1

1


Appendix

Table of Contents

1. Framework for Reproducing Epidemiological Dynamics (FRED) Overview
2. Influenza Model
· Appendix Table 1.  Influenza transmission parameters
3. Vaccination Model
4. Influenza Season
5. Population
· Appendix Table 2.  Allegheny County population by age represented in model compared to US population percentage by age in 2020
6. References

1. Framework for Reproducing Epidemiological Dynamics (FRED) Overview
	The FRED platform is an agent-based (agent defined as a person) modeling tool that utilizes synthetic populations based on census data to simulate household demographics and realistic locations at the US census block group level.  The current study utilized 2010 census data available in the latest version of FRED. 1-4  FRED agents transmit infectious diseases through interactions in various modeled locations such as schools, workplaces, neighborhoods, and households.  
	Diseases in FRED models are represented as a series of health states, with individuals being able to progress between these states. For instance, individuals in the influenza condition may transition between different states (e.g., from susceptible to infected) based on probabilities and durations for evaluation of state changes. The modeling also incorporates pre-symptomatic and asymptomatic influenza conditions, as well as behavioral factors like staying home when ill and seasonal breaks from school.  Detailed descriptions of FRED models for influenza and other diseases are available.1,2,4-8  
	The current work modified included the following as recently described:9 1) a two week Winter (two weeks, ending January 2) and one week Spring (second week of March) school breaks; 2) increasing the number of opportunities for transmission contacts for adults by increasing hourly contact rates with other agents in places where transmission occurs predominantly to adults in FRED (workplaces, neighborhoods, and households); and 3) modifying the symptomatic rate by age, informed by the literature and recently reported in detail.9 


2. Influenza Model
This study used a modified Susceptible-Exposed-Infectious-Recovered (SEIR) model,5-8 including varying susceptibility to infection based on prior immunity, VE, and waning immunity as described below and with parameters described in Appendix Table 1.  The model was calibrated to attain age-specific influenza cases based on 2019-20 CDC estimates as previously described.9,10  Agents were assigned a susceptibility of 1 across all age groups.  To capture immunity from prior year infections on simulation start, agents in the model started with randomly assigned 50% immunity to influenza at age-specific rates based on CDC-reported influenza infections for the 2019-20 season as previously described.5,10
Agents moved either to an infectious, symptomatic infectious (Is) state or an asymptomatic infectious (Ia) state at rates defined by rates in Appendix Table 1.  The exact proportion of symptomatic cases in the literature varies based several factors (e.g., age, past exposure, vaccination history, individual susceptibility, circulating influenza strain, symptom definition and severity of symptoms).11  
Within FRED, Is and Ia states reflect agent behaviors related to staying home and level of infectiousness.  Agents in the Is state had a 24-hour Pre-symptomatic (Ps) state during which they were unaware of their illness, continued their daily activities, and were fully infectious.  Agents in the Is state remained fully symptomatic, although half of these agents stayed home and did not interact with agents at schools, workplaces, or neighborhoods.  Agents in the Ia state represented a milder form of infection, did not have a Ps state, continued their usual interactions (school, workplace, neighborhood), and were half as infectious as Is agents.  
Symptomatic infections were assigned by age as follows: children age 0-4 years 86%; age 5-49 years 53%; age 50-64 76%; and age 65 and up 88%,12-17 with the remainder of infections being asymptomatic.  Symptomatic agents were hospitalized by at rates based on 2019-20 estimates.10  From the hospitalized states, agents either died10 or recovered.  Following infection, susceptibility was reduced to 0 for 30 days after infections within the model and then waned by 3% per month.  



	Appendix Table 1. Influenza transmission parameters 
	

	Parameter
	Definition
	Reference

	Exposed (E in model) in days, representing latent period
	Drawn from a lognormal distribution: 
 = 1.9,  = 1.23 
	18

	Pre-symptomatic (Ps) in days
	Duration one day
	19

	Symptomatic infectious (Is) in days
	Drawn from a lognormal distribution: 
 = 4,  = 1.5 
	12

	Asymptomatic infectious (Ia) in days
	Drawn from a lognormal distribution:  
 = 5,  = 1.5 
	*

	Symptomatic percentage by age in years
	0-4, 86%; 5-49, 53%; 50-64, 76%; ≥65, 88%
	12-17

	Hospitalization percentage by age for Symptomatic agents
	0-4, 0.70%; 5-17, 0.27%; 18-49, 0.56%; 50-64, 1.06%, ≥65, 9.09%
	10


*No references for the asymptomatic period were available, so the length was set to match the length of the pre-symptomatic (1 day) plus the symptomatic (4 days) period for agents who became symptomatic.


3. Vaccination Model

Vaccination based on 2021-22 season estimates20 was randomly applied to agents by age, following a typical seasonal vaccination pattern of one influenza vaccine dose beginning September 1 over a mean of 45 days with a standard deviation of 14 days.21  Vaccine coverage estimates were based on the most recent post-pandemic year with finalized data (2021-22),20 but preliminary coverage estimates for 2022-23 were similar.  Vaccine immunity began 14 days after vaccination and was maintained for 14 days before monthly waning began.22  
Vaccine effectiveness (VE) for vaccinated agents was set at 40% two weeks after vaccination, thereby reducing susceptibility to 60% for all ages, based on the mean reported VE in 2004-05 to 2019-20 seasons (mean 40%, range 10% to 60%).23  Waning of vaccine protection was set at 7% per month for age <65 years and 10% per month for age ≥65 years.22,24  

4. Influenza Season
Importation of initial cases is required to begin an infectious disease outbreak in an agent-based model. The number and timing of initial case import is calibrated to produce the appropriate epidemic curve in both amplitude and timing and to produce the appropriate total case burden over the simulation period. The number and timing are both dependent on the size of the simulation population and on the characteristics of the disease such as effective reproduction rate (Reff) and impact of seasonality. In a population of ~500,000 to 2,000,000, 50 cases is sufficiently large to produce the appropriate epidemic curve and initial importation in October produces the appropriate seasonal timing for influenza.
To reproduce the seasonal timing of influenza,25 a seasonal transmissibility parameter that depends on how far the current day is from the winter solstice was included.26  This seasonal transmissibility parameter is intended to account for factors that may influence transmissibility across a range of seasons due to variability in factors such as temperature, humidity, and changes in contact rates.27  
5. Population
Age group specific calibration has been reported in detail previously,9 with age groups represented in Allegheny County shown in Appendix Table 2.  Because the age distribution of Allegheny County in was within less than 1% by age of the age distribution of the US population, age-based results from the FRED model for Allegheny County were extrapolated to the 2020 US population.28
Appendix Table 2.  Allegheny County population by age represented in model compared to US population percentage by age in 202028
	Age, years
	Allegheny County population
	Percent of Allegheny County population
	US population
	Percent of US population

	0-4
	63,016
	5.2%
	18,400,235
	5.6%

	5-17
	186,501
	15.3%
	54,705,765
	16.5%

	18-49
	505,676
	41.5%
	138,418,860
	41.8%

	50-64
	256,540
	21.1%
	64,131,920
	19.3%

	65+
	206,962
	17.0%
	55,792,501
	16.8%

	Total
	1,218,695
	100.0%
	331,449,281
	100.0%
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