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Influenza, and Respiratory Syncytial Virus, 
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Appendix 

Supplementary Material A: 2023-2024 Respiratory Virus Season 
Scenarios 

A.1 SARS-CoV-2 scenarios for projecting infection-related hospitalizations during the 
2023-2024 respiratory virus season  

The four SARS-CoV-2 scenarios for the 2023-2024 respiratory virus season (Appendix Table 1) 
each assume one of two possibilities for SARS-CoV-2 variants: (i) no new variant emerges during 
the projection period and susceptibility is driven solely by immune waning and seasonal forcing, 
or (ii) the EG.5 variant emerges at a rate estimated from genomic surveillance data between May 
13 and August 19, 20231 (Appendix Figure 1). We assume that immunity previously acquired 
from vaccination and infection by previously circulating variants is 50% less effective against the 
EG.5 variant than the prior XBB 1.5 variant2. Each scenario also considers one of two possibilities 
for vaccine policy: (i) the new SARS-CoV-2 booster that includes the XBB.1.5 COVID-19 variant 
is recommended for all age groups, or (ii) the vaccine is recommended for only those over the age 
of 65. In both cases, we assume that the vaccine efficacy is 65% against both symptomatic and 
severe disease3, the booster first becomes available on October 1, 2023, and that age-specific rates 
of vaccination for the recommended groups will be comparable to uptake during the first SARS-
CoV-2 booster vaccine campaign in September 2021 (e.g., reaching 19.50% of individuals over 
65 in the first two months)4.  

 

A.2 Influenza scenarios for projecting infection-related hospitalizations during the 2023-
2024 respiratory virus season 

The four influenza scenarios for the 2023-2024 respiratory virus season (Appendix Table 2) each 
assume one of two possibilities for the dominant influenza subtype: (i) H3N2 (which dominated 
during the 2022-2023 influenza season5) or (ii) H1N1 (which dominated during the recent 2023 
influenza season in the Southern Hemisphere6). For the H1N1-dominant scenario, we estimated 
the transmissibility and severity based on data from the 2019-2020 season in the US7, for the 
H3N2-dominant scenario, we based our estimates on data from 2017-2018 season, which was 
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anomalously severe8. Each scenario also considers one of two possibilities for age-specific vaccine 
coverage: (i) lower uptake, as in 2011-2012 season (reaching ~40% coverage) or (ii) higher uptake, 
as in 2020-2021 season, (reaching ~60% coverage)9. For comparison, an estimated 51% of the US 
population received an influenza vaccine during the 2022-2023 season9. In both cases, we assume 
that vaccination reduces the risk of influenza hospitalization by 40%, based on the average vaccine 
efficacy estimated across the 2011-2023 influenza seasons10. Age-specific vaccination rates are 
drawn from 2021-2022 influenza season, vaccine coverage is 20% higher than that of the 2021-
2022 season for the high vaccine uptake scenario, vaccine coverage is 20% lower than that of the 
2021-2022 season for the low vaccine uptake scenario11. 

A.3 RSV scenarios for projecting infection-related hospitalizations during the 2023-2024 
respiratory virus season 

The four RSV scenarios for the 2023-2024 respiratory virus season (Appendix Table 3) each 
assume one of two possibilities for the transmissibility of RSV: (i) transmission rates return to 
lower pre-pandemic values estimated based on data from the 2018-2019 and 2019-2020 RSV 
seasons in the US12 or (ii) they remain elevated at values estimated based on data from the 2022-
2023 season in the US12 (which are consistent with RSV transmission rates during more recent 
2023 season in the Southern Hemisphere6). Each scenario also assumes one of two possibilities 
for the impact of recently FDA-approved vaccines and monoclonal antibodies to protect against 
RSV: (i) the Arexy RSV vaccine13 is not recommended for any age group and the Beyfortus 
monoclonal antibody14 is recommended only for high-risk infants under eight months or (ii) 
Arexvy is recommended for all individuals over age 60 and the Beyfortus immunization is 
recommended for all infants under eight months. In the latter case, we assume Arexvy has an 
efficacy of 94.1% against RSV hospitalization15. The efficacy of Arexvy against infection remains 
uncertain, with some estimates suggesting no efficacy16 and others indicating a high level of 
efficacy17. As such, we assume that protection against infection follows a uniform distribution 
ranging from 0% to 71.7%15. We further assume that vaccination begins on September 1, 2023, 
based on an early estimate for the timing of the campaign. The vaccination rate among people over 
60 is estimated to be comparable to the uptake of the influenza vaccine during the 2022-2023 
season. We assume that Beyfortus reduces the chances of RSV-related hospitalization by 62.1% 
and the chance of RSV infection in infants similarly follows a uniform distribution ranging 
from0% to 74.5%18, that it also becomes available on September 1, 2023, with almost 50% of the 
target population receiving an injection by November 1, 202318.  

A.4 Combined influenza, SARS-CoV-2 and RSV scenarios for projecting infection-related 
hospitalizations during the 2023-2024 respiratory virus season 

For each of the 12 scenarios described in Appendix Table 1, 2, and 3, we run 200 stochastic 
simulations of the nine-month period between September 1, 2023 and April 23, 2024 and generate 
the following summary outputs at the US scale: (i) the median and 95% prediction intervals for 
daily cases, hospitalizations, and deaths, (ii) the cumulative numbers of cases, hospitalizations, 
and deaths over the prediction period, and (iii) the median and 95% prediction intervals for the 
timing of the peak, the magnitude of the peak.  

We also analyzed four tripledemic (combined) scenarios (Appendix Table 4). For each of 
tripledemic scenarios, we generated 200 stochastic projections by adding together individual time 
series projections for each of the three pathogens (from the corresponding scenario groups). The 
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most optimistic tripledemic scenario (TRI-A) combines the higher medical countermeasures and 
lower transmissibility scenarios for each of the three pathogens: (i) a universal SARS-CoV-2 
booster recommendation paired with no new SARS-CoV-2 variant (COV-A), (ii) higher influenza 
vaccine uptake paired with an H1N1 dominant season (INF-A), (iii) RSV vaccines recommended 
for older adults and RSV monoclonal antibodies recommended for all infants paired with pre-
pandemic RSV transmission rate (RSV-A). The most pessimistic tripledemic scenario (TRI-D) 
combines the lower medical countermeasures and higher transmissibility scenarios for each of the 
three pathogens: (i) SARS-CoV-2 boosters recommended only for older adults paired with the 
emergence of a new SARS-CoV-2 variant (COV-A), (ii) lower influenza vaccine uptake paired 
with an H3N2 dominant season (INF-A), (iii) RSV vaccines not recommended and RSV 
monoclonal antibodies recommended only for high-risk infants paired with the higher 2022-2023 
RSV transmission rate (RSV-A). We also consider two intermediate scenarios which combine the 
lower medical countermeasure and lower transmissibility scenarios for each of the three viruses 
(TRI-B) and higher medical countermeasure and higher transmissibility scenarios for each of the 
three viruses (TRI-C). 

Supplementary Material B: Material and Methods  

B.1 SARS-CoV-2 Model 

We developed an age-structured SEIRS model of SARS-CoV-2 transmission that explicitly 
considers the XBB and EG.5 variants and SARS-CoV-2 original dose, booster, and reformulated 
booster vaccination24 (Appendix Figure 2). The population-wide susceptibility to infection and 
severe disease (hospitalization) both depend on the circulating variants, immunity from the past 
infections and vaccinations, and rates of immune waning. Specifically, for each of the XBB and 
EG.5 variants, we include non-dimensional state variables that track population-wide protection 
against infection and severe disease20. For an age group, a, the changing levels of infection-derived 
protection against infection are given by: 

 

 

where  and  are the population-level immunity against SARS-CoV-2 infection 
in age group a resulting from prior EG.5 and XBB infections, respectively.  and  
denote the changing relative frequency of EG.5 and XBB across all infections, estimated by fitting 
logistic curves to variant proportion data4 (Appendix Figure 1). Our model tracks the total amount 
of immunity in the population, which increases by a factor of  for each case that recovers and 
then wanes at a rate of .  is the total population of age group ,  denotes the number of 
recovered individuals in age group ;  is a positive constant modeling the saturation of antibody 
production in individuals who were previously infected and developed severe disease;  
represents the rate of waning of infection-derived immunity. 

The changing levels of vaccine-derived protection against infection are given by: 
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where ,  and  represent population-level immunity in age groups derived 
from primary, booster, and reformulated booster vaccines, respectively. ,  and  are the 
number of primary, booster, and reformulated boosters administered on day , respectively, 
assuming that the administration of doses of primary vaccines, booster, or reformulated booster is 
delayed by ,  and  days respectively. The total amount of immunity in the population 
increases by a factor of  for each dose of primary vaccine administered and  ,  for each 
booster, reformulated booster administered, and then wanes at rates of  and ,  respectively. 
Population-level protection against hospitalization is similarly given by:  

 

 

 

 

 

where , , ,  and  represent population-level immunity 
against hospitalization derived from EG.5 infections, XBB infections, primary vaccines, booster 
vaccines, and reformulated booster vaccines, respectively.  denotes the rate of waning of 
population-level infection-acquired immunity against hospitalization. , , and  denote the 
rates at which the immunity wanes for vaccine, booster and reformulated booster doses 
administered.  

The average level of protection against infection in each age group is calculated by considering (i) 
the immune escape of circulating variants, (ii) the levels of immunity gained from infections and 
vaccinations, (iii) the severity of new infections, and (iv) the protection offered by each type of 
immunity against new infections. The immunity variables modify the transitions among disease 
compartments as given by: 
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where , , , , , , , , and  are the age-specific numbers of 
people who are in the susceptible, exposed, pre-symptomatic, pre-asymptomatic, infectious 
symptomatic, infectious asymptomatic, hospitalized, recovered and death compartments, 
respectively.  is the transmission rate.  is the relative infectiousness of the compartments  . 
The mixing rates between age groups  and , , are based on published contact matrices (see 
below). The transition rates , ,  denote the recovery rates for the , ,  compartments, 
respectively.  and  denote the transition rates from pre-asymptomatic and pre-symptomatic to 
asymptomatic and symptomatic infections, respectively.  denotes the transition rate out of 
exposed compartment,  is the proportion of infections that are symptomatic,  is the infection 
hospitalization rate,  is the transition rate from  to ,  is the in-hospital mortality rate,  is the 
transition rate from  to , and  is the rate at which recovered individuals become susceptible 
again.  is the total population of the age group . The vectors 

 
 and 
 contain positive constants that 

describe efficacy of immunity in reducing the rate of COVID-19 infection, hospitalization, and 
death, respectively. As described above,  and 

 are two vectors consisting of state variables that 
describe the protection levels derived from natural infection, vaccination, boosters and 
reformulated boosters against infection and hospitalization, respectively. We assume published 
estimates for rates of immune waning and that immunity against hospitalization wanes slower than 
immunity against infection21,22. The details of the COVID-19 model parameter values are 
summarized in Appendix Table 5. 
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B.2 Influenza Model 

We use an age-structured SEIRS model of influenza transmission. Like the SARS-CoV-2 model 
described above, it explicitly tracks the immunity resulting from infection by either the influenza 
A(H1N1) or influenza A(H3N2) subtype and vaccination (Appendix Figure 3). The model tracks 
both interseasonal immunity that decreases rapidly at the onset of a new season and intraseasonal 
immunity that increases with new infections and vaccinations. For age group , the changing levels 
of infection-derived protection against infection are given by: 

 

 

where  and  denote population-level immunity resulting from H1N1 infections 
and H3N2 infections, respectively, in age group .  is the total population of age group ,  
denotes the number of recovered individuals in age group .  and denote the changing 
prevalence of H1N1 and H3N2 across all infections. However, since both the subtypes circulate 
in most seasons, these values are set to 1 and 0 throughout the season depending on the subtype 
dominant season, where the value 1 corresponds to prevalence of the dominant strain.  

