of the risks of hospitalisation and death associ‑
ated with SARS-CoV-2 Omicron (B.1.1.529) and Delta (B.1.617.2) variants 
in England. SSRN J. 2022. https://​doi.​org/​10.​2139/​ssrn.​40259​32.

	51.	 Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The 
incubation period of coronavirus disease 2019 (COVID-19) from publicly 
reported confirmed cases: estimation and application. Ann Intern Med. 
2020;172:577–82.

	52.	 Servadio JL, Thai PQ, Choisy M, Boni MF. Repeatability and timing of tropi‑
cal influenza epidemics. PLoS Comput Biol. 2023;19:e1011317.

	53.	 Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall 
S, et al. Effectiveness of COVID-19 vaccines against the B.1.617.2 (Delta) 
variant. N Engl J Med. 2021;385:585–94.

	54.	 Wang L, Volkow ND, Davis PB, Berger NA, Kaelber DC, Xu R. COVID-19 
rebound after Paxlovid treatment during Omicron BA.5 vs BA.2.12.1 
subvariant predominance period. medRxiv. 2022;2022.08.04.22278450.

	55.	 Jayk Bernal A, Gomes da Silva MM, Musungaie DB, Kovalchuk E, Gonzalez 
A, Delos Reyes V, et al. Molnupiravir for oral treatment of COVID-19 in 
nonhospitalized patients. N Engl J Med. 2022;386:509–20.

	56.	 Leung K, Jit M, Leung GM, Wu JT. The allocation of COVID-19 vaccines 
and antivirals against emerging SARS-CoV-2 variants of concern in East 
Asia and Pacific region: a modelling study. Lancet Reg Health West Pac. 
2022;21:100389.

	57.	 Matrajt L, Brown ER, Cohen MS, Dimitrov D, Janes H. Could widespread 
use of antiviral treatment curb the COVID-19 pandemic? A modeling 
study. BMC Infect Dis. 2022;22(1):683.

https://ridoh-covid-19-data-faq-rihealth-rihealth.hub.arcgis.com/
https://ridoh-covid-19-data-faq-rihealth-rihealth.hub.arcgis.com/
https://healthdata.gov/Hospital/COVID-19-Reported-Patient-Impact-and-Hospital-Capa/g62h-syeh
https://healthdata.gov/Hospital/COVID-19-Reported-Patient-Impact-and-Hospital-Capa/g62h-syeh
https://data.cdc.gov/Vaccinations/COVID-19-Vaccinations-in-the-United-States-Jurisdi/unsk-b7fc
https://data.cdc.gov/Vaccinations/COVID-19-Vaccinations-in-the-United-States-Jurisdi/unsk-b7fc
https://data.cdc.gov/Flu-Vaccinations/Influenza-Vaccination-Coverage-for-All-Ages-6-Mont/vh55-3he6
https://data.cdc.gov/Flu-Vaccinations/Influenza-Vaccination-Coverage-for-All-Ages-6-Mont/vh55-3he6
https://aspr.hhs.gov:443/COVID-19/Therapeutics/Orders/Pages/default.aspx
https://aspr.hhs.gov:443/COVID-19/Therapeutics/Orders/Pages/default.aspx
https://www.pfizer.com/news/press-release/press-release-detail/phizers-novel-covid-19-oral-antiviral-treatment-candidate
https://www.pfizer.com/news/press-release/press-release-detail/phizers-novel-covid-19-oral-antiviral-treatment-candidate
https://doi.org/10.1016/S1473-3099(22)00801-5
https://doi.org/10.1016/S1473-3099(22)00801-5
https://data.cms.gov/covid-19/covid-19-nursing-home-data
https://doi.org/10.2139/ssrn.4025932


Page 15 of 15Yang et al. BMC Medicine          (2023) 21:321 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	58.	 Respiratory Syncytial Virus (RSV) | NIH: National Institute of Allergy and 
Infectious Diseases. https://​www.​niaid.​nih.​gov/​disea​ses-​condi​tions/​respi​
ratory-​syncy​tial-​virus-​rsv. Accessed 23 Jan 2023.

	59.	 Underlying Cause of Death, 1999–2020 Request. https://​wonder.​cdc.​gov/​
ucd-​icd10.​html. Accessed 23 Jan 2023.

	60.	 Loomba S, de Figueiredo A, Piatek SJ, de Graaf K, Larson HJ. Measuring 
the impact of COVID-19 vaccine misinformation on vaccination intent in 
the UK and USA. Nat Hum Behav. 2021;5:337–48.

	61.	 Whitehead HS, French CE, Caldwell DM, Letley L, Mounier-Jack S. A sys‑
tematic review of communication interventions for countering vaccine 
misinformation. Vaccine. 2023;41:1018–34.

	62.	 Joshi A, Kaur M, Kaur R, Grover A, Nash D, El-Mohandes A. Predictors 
of COVID-19 vaccine acceptance, intention, and hesitancy: a scoping 
review. Front Public Health. 2021;9:698111.

	63.	 Andreasen V. Dynamics of annual influenza A epidemics with immuno-
selection. J Math Biol. 2003;46:504–36.

	64.	 Andreasen V. The final size of an epidemic and its relation to the basic 
reproduction number. Bull Math Biol. 2011;73:2305–21.

