














Supplementary Materials



Supplementary Methods
Variant epidemic curves
We used data from CDC’s national genomic surveillance program, which aggregates biweekly SARS-CoV-2 sequence data from CDC-funded programs and public data repositories [1], to estimate COVID-19 cases attributable to variants circulating from July 2021 to September 2024. Using previously defined SARS-CoV-2 lineage groups [2,3], we included the following variants that attained 5% prevalence or greater anytime from July 20, 2021, to September 14, 2024: B.1.617.2, B.1.1.529, BA.1.1, BA.2, BA.2.12.1, BA.4, BA.5, BA.4.6, BF.7, BQ.1, BQ.1.1, XBB.1.5-like, XBB.1.16-like, EG.5-like, XBB, XBB.2.3, FL.1.5.1-like, HV.1, HK.3-like, JD.1.1, JN.1-like, KQ.1-like, KP.2-like, JN.1.16-like, KP.3, LB.1-like, and KP.3.1.1-like lineages. XBB and JN.1 lineages with identical spike residue 31 and receptor binding domain substitutions (residues 332–527) were grouped and denoted as “representative lineage-like.” We estimated biweekly numbers of COVID-19 infections attributable to these variants by multiplying counts of positive SARS-CoV-2 positive test results from the National Respiratory and Enteric Virus Surveillance System (NREVSS) with biweekly variant proportions from genomic surveillance [4]. For each included variant, we restricted to biweeks in which it circulated at 0.1% share or greater, and normalized to the maximum cases per variant. No additional adjustments were made for overall decreasing detection of COVID-19 cases over time due to reductions in testing availability.
Biweekly estimates of normalized variant-attributable COVID-19 cases generally appeared to be symmetrically distributed over time (Supplementary Figure 1). Periods of sequential variant takeover and predominance, such as during early Omicron evolution from B.1.1.529/BA.1 to BA.2 to BA.4/5 in 2022, appeared to have staggered variant epidemic curves (Supplementary Figure 1A). Periods of more prolonged co-circulation, such as during the latter half of 2023 when multiple XBB descendants circulated, showed greater overlap in variant epidemic curves (Supplementary Figure 1B). The peak number of attributed cases per variant occurred a median of 12 weeks after the variant first reached 0.1% prevalence. Across the variants included, the median epidemic curve standard deviation was 6.0 weeks. Assuming normally distributed time series, this indicated that approximately 95% of cases for a given variant occurred within a 24-week (5.5 month) period.

Variant co-circulation model
Based on our empiric assessments of variant circulation, we used a simple deterministic model to represent dynamics of two SARS-CoV-2 lineages, adapted from Bond et al.’s approach of defining symmetric epidemic curves using the binomial distribution for influenza transmission [5]. This approach allows full parametric determination of the shape and height of an epidemic curve but does not assume a mechanistic model underlying transmission.
Formally, epidemic dynamics for variants 1 and 2 are assumed to each follow a normally distributed time series , with  and  representing the weeks in which variants 1 and 2 peak, respectively. Variant 1 is assumed to peak at 15 weeks, and variant 2 is assumed to peak 2 to 30 weeks after variant 1 (Figure 1); this degree of right-shift is the main variable that is adjusted to generate different variant circulation patterns. The standard deviation  from the peak of the epidemic time series is assumed to be 6 weeks for both variants, corresponding to 95% of cases for a given variant occurring within a 24-week period.

We define U(t) and V(t) as the number of unvaccinated and vaccinated individuals, respectively, at time t. The total population size [N = U(t) + V(t)] is fixed with the assumption of no births, deaths, or migration in or out of the population. We assume the total population size (e.g., VE study recruitment catchment area) is 1 million individuals with no age or other demographic strata modeled. The number of vaccinated individuals is represented by a piecewise linear function that increases until a pre-determined threshold  at time . We set  to be 20% of the total population and  to be 10 weeks, as updated 2023–2024 COVID-19 vaccination uptake in the US appeared to plateau at approximately 20% of the eligible adult population several months after updated doses were available [6].