The model tracks the total immunity in the population, which increases by a factor of  for each 
case that recovers and wanes at a rate of .  is a positive constant modeling the saturation of 
antibody production in individuals who were previously infected. The changing levels of vaccine-
derived protection against infection are given by: 

 

where  represents population-level immunity derived from vaccines, respectively.  is 
the number of vaccine doses administered at time  and  represents the delay in the number of 
days of dose administration. The total immunity in the population increases by a factor of  for 
each dose of vaccine administered and then wanes at rates of . Similarly, we describe the 
changing levels of population immunity against hospitalization as given by:  

 

 

 

where ,  and  represent population-level immunity against influenza 
hospitalizations derived from infections by the H1N1 subtype, infections by the H3N2 subtype, 
and vaccines, respectively.  denotes the rate of waning of population-level immunity against 
hospitalization and  denotes the rate at which the immunity wanes for vaccine dose administered. 
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These immunity variables modify the age-specific transitions among disease compartments as 
given by: 

 

 

 

 

 

 

where , , ,  and  are age-specific numbers of people who are in the 
susceptible, exposed, infectious, hospitalized, recovered and death compartments, respectively, at 
time . The time-dependent transmission rate is given by , where  is the 
transmission rate and  is a seasonality parameter based on absolute humidity (see below). The 
mixing rates between age groups  and , , are based on published contact matrices (see 
below). The transition parameters ,  denote the recovery rates for the  and  
compartments, respectively,  denotes the transition rate out of exposed compartment,  is the 
infection hospitalization rate,  is the transition rate from  to ,  is the in-hospital mortality 
rate,  is the transition rate from  to , and  is the rate at which recovered individuals become 
susceptible again.  is the total population of the age group . The vectors 

,  and 
 contain positive constants that describe efficacy of 

immunity in reducing the rate of influenza infection, hospitalization, and death, respectively. As 
described above,  and  are two 
vectors consisting of state variables that describe the protection levels derived from natural 
infection and vaccination against infection and hospitalization, respectively. The overall structure 
of the model is similar to that of the COVID-19 model, with the exception of influenza subtypes, 
vaccination, and seasonality features. The details of the Influenza model parameter values are 
summarized in Appendix Table 6.  

 

B.3 Respiratory Syncytial Virus (RSV) Model  

As for SARS-CoV-2 and influenza, we model the transmission dynamics of RSV in US using an 
age-structured stochastic compartmental SEIRS model that explicitly tracks immunity resulting 
from natural infections, monoclonal antibodies for infants, and vaccination for adults over age 60 
years (Appendix Figure 4). Rather than explicitly modeling the vaccination of pregnant women, 
our high intervention scenarios assume that infants are born with passive immunity against RSV 
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acquired in utero. For the age group , the changing levels of infection-derived protection against 
infection are given by: 

 

where  is model population-level immunity resulting from RSV infections in age group . 
 is the total population of age group .  denotes the number of recovered individuals in age 

group . The model tracks the total amount of immunity in the population, which increases by a 
factor of  for each case that recovers and then wanes at a rate of .  is a positive constant 
modeling the saturation of antibody production in individuals who were previously infected. The 
changing levels of protection against infection derived from vaccines and monoclonal antibodies 
are given by:  

 

 

where  and  represents population-level immunity derived from vaccines and 
monoclonal antibodies respectively.  is number of vaccine doses administered on day  and  
represents the delay in the number of days of vaccine dose administered. For the monoclonal 
antibodies there is no delay considered and  represents the number of monoclonal antibodies 
administered. The total amount of immunity in the population increases by a factor of  for each 
dose of vaccine or monoclonal antibodies administered and then wanes at rates of . Similarly, 
we describe the changes in the population-level immunity against hospitalization as given by:  

 

 

 

where ,  and  represent population-level immunity against hospitalization 
derived from RSV infections, vaccines, and monoclonal antibodies, respectively.  is the total 
population of the age group .  denotes the rate of waning of population-level immunity against 
hospitalization due to natural infection and  denotes the rate at which the immunity wanes for 
vaccine/monoclonal antibody dose administered. The immunity variables modify the transitions 
among disease compartments as given by: 
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https://www.codecogs.com/eqnedit.php?latex=M_A(t)#0
https://www.codecogs.com/eqnedit.php?latex=k_R#0
https://www.codecogs.com/eqnedit.php?latex=%5Comega_R#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdM_%7BR%2Ca%2C%5Ciota%7D%5EH(t)%7D%7Bdt%7D%3D%5Cfrac%7Bk_%5Ciota%20R_a(t)%7D%7BN_a(1%2BK_s%5Ccdot%5Cbf%7BM%5E%7BH_R%7D%7D)%7D-%5Comega_%7B%5Ciota%7D'M_%7BR%2Ca%2C%5Ciota%7D%5EH(t)#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdM_%7BR%2Ca%2CV%7D%5EH(t)%7D%7Bdt%7D%3Dk_%7BR%7DV(t-%5Ctau_R)-%5Comega_%7BR%7D'M_%7BR%2Ca%2CV%7D%5EH(t)#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdM_%7BR%2Ca%2CM_A%7D%5EH(t)%7D%7Bdt%7D%3Dk_%7BR%7DM_A(t)-%5Comega_%7BR%7D'M_%7BR%2Ca%2CM_A%7D%5EH(t)#0
https://www.codecogs.com/eqnedit.php?latex=M%5E%7BH%7D_%7BR%2Ca%2C%5Ciota%7D(t)#0
https://www.codecogs.com/eqnedit.php?latex=M%5E%7BH%7D_%7BR%2Ca%2CV%7D(t)#0
https://www.codecogs.com/eqnedit.php?latex=M%5EH_%7BR%2Ca%2CM_A%7D(t)#0
https://www.codecogs.com/eqnedit.php?latex=N_a#0
https://www.codecogs.com/eqnedit.php?latex=a#0
https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7B%5Ciota%7D'#0
https://www.codecogs.com/eqnedit.php?latex=%5Comega_R'#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdS_a(t)%7D%7Bdt%7D%3D-S_a(t)%5Ccdot%5Csum_%7Bi%5Cin%20A%7D%5E%7B%20%7D%5Cfrac%7B%5Cbeta(t)%5Cphi_%7Ba%2Ci%7D(t)I_i(t)%7D%7BN_i(1%2B%5Cbf%7BK%5E%7BI_R%7D%7D%5Ccdot%5Cbf%7BM%5E%7BI_R%7D%7D)%7D%2B%5Ceta%20R_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdE_a(t)%7D%7Bdt%7D%3DS_a(t)%5Ccdot%5Csum_%7Bi%5Cin%20A%7D%5E%7B%20%7D%5Cfrac%7B%5Cbeta(t)%5Cphi_%7Ba%2Ci%7D(t)I_i(t)%7D%7BN_i(1%2B%5Cbf%7BK%5E%7BI_R%7D%7D%5Ccdot%5Cbf%7BM%5E%7BI_%7BR%7D%7D%7D)%7D-%5Csigma%20E_a(t)#0
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where , , , , , and  are the age-specific numbers of people who are in the 
susceptible, exposed, infectious, hospitalized, recovered and death compartments, respectively, at 
time . The time dependent transmission rate is given by , where  is the 
transmission rate,  is the seasonality parameter based on absolute humidity (see below). The 
mixing rates between age groups  and , , are based on published contact matrices (see 
below). The transition parameters ,  denote the recovery rates for the  and  compartments, 
respectively,  denotes the transition rate out of exposed compartment,  is the infection 
hospitalization rate,  is the transition rate from  to ,  is the in-hospital mortality rate,  is the 
transition rate from  to , and  is the rate at which recovered individuals become susceptible 
again.  is the total population of the age group . The vectors , 

 and  contain positive constants that 
describe efficacy of immunity in reducing the rate of RSV infection, hospitalization, and death, 
respectively. As described above,  and 

 are two vectors consisting of state variables that describe the 
protection levels derived from natural infection, vaccination and monoclonal antibodies against 
infection and hospitalization, respectively. The overall structure of the model is similar to that of 
the COVID-19 model, with the exception of RSV vaccination, monoclonal antibody immunization 
and seasonality features. The details of the RSV model parameter values are summarized in 
Appendix Table 7.  

 

B.4 Incorporating parameter uncertainty and stochastic dynamics 

We incorporate stochasticity into our projections of SARS-CoV-2, influenza, and RSV 
transmissions by both varying the daily transmission rate  and introducing variation into the 
transition rates between disease compartments. For each day, we draw a random value from the 
estimated normal distribution of  values (Appendix Table 5, 6 and 7). We introduce 
stochasticity into the disease progression models using the tau-leap method27, in which the 
transition rates are sampled from Poisson distribution with mean equal to the deterministic rates 
multiplied by the time step . In addition to this in the case of RSV, stochasticity is included in the 
immunity against infection by introducing variation into the initial estimates of the age specific - 
immunity parameter by drawing a random value from the estimated normal distribution of initial 
immunity.  

For example, the stochastic versions our SARS-CoV-2 model is given by:  