	65.	 Johnson BT, Carey MP, Marsh KL, Levin KD, Scott-Sheldon LAJ. Interven‑
tions to reduce sexual risk for the human immunodeficiency virus in 
adolescents, 1985–2000: a research synthesis. Arch Pediatr Adolesc Med. 
2003;157:381–8.

	66.	 Liu Y, Morgenstern C, Kelly J, Lowe R, CMMID COVID-19 Working Group, 
Jit M. The impact of non-pharmaceutical interventions on SARS-CoV-2 
transmission across 130 countries and territories. BMC Med. 2021;19:40.

	67.	 Bubar KM, Reinholt K, Kissler SM, Lipsitch M, Cobey S, Grad YH, et al. 
Model-informed COVID-19 vaccine prioritization strategies by age and 
serostatus. Science. 2021;371:916–21.

	68.	 Matrajt L, Eaton J, Leung T, Brown ER. Vaccine optimization for COVID-19: 
who to vaccinate first? Sci Adv. 2020;7:eabf1374.

	69.	 McCreary EK, Bariola JR, Minnier TE, Wadas RJ, Shovel JA, Albin D, et al. 
The comparative effectiveness of COVID-19 monoclonal antibodies: a 
learning health system randomized clinical trial. Contemp Clin Trials. 
2022;119:106822.

	70.	 WHO Solidarity Trial Consortium. Remdesivir and three other drugs for 
hospitalised patients with COVID-19: final results of the WHO Solidarity 
randomised trial and updated meta-analyses. Lancet. 2022;399:1941–53.

	71.	 Boehmer TK. Racial and ethnic disparities in outpatient treatment of 
COVID-19 - United States, January–July 2022. MMWR Morb Mortal Wkly 
Rep. 2022;71:1359–65.

	72.	 Persad G, Peek ME, Shah SK. Fair allocation of scarce therapies for corona‑
virus disease 2019 (COVID-19). Clin Infect Dis. 2022;75:e529–33.

	73.	 Archive: COVID-19 vaccination and case trends by age group, United 
States | Data | centers for disease control and prevention. https://​data.​
cdc.​gov/​Vacci​natio​ns/​Archi​ve-​COVID-​19-​Vacci​nation-​and-​Case-​Trends-​
by-​Ag/​gxj9-​t96f. Accessed 5 Feb 2023.

	74.	 Wong GL-H, Yip TC-F, Lai MS-M, Wong VW-S, Hui DS-C, Lui GC-Y. Incidence 
of viral rebound after treatment with nirmatrelvir-ritonavir and mol‑
nupiravir. JAMA Netw Open. 2022;5:e2245086.

	75.	 Deo R, Choudhary MC, Moser C, Ritz J, Daar ES, Wohl DA, et al. Viral 
and symptom rebound in untreated covid-19 infection. medRxiv. 
2022;2022.08.01.22278278.

	76.	 Soares H, Baniecki M, Cardin RD, Leister-Tebbe H, Zhu Y, Guan S, et al. Viral 
load rebound in placebo and nirmatrelvir-ritonavir treated COVID-19 
patients is not associated with recurrence of severe disease or mutations. 
2022.

	77.	 Jochmans D, Liu C, Donckers K, Stoycheva A, Boland S, Stevens SK, et al. 
The substitutions l50f, e166a, and l167f in sars-cov-2 3clpro are selected 
by a protease inhibitor in vitro and confer resistance to nirmatrelvir. 
mBio.2023;14(1):e0281522.

	78.	 Zhou Y, Gammeltoft KA, Ryberg LA, Pham LV, Tjørnelund HD, Binderup 
A, et al. Nirmatrelvir-resistant SARS-CoV-2 variants with high fitness in an 
infectious cell culture system. Sci Adv. 2022;8:eadd7197.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.niaid.nih.gov/diseases-conditions/respiratory-syncytial-virus-rsv
https://www.niaid.nih.gov/diseases-conditions/respiratory-syncytial-virus-rsv
https://wonder.cdc.gov/ucd-icd10.html
https://wonder.cdc.gov/ucd-icd10.html
https://data.cdc.gov/Vaccinations/Archive-COVID-19-Vaccination-and-Case-Trends-by-Ag/gxj9-t96f
https://data.cdc.gov/Vaccinations/Archive-COVID-19-Vaccination-and-Case-Trends-by-Ag/gxj9-t96f
https://data.cdc.gov/Vaccinations/Archive-COVID-19-Vaccination-and-Case-Trends-by-Ag/gxj9-t96f

	Benefits of near-universal vaccination and treatment access to manage COVID-19 burden in the United States
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Data sources
	Model adaptation
	Projecting future disease burden

	Results
	Status quo projections
	Increasing vaccination coverage
	Increasing treatment coverage
	Combining strategies of vaccination and treatment coverage
	Burden reduction of age-specific vaccination
	Potential risks of vaccine or treatment failure

	Discussion
	Limitations
	Future directions

	Conclusions
	Anchor 23
	Acknowledgements
	References