The numbers of unvaccinated and vaccinated individuals hospitalized following infection from variant 1 and recruited into the study are given by U1(t) and V1(t), respectively:  


where is a parameter that scales the height of the epidemic curve (representing multiple factors not individually modeled here, including infectiousness and severity of variant 1) and VE1 represents time-invariant VE specific to variant 1. We assume time-invariant VE against variants 1 and 2 (VE1 = 50% and VE2 = 20%, respectively), representing approximate levels of recent VE against hospitalization observed empirically against strain-matched and divergent variants, respectively [7–10]. Letting , the dynamics of variant 2 are similar: 


In a sensitivity analysis, we extend this model by allowing VE to change by time since vaccination . Similar to the approach used by Lin et al. [11], we define piecewise functions such that VE increases from 0% at  to a peak at  weeks, representing the mounting of the immune response following vaccination; VE then subsequently wanes, representing natural waning of immunologic protection over time due to antibody decay or other immunological mechanisms. Denoting  as the time-varying VE function specific to variant k: 

Where  are parameters for adjusting the rates of increase and waning and time-varying VE functions are constrained to be greater or equal to 0. We selected  such that  peaks at 50% and  peaks at 20% (identical to VE under the time-invariant setting),  wanes to ~0% by 35 weeks, and  has a similar rate of waning (Supplementary Figure 3). These parameters represent illustrative scenarios and are not meant to be best estimates of current rates of waning of COVID-19 VE. 
Under time-varying VE, the numbers of vaccinated individuals hospitalized following infection from variant k and recruited into the study is given by Vk(t), which combines the number of newly vaccinated individuals  and the time-varying VE function for each week through a convolution:  


Test-negative controls can present with infection from multiple acute respiratory illness-causing pathogens and are used to estimate vaccine uptake. Numbers of enrolled test-negative control-patients are assumed to accrue at a constant rate over time. Example time series are shown in Figure 1 for counts of patients with variant 1, variant 2, and test-negative controls stratified by vaccination status.

Estimating vaccine effectiveness
We simulate this model for 52 weeks, which produces a time series of vaccinated and unvaccinated cases for each SARS-CoV-2 lineage that is then used as input in a logistic regression model for estimating VE. The log odds of case versus control status was modeled as a linear function of vaccination status and categorical calendar week. In simulations where VE was assumed to be time-variant, VE was calculated as 1 minus the odds ratio and compared to the defined VE value. In the setting of time-varying VE, an empirical reference VE was estimated from the full time series data, representing a weighted average of VE over the observed time since vaccination distribution. For period-based analyses with a specified threshold α, the predominance period for variant 1 was defined from the start of COVID-19 circulation (1 or more cases detected) to the last week in which variant 1’s prevalence was above α. The predominance period for variant 2 spanned from the first week in which variant 2’s prevalence was above α to the end of COVID-19 circulation. For sequence-based analyses, correct lineage determination was assumed to occur in 60% of patients, reflecting possible sample reduction from specimens with low viral load [8]. Our simplified model does not incorporate differences among patients with and without successful sequencing results.

Predominance periods
We reviewed empirical COVID-19 TND VE studies to see which predominance thresholds have been commonly used. A 50% threshold was common [12–17], but higher thresholds such as 60% [9,18–20], 70% [21], 75% [22], 80% [10,23–25], and 90% [26] have also been used. We selected 50%, 70% and 90% as representative predominance threshold values spanning the range of empirical thresholds to use in our simulation. 

Supplementary Figure 1. Normalized estimated biweekly variant-attributed COVID-19 cases among A) early Omicron variants, B) XBB and descendants, and C) JN.1. and descendants
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Data from CDC’s national genomic surveillance program [1] were used to estimate COVID-19 cases attributable to variants circulating from July 2021 to September 2024 among previously defined SARS-CoV-2 lineage groups [2,4]. We estimated biweekly numbers of COVID-19 infections attributable to these variants by multiplying counts of positive SARS-CoV-2 positive test results from the National Respiratory and Enteric Virus Surveillance System (NREVSS) with biweekly variant proportions from genomic surveillance [4]. For each variant, we restricted to biweeks in which it circulated at 0.1% share or greater and normalized to the maximum cases per variant. 
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Supplementary Figure 2. Counts of simulated cases and controls by variant and vaccination status (top) and proportions of variants (bottom) over time for a range of standard deviations for the variant 2 epidemic curve.
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Variant co-circulation was modeled using symmetric normally-distributed epidemic curves, with the standard deviation of the variant 2 epidemic curve ranging from 2 to 14 weeks. Time-invariant VE was assumed to be 50% against variant 1 and 20% against variant 2, representing approximate differences in VE observed empirically against recent strain-matched and divergent variants, respectively. Vaccine coverage was assumed to increase linearly from the start of the season before plateauing at 20%, derived from empirical trends in vaccination coverage 2023–24 and 2024–25 in the US.