https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdI_a(t)%7D%7Bdt%7D%3D%5Csigma%20E_a(t)-(1-%5Cmu_a)%5Cgamma%20I_a(t)-%5Cfrac%7B%5Czeta%5Cmu_aI_a(t)%7D%7B1%2B%5Cbf%7BK%5E%7BH_R%7D%7D%5Ccdot%5Cbf%7BM%5E%7BH_%7BR%7D%7D%7D%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdH_a(t)%7D%7Bdt%7D%3D%5Cfrac%7B%5Czeta%5Cmu_a%20I_a(t)%7D%7B1%2B%5Cbf%7BK%5E%7BH_R%7D%7D%5Ccdot%5Cbf%7BM%5E%7BH_%7BR%7D%7D%7D%7D-(1-%5Cnu_a)%5Cgamma_HH_a(t)-%5Cfrac%7B%5Cpi%5Cnu_aH_a(t)%7D%7B1%2B%5Cbf%7BK%5E%7BD_R%7D%7D%5Ccdot%5Cbf%7BM%5E%7BH_%7BR%7D%7D%7D%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdR_a(t)%7D%7Bdt%7D%3D(1-%5Cmu_a)%5Cgamma%20I_a(t)%20%2B(1-%5Cnu_a)%5Cgamma_H%20H_a(t)%20-%5Ceta%20R_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7BdD_a(t)%7D%7Bdt%7D%3D%5Cfrac%7B%5Cpi%5Cnu_aH_a(t)%7D%7B1%2B%5Cbf%7BK%5E%7BD_R%7D%7D%5Ccdot%5Cbf%7BM%5E%7BH_%7BR%7D%7D%7D%7D#0
https://www.codecogs.com/eqnedit.php?latex=S_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=E_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=I_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=H_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=R_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=D_a(t)#0
https://www.codecogs.com/eqnedit.php?latex=t#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta(t)%3D%5Cbeta_0%20(1%2Bq(t))#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=q(t)#0
https://www.codecogs.com/eqnedit.php?latex=a#0
https://www.codecogs.com/eqnedit.php?latex=i#0
https://www.codecogs.com/eqnedit.php?latex=%5Cphi_%7Ba%2Ci%7D(t)#0
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma#0
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma_H#0
https://www.codecogs.com/eqnedit.php?latex=I_a#0
https://www.codecogs.com/eqnedit.php?latex=H_a#0
https://www.codecogs.com/eqnedit.php?latex=%5Csigma#0
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://www.codecogs.com/eqnedit.php?latex=%5Czeta#0
https://www.codecogs.com/eqnedit.php?latex=I_a#0
https://www.codecogs.com/eqnedit.php?latex=H_a#0
https://www.codecogs.com/eqnedit.php?latex=%5Cnu_a#0
https://www.codecogs.com/eqnedit.php?latex=%5Cpi#0
https://www.codecogs.com/eqnedit.php?latex=H_a#0
https://www.codecogs.com/eqnedit.php?latex=D_a#0
https://www.codecogs.com/eqnedit.php?latex=%5Ceta#0
https://www.codecogs.com/eqnedit.php?latex=N_i#0
https://www.codecogs.com/eqnedit.php?latex=i#0
https://www.codecogs.com/eqnedit.php?latex=%7B%5Cbf%7BK%5E%7BI_R%7D%7D%7D%20%3D%20%5B%20K%5EI_%7BR%2Ca%2C%5Ciota%7D%2CK%5EI_%7BR%2Ca%2CV%7D%2CK%5EI_%7BR%2Ca%2CM_A%7D%5D#0
https://www.codecogs.com/eqnedit.php?latex=%7B%5Cbf%7BK%5E%7BH_R%7D%7D%7D%20%3D%20%5B%20K%5EH_%7BR%2Ca%2C%5Ciota%7D%2CK%5EH_%7BR%2Ca%2CV%7D%2CK%5EH_%7BR%2Ca%2CM_A%7D%5D#0
https://www.codecogs.com/eqnedit.php?latex=%7B%5Cbf%7BK%5E%7BD_R%7D%7D%7D%20%3D%20%5B%20K%5ED_%7BR%2Ca%2C%5Ciota%7D%2CK%5ED_%7BR%2Ca%2CV%7D%2CK%5ED_%7BR%2Ca%2CM_A%7D%5D#0
https://www.codecogs.com/eqnedit.php?latex=%7B%5Cbf%7BM%5E%7BI_R%7D%7D%7D%20%3D%20%5B%20M%5EI_%7BR%2Ca%2C%5Ciota%7D%2CM%5EI_%7BR%2Ca%2CV%7D%2CM%5EI_%7BR%2Ca%2CM_A%7D%5D#0
https://www.codecogs.com/eqnedit.php?latex=%7B%5Cbf%7BM%5E%7BH_R%7D%7D%7D%20%3D%20%5B%20M%5EH_%7BR%2Ca%2C%5Ciota%7D%2CM%5EH_%7BR%2Ca%2CV%7D%2CM%5EH_%7BR%2Ca%2CM_A%7D%5D#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://paperpile.com/c/jZCpLx/KhATA
https://www.codecogs.com/eqnedit.php?latex=%5Ctau#0
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The stochastic versions of our influenza and RSV transmission models are similarly adapted from 
the deterministic equations (not shown).  

For each scenario projection, we run 200 stochastic simulations. We compute the seven-day rolling 
averages of projected hospitalizations and deaths and summarize their evolving distributions using 
the 0.025, 0.50, and 0.975 quantiles for each day (parameters are included in Table B.1 to B.3).  

B.5 Age-specific contact patterns 

We model daily age-specific mixing patterns using published estimates for venue-specific (all 
locations, school, and work) contact rates in the US28. We assume that schools close on all 
weekends, during a two week winter break (December 18 to January 02), and throughout the 
summer break (June-August). Workplaces are assumed to be closed during the weekends. The 
overall contact matrix on day t is given by: 

 

where ,  and  are the estimated age-specific contact matrices for all locations, schools, and 
workplaces, respectively.  and  are time-dependent functions that describe the opening or 
closure of schools and workplaces, they equal 0 if the location is closed and 1 if it is closed. For 
the SARS-CoV-2 and influenza models, we consider six age groups [0-4, 5-11, 12-18, 19-49, 50-
64, 65+] and assume the following contact matrices: 

http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=dS_a(t%2B%5Ctau)%3D%5Cmap%7B%5Cmathrm%7BPois%7D%7D%5Cleft(-%5Ctau%20S_a%5Ccdot%5Csum_%7Bi%5Cin%20A%7D%5E%7B%7D%5Cfrac%7B%5Cbeta_0%5Cphi_%7Ba%2Ci%7D(t)(I_i%5EY(t)%2BI_i%5EA(t)%20%5Ctheta%2BP_i%5EY(t)%2BP_i%5EA(t)%20%5Ctheta)%7D%7BN_i(1%2B%7B%5Cbf%7BK%5EI(p)%7D%7D%5Ccdot%20%7B%5Cbf%7BM%5EI%7D%7D)%7D%5Cright)%2B%20%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%7D(%5Ctau%20%5Ceta%20%7BR_a(t)%7D)#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=dE_a(t%2B%5Ctau)%20%3D%20%5Cmap%7B%5Cmathrm%7BPois%7D%7D%5Cleft(%5Ctau%20S_a%20%5Ccdot%20%5Csum_%7Bi%5CinA%7D%5E%7B%7D%5Cfrac%7B%5Cbeta_0%5Cphi_%7Ba%2Ci%7D(t)(I_i%5EY(t)%2BI_i%5EA(t)%20%5Ctheta%2BP_i%5EY(t)%2BP_i%5EA(t)%20%5Ctheta)%7D%7BN_i(1%2B%7B%5Cbf%7BK%5EI(p)%7D%7D%5Ccdot%20%7B%5Cbf%7BM%5EI%7D%7D)%7D%5Cright)-%5Cmap%7B%5Cmathrm%7BPois%7D%7D(%5Ctau%5Csigma%20E_a(t))#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=dP_%7Ba%7D%5EA(t%2B%5Ctau)%3D%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D%5Cleft(%5Ctau(1-%5Ctau_l%20%2B%20%7B%5Cbf%7BK%5E%7BI%7D(p)%5Ccdot%20M%5EI%7D%7D)%5Csigma%20E_%7Ba%7D(t)%5Cright)-%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau%20%5Crho%5EA%20P%5EA_%7Ba%7D(t))%20#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=%20dP_%7Ba%7D%5EY(t%2B%5Ctau)%3D%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D%5Cleft(%5Ctau(%5Ctau_l%20-%20%7B%5Cbf%7BK%5EI(p)%5Ccdot%20M(I)%7D%7D)%20%5Csigma%20E_%7Ba%7D(t)%5Cright)-%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau%5Crho%5EY%20P%5EY_%7Ba%7D(t))%20#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=%20dI_%7Ba%7D%5EA(t%2B%5Ctau)%3D%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau%5Crho%5EA%20P%5EA_%7Ba%7D(t))-%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau%5Cgamma%5EA%20I%5EA_%7Ba%7D(t))%20#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=%20dI%5EY_%7Ba%7D(t%2B%5Ctau)%3D%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau%20%5Crho%5EY%20P%5EY_%7Ba%7D(t))-%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau(1-%5Cmu_a)%5Cgamma%5EY%20I%5EY_%7Ba%7D(t))-%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D%5Cleft(%5Cfrac%7B%5Ctau%20%5Czeta%5Cmu_a%20I%5EY_%7Ba%7D(t)%7D%7B1%20%2B%20%7B%5Cbf%7BK%5EH(p)%7D%7D%5Ccdot%20%7B%5Cbf%7BM%5EH%7D%7D%7D%5Cright)%20#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=dH_%7Ba%7D(t%2B%5Ctau)%3D%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D%5Cleft(%5Cfrac%7B%5Ctau%20%5Czeta%20%5Cmu_a%20I%5EY_%7Ba%7D(t)%7D%7B1%20%2B%20%20%7B%5Cbf%7BK%5EH(p)%7D%7D%5Ccdot%20%7B%5Cbf%7BM%5EH%7D%7D%7D%5Cright)%20-%20%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau(1-%5Cnu_a)%5Cgamma%5EH%20H_%7Ba%7D(t))-%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D%5Cleft(%5Cfrac%7B%5Ctau%5Cpi%5Cnu_a%20H_%7Ba%7D(t)%7D%7B1%20%2B%20%20%7B%5Cbf%7BK%5ED(p)%7D%7D%5Ccdot%7B%5Cbf%7BM%5EH%7D%7D%7D%5Cright)#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=dR_%7Ba%7D(t%2B%5Ctau)%3D%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau%5Cgamma%5EA%20I%5EA_%7Ba%7D(t))%2B%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau(1-%5Cmu_a)%5Cgamma%5EY%20I%5EY_%7Ba%7D(t))%2B%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau(1-%5Cnu_a)%5Cgamma%5EH%20H_%7Ba%7D(t))%20-%20%5Cmap%20%7B%5Cmathrm%20%7BPois%7D%20%7D(%5Ctau%5Ceta%20R_%7Ba%7D(t))#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=dD_a(t%2B%5Ctau)%20%3D%20%20%5Cmap%7B%5Cmathrm%7BPois%7D%7D%5Cleft(%5Cfrac%7B%5Ctau%5Cpi%5Cnu_a%20H_%7Ba%7D(t)%7D%7B1%2B%7B%5Cbf%7BK%5ED(p)%7D%7D%5Ccdot%7B%5Cbf%7BM%5EH%7D%7D%7D%5Cright)#0
https://paperpile.com/c/jZCpLx/ZJqjB
https://www.codecogs.com/eqnedit.php?latex=%5Cphi_%7Bi%2Ca%7D(t)%20%3D%20C_%7B%5Ctext%7Ball%7D%7D%20-%20%5Calpha_s(t)%20C_s%20-%20%5Calpha_w(t)%20C_w%2C%20#0
https://www.codecogs.com/eqnedit.php?latex=C_%7B%5Ctext%7Ball%7D%7D#0
https://www.codecogs.com/eqnedit.php?latex=C_%7Bs%7D#0
https://www.codecogs.com/eqnedit.php?latex=C_%7Bw%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Calpha_%7Bs%7D(t)#0
https://www.codecogs.com/eqnedit.php?latex=%5Calpha_%7Bw%7D(t)#0
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For the RSV model, we separate young children into 0-1 and 2-4 age brackets for a total of seven 
age groups ([0-1, 2-4, 5-11, 12-18, 19-49, 50-64, 65+]) and assume the following contact matrices: 

 

 

B.6 Modeling seasonality 

We incorporate humidity-based seasonality in our influenza and RSV models29. We collected the 
absolute humidity data from 2006 to 2020 at the National Oceanic and Atmospheric 
Administration (NOAA)30. We estimated the daily absolute humidity by averaging the collected 
data for the corresponding dates. We incorporate a seasonality parameter q(t) into the model 
equations as follows: 

 

https://www.codecogs.com/eqnedit.php?latex=C_%7B%5Ctext%7Ball%7D%7D%3D%5Cbegin%7Bbmatrix%7D%202.598237%20%20%26%201.600682%20%26%200.1895988%20%20%26%20%204.1198752%20%20%26%200.912514%20%26%20%200.112739%20%5C%5C%5C%5C%200.640235268%20%20%26%20%208.428533343%20%20%26%20%200.400015072%20%26%20%20%204.028603965%20%20%26%20%200.709643468%20%26%20%20%20%200.103204179%20%20%5C%5C%5C%5C%200.173684%20%20%26%20%202.0999574%20%20%26%20%206.663684%20%26%20%20%208.710766%20%26%20%20%20%200.5601588%20%26%20%20%200.0327582%20%5C%5C%5C%5C%200.490443671%20%20%26%20%201.516968944%20%26%20%20%200.759891199%20%20%26%20%2010.27014274%20%20%20%20%26%201.714438659%20%20%26%20%200.095919246%20%5C%5C%5C%5C%200.431143971%20%20%26%20%201.339346998%20%26%20%20%200.592373724%20%20%20%26%206.379632659%20%26%20%20%203.196133287%20%20%26%20%200.188612431%20%5C%5C%5C%5C%200.204998347%20%20%26%20%200.718001781%20%26%20%20%200.182731115%20%20%26%20%202.136319698%20%20%26%20%201.558267141%20%26%20%20%200.602532372%20%5Cend%7Bbmatrix%7D%2C#0
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where  is the magnitude of the seasonality impact on transmissibility and  is the estimated 
absolute humidity on calendar day  (based on the fitted cosine model), is the value of the 
maximum absolute humidity in a year, and  is the value of the average maximum absolute 
humidity in a year (Figure 5). 

B.7 Data and model fitting 

For each of the three virus, we iteratively calibrate the transmission rate  and the age-specific 
infections to hospitalization rate  using least squares fitting. We initially set the  equal to 
published values for COVID-1931, influenza32, and RSV33 , and then repeatedly (i) estimate  by 
fitting the models to incident hospitalization time series data for COVID-1934, influenza34, and 
RSV12 and (ii) estimate the  by fitting the models to age-specific cumulative hospitalizations for 
COVID-1934, influenza35,36, and RSV12. We repeat this two step fitting process until projected 
distribution of incident hospitalization across age groups is within 2% of the observed distribution.  

For estimating COVID-19, influenza and RSV transmission rates ( ) we use a unified approach 
where a single calibration period is employed. For COVID-19 the fitting period spans from 
December 1, 2022 to July 11, 2023. In the case of influenza the fitting period spans from August 
8, 2022 to July 5 2023 and for RSV, the fitting period is between October 3 2022 and July 18 2023. 
Additionally in the case of RSV low transmission scenario, the transmission rate is ( ) is obtained 
by fitting the model for the periods between October 1 2018 and May 5 2019 and September 30 
2019 and May 2 2020 and obtaining the mean transmission rate of the two periods, which is then 
again subjected to seasonal forcing when fitting to the 2022-2023 RSV season and projection 
phases. The projection period for all the three diseases ends by April 23 2024. In the case of 
influenza and RSV model, during the fitting and projection phases, the transmission rate ( ) is 
subject to the effects of seasonality, which fluctuates over time and is factored into  giving the 
time dependent transmission rate: 

 

The seasonality magnitude (see above) in the specific humidity parameter ( ) is estimated 
simultaneously along with the transmission rate. Additionally, for RSV, during the fitting process 
of the model to hospitalization data using the least squares method, the age specific level of initial 
immunity, alongside other parameters like transmission rate and seasonality magnitude , are 
calibrated simultaneously. The objective for revising the RSV model fitting method is to reflect 
the pre and post COVID impact, the decline in viral immunity in sensitive age groups, and the 
change in RSV epidemiology caused by the pandemic37. 

Finally, for COVID-19 and influenza, we calibrate the age-specific in-hospital mortality rate  by 
first assuming that they are proportional to published estimates for in-hospital mortality rates for 
COVID-1938 and influenza39, and then scaling the rates by least squares fitting to reported age-
specific mortality rates for COVID-1940 and influenza40. For RSV, we assumed published 
estimates for 41. 

B.8 Modeling immune escape for COVID-19 

For COVID-19, we model immune escape by variants by reducing the values of parameters that 
govern the impact of population-level immunity on susceptibility and severity, as given by: 

https://www.codecogs.com/eqnedit.php?latex=%5Cxi#0
https://www.codecogs.com/eqnedit.php?latex=ah(t)#0
https://www.codecogs.com/eqnedit.php?latex=t#0
https://www.codecogs.com/eqnedit.php?latex=%5Cmax(ah)#0
https://www.codecogs.com/eqnedit.php?latex=%5Ctext%7Bavg%7D(ah)#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://paperpile.com/c/jZCpLx/xJtcO
https://paperpile.com/c/jZCpLx/EoKe2
https://paperpile.com/c/jZCpLx/ksFru
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://paperpile.com/c/jZCpLx/Uh0ap
https://paperpile.com/c/jZCpLx/Uh0ap
https://paperpile.com/c/jZCpLx/ST9e1
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://paperpile.com/c/jZCpLx/Uh0ap
https://paperpile.com/c/jZCpLx/xk6x+RIn2D
https://paperpile.com/c/jZCpLx/ST9e1
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta(t)%3D%5Cbeta_0%20(1%2Bq(t))#0
https://www.codecogs.com/eqnedit.php?latex=q(t)#0
https://paperpile.com/c/jZCpLx/FIf3
https://www.codecogs.com/eqnedit.php?latex=%5Cnu_a#0
https://paperpile.com/c/jZCpLx/FufJG
https://paperpile.com/c/jZCpLx/HT4vG
https://paperpile.com/c/jZCpLx/9uW3l
https://paperpile.com/c/jZCpLx/9uW3l
https://www.codecogs.com/eqnedit.php?latex=%5Cnu_a#0
https://paperpile.com/c/jZCpLx/vRBmO


 

13 of 46 

 

where  can be either XBB, EG.5, COVID-19 vaccines or boosters,  is the population-level 
immunity resulting from ,  represents the effective population-level immunity against the 
emerging new variant  resulting from the existed immunity ,  is the relative prevalence 
of the emerging variant to the previous variant,  represents the levels of immune escape to 
infection, and  represents the efficacy of existing immunity against the emerging variant.  

We consider that immunity acquired through infection with a specific variant provides the best 
protection against the same variant 73. Also, we assume that all Omicron variants do not escape 
immunity acquired by booster shots 74. The protection levels provided by vaccines and natural 
infection are included in Appendix Table 5. 

B.9 Estimating initial levels of infection-acquired and vaccine-acquired immunity 

For SARS-CoV-2, age-specific patterns for immunity  and the immunity from the previous 
Omicron variants were assumed to match the data for seroprevalence4 and hospitalization34. In 
particular, we use the available US seroprevalence data from January, 2022 to March, 2022 to 
estimate the value of , which is the conversion rate of population immunization from natural 
infections. We then fit the model to COVID-19 Reported Patient Impact and Hospital Capacity by 
State Time Series hospitalization data from March 1, 2022 to August 31, 2022 to estimate the 
levels of population immunity on September 1, 2022, accounting for waning. To estimate the initial 
levels of vaccine- and booster-acquired immunity, we use the COVID-19 Vaccinations in the 
United States, jurisdiction data75 from December 1st, 2021 to May 12, 2023, accounting for 
waning, to model the age-specific vaccine uptake before the projection period. The first date for 
vaccination is considered to be two weeks before the beginning of the model fitting for primary 
series, and one week for boosters. Vaccine-induced immunity was initiated by considering the 
vaccination coverages, in terms of administered doses per age group, until the starting date of the 
fitting period.  

For influenza, age-specific patterns for initial immunity  are estimated by using the fitted 
model to simulate infections during the 2022-2023 influenza season (August 8, 2022 - July 5, 
2023), accounting for waning. To estimate the initial levels of vaccine-acquired immunity, we use 
the CDC Flu Vaccination Coverage data76 from July 1, 2022 to May 31, 2023, accounting for 
waning, to model the age-specific vaccine uptake before the projection period. The first date for 
vaccination is considered to be two weeks before the beginning of the simulation for flu vaccines. 
Vaccine-induced immunity was initiated by considering the vaccination coverages, in terms of 
administered doses per age group, until the starting date of the fitting period.  

For RSV, age-specific levels of initial immunity  are estimated by using the fitted model to 
simulate infections during the 2022-2023 RSV season (Oct 1, 2022 and July 18, 2023), accounting 
for waning. We assume that there is no vaccine- or monoclonal antibody-acquired immunity at the 
start of the simulations. 
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B.10 Modeling age-specific vaccination rates 

SARS-CoV-2 vaccination is modeled by considering the daily number of allocated doses for both 
model fitting and projection periods. These doses can be either administered during primary series 
or as additional shots. We assume that each administered dose upregulates the age-specific 
immunity  two weeks after its administration. The number of administered doses per age group 
is based on taken from the CDC COVID-19 Vaccination and Case Trends by Age Group data46. 
For scenarios COV-B and COV-D, uptake of reformulated booster in the 65+ group follows uptake 
previously observed for the first booster dose authorized in September 202175(totaling 44% 
population coverage in age 65+ by). For scenarios COV-A and COV-C, uptake of reformulated 
booster in all eligible individuals is assumed to reach the level of coverage of the 2021 booster by 
February 1, 2024 (approximately 34% uptake nationally). 

The assumed influenza vaccination patterns are based on coverage data from the 2022-23 influenza 
season in the US76. We simulate uptake during the 2022-2023 season based on the CDC Flu 
Vaccination Coverage data76 administered by age group (totaling 51% population coverage). For 
the 2023-2024 projection period, we assume that the vaccines roll out at the same pace, scaled to 
reach either 40% or 60% total population coverage, depending on the scenario.  

For RSV, the new vaccines77 and monoclonal antibodies78 were approved in mid 2023. Thus we 
assume no uptake of either mode of immunization prior to the start of the 2023-2024 projection 
period. The high intervention scenarios (RSV-A/RSV-C) assume that (i) RSV vaccines roll out to 
adults over 60y at the same pace that influenza vaccines were administered during the 2022-2023 
season76, reaching 56.12% of adults over 60y, (ii) all newborns are immediately immunized 
through maternal prepartum vaccination, and (iii) monoclonal antibodies roll out to infants under 
eight months linearly, reaching 100% coverage of children born before September 1, 2023 by 
December 31, 2023. The low intervention scenarios (RSV-B/RSV-D) assume that no adults 
receive vaccines and only high risk children under 1 years old receive monoclonal antibodies 
(approximately 1.7% uptake nationally)79. 

 

B.11 Modeling Validation 

To validate our models, we typically fit a model to a 4-month to 9-month training period and then 
make projections for a 4-month to 10-month testing period. We compare the projected to the 
observed age-specific hospital admission data during the testing period in terms of the timing of 
peak hospitalizations, the magnitude of peak hospitalizations, and cumulative hospitalizations 
(Appendix Table 8).  

The COVID-19 86model was previously developed, validated, and applied to provide projections 
for the US COVID-19 Scenario Modeling Hub, Rounds 12 to 1723. In addition, we have used the 
model to project the Omicron BA.1, BA.4, and BA.5 emergence in the US and Texas24 . In this 
paper, we used our projections of the BA.4 and BA.5 emergence to validate our model. 