Supplementary Figure 3. Time-varying vaccine effectiveness by number of weeks since vaccination for variant 1 and 2.
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Time-varying vaccine effectiveness was defined using the piecewise function approach of Lin et al. [11]. In this model, VE increases from  to a peak at  weeks of 50% against variant 1 and 20% against variant 2, representing the mounting of the immune response following vaccination; VE then subsequently wanes to 0%, representing natural waning of immunologic protection over time. The rate of waning was defined to be similar for both variants.

Supplementary Figure 4. Delay between peak of variant 1 and 2 versus duration of co-circulation in simulated epidemic curves. [image: Chart, line chart
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Co-circulation was defined as weeks in which both variants had a prevalence of 10% or greater. Variant co-circulation was modeled using symmetric normally-distributed epidemic curves, with the peak of variant 2 circulation occurring a range of 2 to 30 weeks after variant 1.


Supplementary Figure 5. Point estimates and 95% confidence intervals for period-based vaccine effectiveness estimates across different variant co-circulation scenarios and predominance thresholds with higher variant 2 vaccine effectiveness.
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X = scenarios during which a predominance threshold was not met or the number of COVID-19 cases was <100 for either variant and VE could not be estimated.
Variant co-circulation was modeled using symmetric normally-distributed epidemic curves, with the peak of variant 2 circulation occurring a range of 2 to 30 weeks after variant 1. In this sensitivity analysis, time-invariant VE was assumed to be 50% against variant 1 and 35% against variant 2. Vaccine coverage was assumed to increase linearly from the start of the season before plateauing at 20%, derived from empirical trends in vaccination coverage 2023–24 and 2024–25 in the US. Using a TND framework, we estimated lineage-specific VE using logistic regression adjusting for calendar time, and we estimated lineage-specific VE using a period-based analysis with different predominance thresholds.


Supplementary Figure 6. Point estimates and 95% confidence intervals for period-based vaccine effectiveness estimates across different variant co-circulation scenarios and predominance thresholds assuming higher population-wide vaccination coverage.
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X = scenarios during which a predominance threshold was not met or the number of COVID-19 cases was <100 for either variant and VE could not be estimated.
Variant co-circulation was modeled using symmetric normally-distributed epidemic curves, with the peak of variant 2 circulation occurring a range of 2 to 30 weeks after variant 1. Time-invariant VE was assumed to be 50% against variant 1 and 20% against variant 2, representing approximate differences in VE observed empirically against recent strain-matched and divergent variants, respectively. In this sensitivity analysis, vaccine coverage was assumed to increase linearly from the start of the season before plateauing at 40%, potentially representing higher coverage among a subpopulation with risk factors such as older age. Using a TND framework, we estimated lineage-specific VE using logistic regression adjusting for calendar time, and we estimated lineage-specific VE using a period-based analysis with different predominance thresholds.


Supplementary Figure 7. Point estimates and 95% confidence intervals for (A) sequence-based and (B-D) period-based vaccine effectiveness estimates across different predominance thresholds by week after variant 2 reaches 50% prevalence allowing for time-varying vaccine effectiveness.
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X = scenarios during which a predominance threshold was not met or the number of COVID-19 cases <100 for either variant and VE could not be estimated.
Variant co-circulation was modeled using symmetric normally-distributed epidemic curves, with the peak of variant 2 circulation occurring a range of 2 to 30 weeks after variant 1. Time-varying vaccine effectiveness was defined using the piecewise function approach of Lin et al. [11]. In this model, VE increases from  to a peak at  weeks of 50% against variant 1 and 20% against variant 2, representing the mounting of the immune response following vaccination; VE then subsequently wanes to 0%, representing natural waning of immunologic protection over time (Supplementary Figure 3). Vaccine coverage was assumed to increase linearly from the start of the season before plateauing at 20%, derived from empirical trends in vaccination coverage 2023–24 and 2024–25 in the US. Using a TND framework, we estimated lineage-specific VE using logistic regression adjusting for calendar time, and we estimated lineage-specific VE using a period-based analysis with different predominance thresholds.

Supplementary Tables
Supplementary Table 1. Simulation results underlying Figure 2 (Point estimates and 95% confidence intervals for period-based weekly vaccine effectiveness estimates across different variant co-circulation scenarios and predominance thresholds).
Supplementary Table 2. Simulation results underlying Figure 3 (Point estimates and 95% confidence intervals for sequence-based and period-based weekly vaccine effectiveness estimates across different predominance thresholds by week after variant 2 reaches 50% prevalence).
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