The influenza model was previously developed, validated, and applied to provide projections for 
the US Influenza Scenario Modeling Hub, 2022/2023 Round 1 to 3, and 2023/2024 Round 126. In 
this paper, we used our projections of the US Influenza Scenario Modeling Hub 2022/2023 Round 
3 to validate our model. 
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In this paper, we built a new RSV model. We validated our RSV model by fitting it to RSV 
hospitalization data from the 2018-2019 season and then comparing projections for the 2019-2020 
RSV season to reported RSV hospitalization data (Appendix Figure 6).  

 

Supplementary material C: Summary of projection results and 
retrospective epidemiological trends 

The results provided in this document are rounded to the nearest ones digit; the results in the main 
article are rounded to the nearest thousand.  

 

Supplementary Material D: Comparison between historic and 
updated projections 

In August 2023, we projected hospitalizations in the United States due to COVID-19, influenza, 
and RSV during the 2023-2024 respiratory virus season under plausible scenarios for viral 
transmission rates and the impacts of influenza vaccines, SARS-CoV-2 boosters, and newly-
approved RSV vaccines and monoclonal antibodies81. Shortly after submitting our original 
projections to the CDC, we improved our methodology for modeling the humidity-driven 
seasonality of RSV and influenza and for estimating the (non-seasonal) transmission rate 
parameter for COVID, which we applied to create the projections reported in this article. The 
updated projections still use only data that were available during the summer of 2023. In comparing 
our original projections with those reported here, we find that the projected total hospitalizations 
is similar, but that the timing of the influenza and RSV epidemic peaks in the updated projections 
are more consistent with the subsequently observed data81. 

As additional model validation, we retrospectively analyzed an additional set of COVID, 
influenza, and RSV scenarios that more closely reflect the 2023-2024 season. As of April 2024, 
the 2023-2024 influenza season was dominated by type A H1N1, with small proportions of type 
A H3N2 and type B84, and an estimated 47.3% of the US population received a seasonal influenza 
vaccine85. Our projections for this scenario, using a model fit to data through June 2023, are 
consistent with the observed epidemiological trends through February 2024 (Appendix Figure 9).  

As of February 24, 2024, an estimated 43.0% (95% CI: 33.9%-52.1%) of infants under eight 
months in the US received Nirsevimab19; as of March 31, 2024, an estimated 23.6% (95% CI: 
22.7%-24.5%) of adults over age 60 in the US received an RSV vaccine25. We also observed that 
the adult RSV hospitalization rate in 2023-2024 was significantly higher than the prior season12, 
which may stem from behavior changes (e.g., fewer adults wearing face masks)71. Our projections 
for a scenario assuming the observed immunization rates and a 30% higher transmission rate in 
adults over age 18 provides a reasonable match with the eventual epidemiological trends 
(Appendix Figure 10).  

We were unable to design a simple SARS-CoV-2 scenario that reproduced the two-wave structure 
of the 2023-2024 season, in which a modest autumn wave (dominated by the EG.5, HV.1, and FL 
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1.51 variants) preceded a larger winter wave (dominated by the JN.1 variant)4. In future work, we 
will consider additional complexities, including climate-driven seasonality72 and variant-specific 
severity and rates of immune waning. 
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Appendix Table 1. SARS-CoV-2 scenarios for the 2023-2024 respiratory virus season.  

 No new variant New variant (EG.5)* 
Immune escape rate 50% 

Reformulated annual vaccination recommended for all 
eligible groups, available beginning October 1, 2023. 
Age-specific vaccination rates match those from the 
September 2021 booster vaccination campaign. 

COV-A COV-C 

Reformulated annual vaccination recommended for 
65+ only, available beginning October 1, 2023. Age-
specific vaccination rates match those from the 
September 2021 booster vaccination campaign. 

COV-B COV-D 

* The relative frequency of the new variant increases exponentially and reaches 60% December 1, 2023. 
 
Appendix Table 2. Influenza scenarios for the 2023-2024 respiratory virus season. 

 H1N1 dominant 
age-specific infection hospitalization rate 
based on the 2019-2020 season 

H3N2 dominant 
age-specific infection hospitalization rate 
based on the 2017-2018 season 

Higher vaccine uptake 
60% of US population vaccinates; VE = 
40% reduction in chance of influenza-
related hospitalization 

INF-A INF-C 

Lower vaccine uptake 
40% of US population vaccinates; VE = 
40% reduction in chance of influenza-
related hospitalization 

INF-B INF-D 

 
Appendix Table 3. RSV scenarios for the 2023-2024 respiratory virus season. 

Scenarios Lower transmission rate  
(pre-pandemic) 

Higher transmission rate  
(like 2022-2023) 

Higher intervention 
● Antibody immunization recommended for <8 
months (100% uptake) 
● Vaccination recommended for 60+ (56.12% uptake, 
based on 2022-2023 influenza vaccination) 

RSV-A RSV-C 
 

Lower intervention 
● No antibody immunization recommended (high risk 
only, 1.7% uptake) 
● No vaccination recommended (0% coverage) 

RSV-B RSV-D 

 
Appendix Table 4. 2023-2024 Tripledemic Projection Scenarios.  

 COVID-19 Influenza RSV 

TRI-A Scenario 1: Higher medical countermeasures and 
lower transmissibility COV-A INF- A RSV-A 

TRI-B Scenario 2: Lower medical countermeasures and 
lower transmissibility COV-B INF-B RSV-B 

TRI-C Scenario 3: Higher medical countermeasures and 
higher transmissibility COV-C INF-C RSV-C 
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TRI-D Scenario 4: Lower medical countermeasures and 
higher transmissibility COV-D INF-D RSV-D 

 
Appendix Table 5. SARS-CoV-2 model parameters. 

Parameters Value Source 

: US population 334,994,511 ref.42 

: untreated symptomatic recovery rate 0.25 ref.43 

: asymptomatic recovery rate  Equal to  Assumption 

: hospitalization recovery rate 0.1 ref.44 

: symptomatic proportion 0.65 ref. 45  

: transition rate out of exposed  0.67 ref 46 

: pre-symptomatic to infectious transition rate 0.43 ref.43 

: pre-asymptomatic to infectious transition rate Equal to  Assumption 

: relative infectiousness of asymptomatic vs symptomatic 
infections 0.67 ref.47  

: infection hospitalization rate (IHR), age specific [0.0202, 0.0070, 0.0236, 0.1303, 
0.2804, 0.9012]* 

Initialized from ref.31, then 
calibrated by fitting to ref.34  

: symptomatic to hospitalization transition rate  0.1 ref.48  

: in-hospital mortality rate, age specific [0.0241, 0.0133, 0.0133, 0.0133, 
0.0967, 0.1631]* 

Least squares fitting to ref.40 
assuming proportional to 
ref.38 

: hospitalized to death transition rate 0.2 ref.49 

: conversion rate of population immunization from 
natural infections  refs.19,24,25 

: conversion rate of population immunization from 
vaccination   refs.19,24,25 

: constant of immune saturation from natural infection  100 refs.19,24,25 

: half life of immunity against infections following 
infection 8 months ref. 50 

: half life of immunity against infections following 
vaccination 6 months ref.21 

: half life of immunity against infections following 
booster  3 months ref.22 

https://www.codecogs.com/eqnedit.php?latex=N#0
https://paperpile.com/c/jZCpLx/9refH
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma%5EY#0
https://paperpile.com/c/jZCpLx/3Uo4i
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma%5EA#0
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma%5EY#0
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma_H#0
https://paperpile.com/c/jZCpLx/3DH3
https://www.codecogs.com/eqnedit.php?latex=%5Ctau_l#0
https://paperpile.com/c/jZCpLx/Wnk31
https://paperpile.com/c/jZCpLx/lqFK6
https://www.codecogs.com/eqnedit.php?latex=%5Crho%5EY#0
https://paperpile.com/c/jZCpLx/3Uo4i
https://www.codecogs.com/eqnedit.php?latex=%5Crho%5EA#0
https://www.codecogs.com/eqnedit.php?latex=%5Crho%5EY#0
https://www.codecogs.com/eqnedit.php?latex=%5Ctheta#0
https://paperpile.com/c/jZCpLx/EIaGZ
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://paperpile.com/c/jZCpLx/xJtcO
https://paperpile.com/c/jZCpLx/Uh0ap
https://www.codecogs.com/eqnedit.php?latex=%5Czeta#0
https://paperpile.com/c/jZCpLx/zVZab
https://www.codecogs.com/eqnedit.php?latex=%5Cnu_a#0
https://paperpile.com/c/jZCpLx/9uW3l
https://paperpile.com/c/jZCpLx/FufJG
https://www.codecogs.com/eqnedit.php?latex=%5Cpi#0
https://paperpile.com/c/jZCpLx/xEk5F
https://www.codecogs.com/eqnedit.php?latex=k_C#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7B250%7D%7BN%7D#0
https://paperpile.com/c/jZCpLx/6f2rF+9ii6B+I8OMU
https://www.codecogs.com/eqnedit.php?latex=k_V#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7B10%7D%7BN%7D#0
https://paperpile.com/c/jZCpLx/6f2rF+9ii6B+I8OMU
https://www.codecogs.com/eqnedit.php?latex=K_s#0
https://paperpile.com/c/jZCpLx/6f2rF+9ii6B+I8OMU
https://www.codecogs.com/eqnedit.php?latex=%5Comega_C#0
https://paperpile.com/c/jZCpLx/s2GS
https://www.codecogs.com/eqnedit.php?latex=%5Comega_V#0
https://paperpile.com/c/jZCpLx/uLoud
https://www.codecogs.com/eqnedit.php?latex=%5Comega_B#0
https://paperpile.com/c/jZCpLx/9EyVk
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: half life of immunity against infections following 
reformulated booster Equal to  Assumption 

: half life of immunity against hospitalizations following 
infection 

15 months ref.51 

: half life of immunity against hospitalizations following 
vaccination 

12 months ref.21 

: half life of immunity against hospitalizations following 
booster 

6 months ref.22 

: half life of immunity against hospitalizations following 
reformulated booster Equal to  Assumption 

: reformulated booster effectiveness against 
infection  

70% ref.52 

: reformulated booster effectiveness against 
hospitalizations 

62% ref.3 

: transmission rate  N(  = 0.0499,  = 0.0105) Least squares fitting to ref.53 

: disease progression stochastic parameter 1 Assumption 

*Age groups: [0-4, 5-11, 12-8, 19-49, 50-64, 65+]  
Appendix Table 6. Influenza model parameters. 
Parameters Value Source 

: US population 334,994,511 ref.42 

 : infectious recovery rate 0.25 ref.54 

: hospitalized recovery rate  0.17 ref.55 

 : transition rate out exposed  0.5 ref.56 

: infection hospitalization rate (IHR), age specific (2017-
18 season) 

[0.0378, 0.0091, 0.0025, 0.0038, 
0.0105, 0.0680]* 

Initialized from ref.32, then 
calibrated by fitting to ref.36  

: infection hospitalization rate (IHR), age specific (2019-
20 season) 

[0.0324, 0.0077, 0.0022, 0.0032, 
0.009, 0.0583]* 

Initialized from ref.32, then 
calibrated by fitting to ref.7,36 

: symptomatic to hospitalization transition rate 0.25 ref.57  

: in-hospital mortality rate, age specific [0.0347, 0.0106, 0.0106, 0.0144, 
0.0347, 0.0843]* 

Least squares fitting to ref.40 
assuming proportional to 
ref.39 

: hospitalization to death transition rate 0.17 ref.58 

: half life of immunity against infections following 
infection 5 months ref.59 

: half life of immunity against infections following 
vaccine 3 months  ref.57,60 

https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7BRB%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7BB%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Comega_C%5E%7B'%7D#0
https://paperpile.com/c/jZCpLx/Rdlc
https://www.codecogs.com/eqnedit.php?latex=%5Comega_V%5E%7B'%7D#0
https://paperpile.com/c/jZCpLx/uLoud
https://www.codecogs.com/eqnedit.php?latex=%5Comega_B%5E%7B'%7D#0
https://paperpile.com/c/jZCpLx/9EyVk
https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7BRB%7D%5E%7B'%7D#0
https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7BB%7D%5E%7B'%7D#0
https://www.codecogs.com/eqnedit.php?latex=K%5E%7BI%7D_%7BC%2Ca%2CRB%7D#0
https://paperpile.com/c/jZCpLx/kQaEM
https://www.codecogs.com/eqnedit.php?latex=K%5E%7BH%7D_%7BC%2Ca%2CRB%7D#0
https://paperpile.com/c/jZCpLx/blOJw
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cmu#0
https://www.codecogs.com/eqnedit.php?latex=%5Csigma#0
https://paperpile.com/c/jZCpLx/xEFsG
https://www.codecogs.com/eqnedit.php?latex=%5Ctau#0
https://www.codecogs.com/eqnedit.php?latex=N#0
https://paperpile.com/c/jZCpLx/9refH
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma#0
https://paperpile.com/c/jZCpLx/eiyDg
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma_H#0
https://paperpile.com/c/jZCpLx/qViSa
https://paperpile.com/c/jZCpLx/NJIZD
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://paperpile.com/c/jZCpLx/EoKe2
https://paperpile.com/c/jZCpLx/RIn2D
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://paperpile.com/c/jZCpLx/EoKe2
https://paperpile.com/c/jZCpLx/JC7Tb+RIn2D
https://www.codecogs.com/eqnedit.php?latex=%5Czeta#0
https://paperpile.com/c/jZCpLx/dEMif
https://www.codecogs.com/eqnedit.php?latex=%5Cnu_a#0
https://paperpile.com/c/jZCpLx/9uW3l
https://paperpile.com/c/jZCpLx/HT4vG
https://www.codecogs.com/eqnedit.php?latex=%5Cpi#0
https://paperpile.com/c/jZCpLx/08ZH9
https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7B%5Ctext%7Binf%7D%7D#0
https://paperpile.com/c/jZCpLx/0uD1v
https://www.codecogs.com/eqnedit.php?latex=%5Comega_F#0
https://paperpile.com/c/jZCpLx/TjlN8+dEMif
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: half life of immunity against hospitalizations following 
infection 

5 months ref.59 

: half life of immunity against hospitalizations following 
vaccine 3 months  ref.57,60 

: vaccine effectiveness against infection, age 
specific  

[52%, 52%,52%, 36%, 36%, 24%]*  ref.61,62 
 

: vaccine effectiveness against hospitalization, age 
specific  

[68%, 68%, 68%, 51%, 51%, 35%]*  ref.63 
 

: transmission rate  N(  = 0.0493,  = 0.0112) Least squares fitting to ref.34 
*Age groups: [0-4, 5-11, 12-8, 19-49, 50-64, 65+]  
 
Appendix Table 7. Parameter values for RSV model 
Parameters Value Source 

: US population 334,994,511 ref.42 

 : infectious recovery rate  0.15 ref.64 

: hospitalized recovery rate   0.17 ref.65 

 : transition rate out of exposed   0.2  ref.66,67 

: infection hospitalization rate (IHR), age specific [0.0215, 0.0014, 0.0002, 0.0002, 0.0001, 
0.0003, 0.0012]* 

Initialized from ref33, 
calibrated by fitting to 
ref.12 

: symptomatic to hospitalization transition rate 0.147 ref.68  

: in-hospital mortality rate, age specific  [0.0411, 0.0321, 0.0121, 0.0121, 0.0170, 
0.0411, 0.1002]* ref.41 

: hospitalization to death transition rate 0.17 ref.69  

: half life of immunity against infections following 
infection 

Within first 6 months: 8.3 months  
After 6 months: 4 months ref.70 

: half life of immunity against infections following 
monoclonal antibodies for infants 2 months ref.18 

: half life of immunity against infections following 
vaccination for older population 7 months ref.15 

: half life of immunity against hospitalizations 
following infection 

Within first 6 months: 8.3 months  
After 6 months: 4 months ref.70 

: half life of immunity against hospitalizations 
following monoclonal antibodies for infants  

2 months ref.18 

: half life of immunity against hospitalizations 
following vaccination for older population 

7 months ref.15 

: RSV monoclonal antibody effectiveness 
against infection 

Considered an uniform random value between 
0% and 74.5% for children under 8 months ref.15, 18 

: RSV monoclonal antibody effectiveness 
against hospitalization 

62.1% for children under 8 months ref.15, 18 

https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7Binf%7D'#0
https://paperpile.com/c/jZCpLx/0uD1v
https://www.codecogs.com/eqnedit.php?latex=%5Comega_F'#0
https://paperpile.com/c/jZCpLx/TjlN8+dEMif
https://www.codecogs.com/eqnedit.php?latex=K%5E%7BI%7D_%7BF%2Ca%2CV%7D#0
https://paperpile.com/c/jZCpLx/T2Dy5+OnRKH
https://www.codecogs.com/eqnedit.php?latex=K%5E%7BH%7D_%7BF%2Ca%2CV%7D#0
https://paperpile.com/c/jZCpLx/S2Ex6
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cmu#0
https://www.codecogs.com/eqnedit.php?latex=%5Csigma#0
https://paperpile.com/c/jZCpLx/Uh0ap
https://www.codecogs.com/eqnedit.php?latex=N#0
https://paperpile.com/c/jZCpLx/9refH
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma#0
https://paperpile.com/c/jZCpLx/g3GtD
https://www.codecogs.com/eqnedit.php?latex=%5Cgamma_H#0
https://paperpile.com/c/jZCpLx/FiuM6
https://paperpile.com/c/jZCpLx/YJTuE+2wXTe
https://www.codecogs.com/eqnedit.php?latex=%5Cmu_a#0
https://paperpile.com/c/jZCpLx/ksFru
https://paperpile.com/c/jZCpLx/ST9e1
https://www.codecogs.com/eqnedit.php?latex=%5Czeta#0
https://paperpile.com/c/jZCpLx/Dex0o
https://www.codecogs.com/eqnedit.php?latex=%5Cnu_a#0
https://paperpile.com/c/jZCpLx/vRBmO
https://www.codecogs.com/eqnedit.php?latex=%5Cpi#0
https://paperpile.com/c/jZCpLx/CktMy
https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7B%5Ciota%7D#0
https://paperpile.com/c/jZCpLx/8hXjS
https://www.codecogs.com/eqnedit.php?latex=%5Comega_R#0
https://paperpile.com/c/jZCpLx/u35bN
https://www.codecogs.com/eqnedit.php?latex=%5Comega_R#0
https://paperpile.com/c/jZCpLx/lLoNY
https://www.codecogs.com/eqnedit.php?latex=%5Comega_%7B%5Ciota%7D'#0
https://paperpile.com/c/jZCpLx/8hXjS
https://www.codecogs.com/eqnedit.php?latex=%5Comega_R'#0
https://paperpile.com/c/jZCpLx/u35bN
https://www.codecogs.com/eqnedit.php?latex=%5Comega_R'#0
https://paperpile.com/c/jZCpLx/lLoNY
https://www.codecogs.com/eqnedit.php?latex=K%5E%7BI%7D_%7BR%2Ca%2CV%7D#0
https://paperpile.com/c/jZCpLx/lLoNY
https://paperpile.com/c/jZCpLx/u35bN
https://www.codecogs.com/eqnedit.php?latex=K%5E%7BH%7D_%7BR%2Ca%2CV%7D#0
https://paperpile.com/c/jZCpLx/lLoNY
https://paperpile.com/c/jZCpLx/u35bN
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: RSV vaccine effectiveness against infection 
Considered an uniform random value between 
0% and 71.7% for adults over 60 ref.15, 18 

: RSV vaccine effectiveness against 
hospitalization 

94.1% for adults over 60 ref.15, 18 

: transmission rate  N(  = 0.08,  = 0.005) 
Least squares fitting to 
ref12 

*Age groups: [0-1, 2-4, 5-11, 12-18, 19-49, 50-64, 65+]  
 
  

https://www.codecogs.com/eqnedit.php?latex=K%5E%7BI%7D_%7BR%2Ca%2CV%7D#0
https://paperpile.com/c/jZCpLx/lLoNY
https://paperpile.com/c/jZCpLx/u35bN
https://www.codecogs.com/eqnedit.php?latex=K%5E%7BH%7D_%7BR%2Ca%2CV%7D#0
https://paperpile.com/c/jZCpLx/lLoNY
https://paperpile.com/c/jZCpLx/u35bN
https://www.codecogs.com/eqnedit.php?latex=%5Cbeta_0#0
https://www.codecogs.com/eqnedit.php?latex=%5Cmu#0
https://www.codecogs.com/eqnedit.php?latex=%5Csigma#0
https://paperpile.com/c/jZCpLx/ST9e1
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Appendix Table 8. Validation of the COVID-19, Influenza, and RSV models. Each model was validated via retrospective comparison 
between projected versus reported hospital admissions in the US. In most cases, the scenario assumed by the model was 
developed prior to viewing data from the projection period. Values in brackets are 95% projection intervals. 

 Date range Date of peak 
hospitalizations Magnitude of peak  Total hospitalizations 

MODEL Training Testing  Actual Model Actual Model Actual Model 

COVID-19 
BA.4/ BA.5 in 
US 

Feb 28 - Jul 
5, 2022 

Jul 5 - Oct 
31, 2022 July 25 Aug 6 [Aug 

1 - Aug 13] 6,177 
5,696 
[4,835 - 
7,135] 

546,129 
 

582,718 
[420,900 - 
798,172] 

Flu Scenario 
Modeling Hub 
Round 3 

Aug 1 - Dec 
3, 2022 

Dec 4, 
2022 - 
June 3, 
2023 

Nov 29 Dec 1 [Nov 
28 - Dec 3] 3,423 

3,616 
[3,369 - 
3,900] 

125,868 
140,419 
[111,378 - 
251, 655] 

RSV 
Oct 1, 2018 - 
May 5, 2019;  
May 6 - Jul 
15, 2023 

Jul 16 
2019 - Apr 
23, 2020 

Jan 4 
Dec 18 
[Dec 8 - 
Jan 20] 

1,294 
1,145 
[290 - 
1,573] 

102,353 
78,800 
[24,376 - 
177,402] 

 
Appendix Table 9. Projected age-specific cumulative COVID-19 hospitalizations in the US between 09/01/2023 and 03/30/2024 
under the four scenarios described in Table A.1. Values in each cell are medians and 95% prediction intervals based on 200 
stochastic simulations. 

 
Age group 

Total 
0-4 5-11 12-18 19-49 50-64 65+ 

COV-A 
10,224 
[8,165-
12,003] 

4,470 
[3,465-
5,387] 

9,032 
[7,218-
10,588] 

97,301 
[78,990-
112,808] 

152,910 
[124,101-
177,082] 

323,950 
[261,943-
375,738] 

598,153 
[485,608-
692,097] 

COV-B 
10,818 
[8,682-
12,691] 

4,663 
[3,631-
5,617] 

9,519 
[7,652-
11,160] 

137,570 
[112,419-
159,344] 

213,628 
[174,214-
246,864] 

347,961 
[281,994-
402,956] 

724,098 
[590,601-
837,091] 

COV-C 
18,879 
[15,581-
21,664] 

7,984 
[6,478-
9,324] 

12,606 
[10,342-
14,519] 

171,692 
[142,148-
196,287] 

257,938 
[213,818-
294,864] 

547,404 
[449,379-
627,594] 

1,016,745 
[839,736-
1,162,735] 

COV-D 
20,352 
[16,870-
23,266] 

8,446 
[6,888-
9,813] 

13,482 
[11,132-
15,512] 

270,856 
[225,946-
308,387] 

398,726 
[333,448-
454,017] 

598,077 
[493,311-
683,472] 

1,310,106 
[1,089,610-
1,492,837] 

 
Appendix Table 10. Projected age-specific cumulative influenza hospitalizations in the US between 09/01/2023 and 04/23/2024 
under the four scenarios described in Table A.2. Values in each cell are medians and 95% prediction intervals based on 200 
stochastic simulations. 

 
Age group 

Total 
0-4 5-11 12-18 19-49 50-64 65+ 

INF-A 6,094 [312-
15,541] 

5,225 [236-
13,291] 

1,065 [25-
3,051] 

43,519 
[2,753-
104,598] 

36,526 
[2,236-
88,239] 

88,736 
[5,269-
215,949] 

182,546 
[10,970-
438,289] 

INF-B 6,795 [483-
16,592] 

5,836 [390-
14,091] 

1,180 
[45-3,188] 

51,308 
[4,258-
115,780] 

42,241 
[3,478-
96,259] 

101,100 
[8,112-
230,975] 

209,765 
[17,146-
475,218] 
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Age group 

Total 
0-4 5-11 12-18 19-49 50-64 65+ 

INF-C 2,725 [126-
7,112] 

4,092 
[198-10,394] 

1,825 [69-
4,778] 

40,296 
[2,843-
93,711] 

43,379 
[3,309-
111,283] 

258,451 
[18,303-
606,537] 

355,622 
[25,013-
832,407] 

INF-D 3,070 [226-
7,375] 

4,691 [353-
10,830] 

1,997 
[114-4,856] 

47,466 
[4,541-
101,502] 

55,301 
[5,191-
118,832] 

294,471 
[27,083-
632,765] 

407,559 
[37,818-
874,205] 

      
 
Appendix Table 11. Projected age-specific cumulative RSV hospitalizations in the US between 09/01/2023 and 04/23/2024 under 
the four scenarios described in Table A.3. Values in each cell are medians and 95% prediction intervals based on 200 stochastic 
simulations.      

 
Age group  

Total 0-1 2-4 5-11 12-18 19-49 50-64 65+ 

RSV-A 
49,849 
[27,811-
82,974] 

6,489 
[3,229-
11,480] 

2,316 [950-
4,172] 209 [17-595] 

2,655 
[1,234-
4,715] 

4,702 
[2,362-
8,134] 

7,936 
[4,139-
13,564] 

74,525 
[42,078-
121,772] 

RSV-B 
60,978 
[33,201-
101,866] 

6,584 
[3,385-
11,612] 

2,326 [952-
4,112] 210 [15-609] 

2,674 
[1,226-
4,751] 

5,584 
[2,856-
9,436] 

16,382 
[8,636-
27,511] 

95,044 
[52,258-
157,044] 

RSV-C 
87,858 
[58,996-
124,465] 

9,870 
[5,987-
14,759] 

3,125 
[1,636-
4,877] 

320 [49-763] 
3,627 
[2,054-
5,678] 

6,660 
[4,161-
9,804] 

12,847 
[8,142-
18,411] 

124,403 
[85,069-
174,587] 

RSV-D 
95,518 
[64,128-
135,993] 

9,961 
[6,044-
14,929] 

3,142 
[1,617-
4,849] 

320 [52-770] 
3,644 
[2,049-
5,693] 

7,665 
[4,833-
11,208] 

14,973 
[23,770-
34,032] 

144,121 
[97,353-
203,466] 
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Appendix Table 12. Reported age-specific COVID-1980, influenza80, and RSV12 hospitalizations in the US between 09/01/2022 and 
03/30/2023. The first row (TRI) provides the sum across all three viruses. The RSV hospitalizations data are collected from the 
RSV-NET, which are scaled up from a network of sites in acute-care hospitals across 58 counties in 12 states during the October 1–
April 30 season each year12. 

 

Age group 

Total 

0-4 5-11 12-18 19-49 50-64 65+ 

TRI 2022-
2023  149,663 19,131 12,548 176,345 207,416 647,207 1,212,312 

COVID 2022-
2023  18,695 5,660 7,491 132,527 151,061 513,009 828,443 

Flu 2022-2023  20,974 5,106 2,918 36,229 44,957 98,729 208,915 

RSV 2022-
2023  109,994 8,365 2,139 7,589 11,398 35,469 174,954 
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03/30/2024. The first row (TRI) provides the sum across all three viruses. The RSV hospitalizations data are collected from the 
RSV-NET, which are scaled up from a network of sites in acute-care hospitals across 58 counties in 12 states during the October 1–
April 30 season each year12. 

 

Age group 

Total 

0-4 5-11 12-18 19-49 50-64 65+ 

TRI 2023-
2024  117,875 22,103 9,851 133,460 172,503 551,018 1,006,810 

COVID 2023-
2024  16,449 4,350 4,935 80,504 103,620 402,758 612,616 

Flu 2023-2024  16,331 12,305 2,901 42,145 50,207 91,778 215,667 

RSV 2023-
2024  85,095 5,448 2,015 10,811 18,676 56,482 178,527 

 
Appendix Table 14. Projected date and value of maximum daily COVID-19 hospital admissions in the US between 09/01/2023 and 
03/30/2024 under the four scenarios described in Table A.1. Dates in each cell are medians and 95% prediction intervals based on 
200 stochastic simulations. 

 Date of peak Value of peak 

COV-A 10/28/2023 [10/20/2023, 11/02/2023] 4,668 [3,825, 5,346] 

https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/ST9e1
https://paperpile.com/c/jZCpLx/ST9e1
https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/ST9e1
https://paperpile.com/c/jZCpLx/ST9e1
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COV-B 11/02/2023 [10/27/2023, 11/17/2023]  5,589 [4,623, 6,396] 

COV-C 10/22/2023 [10/21/2023, 11/02/2023] 8,158 [6,831, 9,162] 

COV-D 10/25/2023 [10/21/2023, 11/02/2023] 9,759 [8,286, 10,931] 

Reported 12/29/2023 5,341 

 
Appendix Table 15. Projected date of maximum daily influenza hospital admissions in the US between 09/01/2023 and 03/30/2024 
under the four scenarios described in Table A.2. Dates in each cell are medians and 95% prediction intervals based on 200 
stochastic simulations. 

 Date of peak Value of peak 

INF-A 12/25/2023 [11/29/2023, 01/18/2024]  2,678 [247, 7,665] 

INF-B 12/14/2023 [11/21/2023, 01/25/2024] 4,128 [393, 8,702] 

INF-C 12/16/2023 [11/22/2023, 01/28/2024] 6,928 [572, 14,978] 

INF-D 12/10/2023 [11/16/2023, 01/12/2024] 8,934 [911, 16,715] 

Reported 12/28/2023 3,137 

 
Appendix Table 16. Projected date of maximum daily RSV hospital admissions in the US between 09/01/2023 and 03/30/2024 
under the four scenarios described in Table A.3. Dates in each cell are medians and 95% prediction intervals based on 200 
stochastic simulations. 

 Date of peak Value of peak 

RSV-A 12/15/2023 [12/07/2023, 01/03/2024] 
 

961 [519, 1,461] 
 

RSV-B 12/12/2023 [12/05/2023, 12/25/2023] 
 

1,466 [790, 2,058] 
 

RSV-C 11/21/23 [11/18/23, 11/29/23] 
 

1,733 [1,318, 2,171] 
 

RSV-D 11/16/23 [11/14/23, 11/29/23] 
 

2,384 [1,777, 2,902] 
 

Reported 12/30/2023 1,911 
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Appendix Table 17. Age-specific cumulative COVID-19, influenza, and RSV hospitalizations in the US during the 2022-2023 
tripledemic (from 09/01/2022 to 03/30/2023) and projected for the 2023-2024 respiratory virus season (from 09/01/2023 to 
03/30/2024) under four plausible scenarios. 

 Age group 

 
Total 

 0-4 5-11 12-18 19-49 50-64 65+ 

2022-23*  149,663 19,131 12,548 176,345 207,416 647,207 1,212,312 

2023-24#  117,875 22,103 9,851 133,460 172,503 551,018 1,066,810 

TRI-A 
72,656 
[42,777-
117,008] 

12,011 
[4,651-
22,849] 

10,306 
[7,260-
14,234] 

143,475 
[82,976-
222,121] 

194,138 
[128,699-
273,455] 

420,622 
[271,350-
605,251] 

855,224 
[538,656-
1,252,158] 

TRI-B 
85,174 
[48,950-
137,752] 

12,825 
[4,972-
23,820] 

10,909 
[7,712-
14,957] 

191,552 
[117,903-
279,874] 

261,453 
[180,547-
352,559] 

465,443 
[298,742-
661,442] 

1,028,907 
[660,005-
1,469,353] 

TRI-C 
119,332 
[84,573-
163,111] 

15,200 
[8,312-
24,595] 

14,751 
[10,460-
20,059] 

215,615 
[147,044-
295,676] 

307,977 
[221,287-
415,950] 

818,702 
[475,824-
1,252,541] 

1,496,769 
[949,818-
2,169,729] 

TRI-D 
128,901 
[91,185-
176,595] 

16,278 
[8,857-
25,491] 

15,798 
[11,298-
21,138] 

321,966 
[232,536-
415,582] 

461,692 
[343,472-
584,057] 

916,318 
[535,366-
1,350,269] 

1,861,786 
[1,224,781-
2,570,507] 

*Reported age-specific cumulative COVID-1980, Influenza80, and RSV12 hospitalizations in the US between 09/01/2022 and 
03/30/2023. 
#Reported age-specific cumulative COVID-1980, Influenza80, and RSV12 hospitalizations in the US between 09/01/2023 and 
03/30/2024. 
 
 
 

https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/ST9e1
https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/zuRug
https://paperpile.com/c/jZCpLx/ST9e1
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Appendix Figure 1. Estimated ascent of the SARS-CoV-2 Omicron subvariant EG.5 and JN.1 in the 
US. Values represent the proportion of cases caused by the Omicron subvariant EG.5. Stars indicate the 

reported proportion of EG.5 (red) and JN.1 (green) in a sample of US COVID-19 specimens4. The blue 

dashed line shows the fitted logistic curve used to model COVID-19 scenarios with the EG.5 variant for 

the projections. The model was fit to data prior to the date indicated by the vertical black dashed line. 

 

https://paperpile.com/c/jZCpLx/txxfo
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Appendix Figure 2. Schematic representation of SARS-CoV-2 transmission model that tracks 
population-level immunity against multiple variants derived from natural infection and vaccination 
for six age groups. (A) Susceptible individuals ( ) move to the exposed state ( ) when they get 

infected. Exposed individuals transition into either the pre-symptomatic ( ) or the pre-asymptomatic ( ) 

compartment. Pre-asymptomatic cases first transition to the infectious asymptomatic compartment ( ) 

and then to the recovered compartment ( ) where they are fully immune to reinfection until they transition 

https://www.codecogs.com/eqnedit.php?latex=S#0
https://www.codecogs.com/eqnedit.php?latex=E#0
https://www.codecogs.com/eqnedit.php?latex=P%5EY#0
https://www.codecogs.com/eqnedit.php?latex=P%5EA#0
https://www.codecogs.com/eqnedit.php?latex=I%5EA#0
https://www.codecogs.com/eqnedit.php?latex=R#0


 

37 of 46 

back to being susceptible. Pre-symptomatic individuals first move to the symptomatic compartment ( ); a 

fraction of those individuals move directly to the recovered compartment, while the remaining transition to 

the hospitalized compartment ( ). Hospitalized cases either recover ( ) or die ( ). Recovered individuals 

enjoy a short period of full immunity before returning to the susceptible compartment ( ). For each type of 

immune exposure (i.e., infection with a specific variant or receipt of a specific type of vaccine dose), the 

model uses two state variables to track the resulting population-level average protection against infection 

and severe disease. These variables increase as individuals recover from infections and receive vaccines 

and they decrease according to waning (half-life) parameters, specific to each exposure type. Immunity 

state variables modify overall rates of infection and risk of hospitalization/death with efficacies that can 

vary depending on currently circulating virus variants and the age group of the exposed individual. 

Variables tracking population-level immunity can be readily modified to capture immunity with respect to 

future variants as well as multiple types of vaccines and boosters. (B) Infection upregulates population 

immunity depending on the relative frequency of each variant among active infections. These are given 

by  and . The administration of a primary vaccine doses, booster doses and reformulated 

booster increases the vaccination-derived immunity and these are represented as , , . We 

model a separate set of infection and immunity variables for each of the following age groups: 0-4, 5-11, 

12-18, 19-49, 50-64, and 65+. 

 

https://www.codecogs.com/eqnedit.php?latex=I%5EY#0
https://www.codecogs.com/eqnedit.php?latex=H#0
https://www.codecogs.com/eqnedit.php?latex=R#0
https://www.codecogs.com/eqnedit.php?latex=D#0
https://www.codecogs.com/eqnedit.php?latex=S#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BXB%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BEG%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BV%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BB%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BRB%7D#0
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Appendix Figure 3. Schematic representation of influenza transmission model that tracks 
population-level immunity against two influenza subtypes derived from natural infection and 
vaccination for six age groups. (A) Susceptible individuals ( ) move to the exposed state ( ) upon 

infection. Exposed individuals transition to the infectious compartment ( ); a fraction of individuals move 

directly from ( ) to the recovered compartment ( ), while the remaining transition to the hospitalized 

compartment ( ). Hospitalized cases either recover ( ) or die ( ). Recovered individuals eventually 

https://www.codecogs.com/eqnedit.php?latex=S#0
https://www.codecogs.com/eqnedit.php?latex=E#0
https://www.codecogs.com/eqnedit.php?latex=I#0
https://www.codecogs.com/eqnedit.php?latex=I#0
https://www.codecogs.com/eqnedit.php?latex=R#0
https://www.codecogs.com/eqnedit.php?latex=H#0
https://www.codecogs.com/eqnedit.php?latex=R#0
https://www.codecogs.com/eqnedit.php?latex=D#0
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become partially susceptible again and move into the susceptible compartment ( ). For each type of 

immune exposure (i.e., infection with a specific subtype or receipt of vaccine), the model uses two state 

variables to track the resulting population-level average protection against infection and severe disease. 

These variables increase as individuals recover from infections and receive vaccines and they decrease 

according to waning (half-life) parameters, specific to each exposure type. Immunity state variables 

modify overall rates of infection and risk of hospitalization/death with efficacies that can vary depending 

on currently circulating virus subtypes and the age group of the exposed individual. (B) Infection 

upregulates population immunity depending on the relative frequency of each subtype among active 

infections. These are given by  and . The administration of vaccine increases vaccine-derived 

immunity, represented as . We model a separate set of infection and immunity variables for each of 

the following age groups: 0-4, 5-11, 12-18, 19-49, 50-64, and 65+. 

 

https://www.codecogs.com/eqnedit.php?latex=S#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BH1%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BH3%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_V#0
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Appendix Figure 4. Schematic representation of RSV transmission model that tracks population-
level immunity derived from natural infection, vaccination, and monoclonal antibodies across 
seven age groups. (A) Susceptible individuals ( ) move to the exposed state ( ) when they get infected. 

Exposed individuals transition to the infectious compartment ( ); a fraction of individuals move directly 

from ( ) to the recovered compartment ( ), while the remaining transition to the hospitalized compartment 

( ). Hospitalized cases either recover ( ) or die ( ). Recovered individuals eventually become partially 

https://www.codecogs.com/eqnedit.php?latex=S#0
https://www.codecogs.com/eqnedit.php?latex=E#0
https://www.codecogs.com/eqnedit.php?latex=I#0
https://www.codecogs.com/eqnedit.php?latex=I#0
https://www.codecogs.com/eqnedit.php?latex=R#0
https://www.codecogs.com/eqnedit.php?latex=H#0
https://www.codecogs.com/eqnedit.php?latex=R#0
https://www.codecogs.com/eqnedit.php?latex=D#0


 

41 of 46 

susceptible again and move into the susceptible compartment ( ). For each type of immune exposure 

(i.e., infection with RSV or receipt of vaccine or monoclonal antibodies), the model uses two state 

variables to track the resulting population-level average protection against infection and severe disease. 

These variables increase as individuals recover from infections or receive vaccines and monoclonal 

antibodies and then decrease according to waning (half-life) parameters specific to each exposure type. 

Immunity state variables modify overall rates of infection and risk of hospitalization/death with efficacies 

that can vary depending on the circulating virus and the age group of the exposed individual. (B) Infection 

upregulates population immunity depending on RSV infections depicted by . The administration of 

vaccines and monoclonal antibodies increases the vaccine-derived immunity represented as  and 

. We model a separate set of infection and immunity variables for each of the following age groups: 0-1, 

2-4, 5-11, 12-18, 19-49, 50-64, and 65+. 

 

 

Appendix Figure 5. Absolute humidity data of the United States stratified to the day of a year.  

 

https://www.codecogs.com/eqnedit.php?latex=S#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BRS%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_V#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BM_A%7D#0
https://www.codecogs.com/eqnedit.php?latex=M_%7BM_A%7D#0
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Appendix Figure 6. Comparison between retrospective RSV model projections and observed RSV 
hospitalization data for the US. The model was first fit to RSV hospitalization data from the 2018-2019 

season12 to estimate the level of infection-acquired immunity and transmission rate at the end of the 

season. Additionally, data from the 2022-23 season between May 6 2023 and July 15 2023 was used and 

appended with the hospitalization data from October 1, 2018 and May 5, 2019 to obtain the entire fitting 

period to bridge the gap in missing data between May 6 2019 and October 1 2029. The hospitalizations 

were then projected from July 16, 2019 through April 23, 2020. We then compared these projected results 

between October 1, 2019 and April 23, 2020 with the reported 2019-2020 hospitalizations. Values are a 

seven-day average number of hospital admissions attributable to RSV infections. The solid lines and 

shaded ribbons represent median and 95% prediction intervals across 200 stochastic simulations, 

respectively. Black dots and red dots are reported seven-day average hospital admissions for RSV in 

2018-2019 and 2019-2020 seasons respectively. 

 

https://paperpile.com/c/jZCpLx/ST9e1
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Appendix Figure 7. Reported and projected COVID-19, influenza, and RSV seven-day average 
hospital admissions in the US. Daily hospital admissions (A) during the 2022-2023 respiratory virus 

season (from August 8, 2022 to July 10, 2023)34, 12, and (B) during the 2023-2024 respiratory virus 

season (from July 11, 2023 to February 17, 2024)34, 12. The other four panels provide projected 

hospitalizations from July 11, 2023 to April 23, 2024 under the four tripledemic scenarios described in 

Table A.4, from optimistic (lower transmission rates paired with higher impact of immunization 

interventions) to pessimistic (higher transmission rates paired with lower impact of immunization 

interventions): (C) TRI-A, (D) TRI-B, (E) TRI-C, and (F) TRI-D. Purple, blue and pink shading correspond 

to SARS-CoV-2, influenza, and RSV, respectively. Values are median estimates across 200 stochastic 

simulations. 

 

https://paperpile.com/c/jZCpLx/Uh0ap
https://paperpile.com/c/jZCpLx/ST9e1
https://paperpile.com/c/jZCpLx/Uh0ap
https://paperpile.com/c/jZCpLx/ST9e1
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Appendix Figure 8. Projected age-specific RSV hospitalizations averted by new RSV vaccines and 
monoclonal antibodies between September 1, 2023 and April 23, 2024 in the US assuming a pre-
pandemic transmission rate (light gray) or a higher transmission rate similar to the 2022-2023 RSV 
season (dark gray). Bar heights and error lines correspond to median and 95% prediction interval, 

across 200 pairs of stochastic simulations, in which one simulation assumes that adults over age 60 

receive the RSV vaccine at rates based on historical influenza vaccination patterns and nearly all infants 

under age eight months receive the new monoclonal antibodies and the other simulation assumes that 

nobody receives the RSV vaccine and only high risk infants receive the monoclonal antibodies. 
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Appendix Figure 9. Post hoc projected and observed daily hospital admissions in the US 
attributable to influenza infections from September 1, 2023 to April 23, 2024. Projections are based 

on a scenario retrospectively constructed to match the dominant subtype and vaccination rates from the 

2023-2024 influenza season. Values are a seven-day average number of hospital admissions attributable 

to influenza infections. The solid lines and shaded ribbons represent median and 95% prediction intervals 

across 200 stochastic simulations, respectively. Black and blue dots indicate the reported seven-day 

average hospital admissions for influenza prior to and during the projection period12,34, respectively.  

 

https://paperpile.com/c/jZCpLx/Uh0ap+ST9e1
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Appendix Figure 10. Post hoc projected and observed daily hospital admissions in the US 
attributable to RSV infections from September 1, 2023 to April 23, 2024. Projections are based on a 

scenario retrospectively constructed to match the observed RSV immunization rates and estimated higher 

rate of adult-to-adult transmission during the 2023-2024 influenza season. Values are a seven-day 

average number of hospital admissions attributable to RSV infections. The solid lines and shaded ribbons 

represent median and 95% prediction intervals across 200 stochastic simulations, respectively. Black and 

blue dots indicate the reported seven-day average hospital admissions for RSV prior to and during the 

projection period12,34, respectively.  
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