2.0 Methods
2.1 Study Objective

We estimated the additional health and economic burden attributable to declines in childhood
vaccination coverage across U.S. states. Using deterministic equilibrium transmission models with
basic demography, we estimated incremental increases in cases, hospitalizations, and deaths, as
well as parental workdays lost and costs (healthcare and productivity) relative to baseline
vaccination coverage. Burden estimates assume that incidence is stable in a given year.

2.2 Key Question

What is the incremental impact on disease burden if vaccination coverage declines among infants,
given current population immunity and state-specific demographics?

2.3 Model Overview

We developed state-level, disease-specific models for three vaccine-preventable diseases —
rotavirus, pertussis, and invasive pneumococcal disease (IPD) - to estimate additional health and
economic burden under vaccination coverage declines. Each disease and state was calculated
independently using a deterministic endemic equilibrium framework with demographic turnover.
This approach estimates the steady-state annual burden under stable transmission conditions for
each pathogen across the 50 U.S. states and the District of Columbia. Model outputs are reported
as equilibrium annual disease burden after either 1- or 5- years of lower coverage among infants,
and assuming stable transmission and fixed scenario-specific vaccination coverage for equilibrium
estimation.

2.4 Modeling Framework
2.4.1 Diseases and Age Groups Modeled

The modeling framework includes rotavirus, pertussis, and invasive pneumococcal disease (IPD)
(Table 1).

Rotavirus was modeled among children aged 0-4 years using a Susceptible-Infectious-Recovered
(SIR) structure, reflecting early-life concentration of disease burden.

Pertussis was modeled among children 0-14 years using a Susceptible-Infectious-Recovered-
Susceptible (SIRS) structure to account for waning immunity and reinfection’.

Pneumococcal disease was modeled with a focus on Invasive pneumococcal disease among
children 0-4 years using an SIRS structure to represent waning protection against invasive disease
risk in early childhood. "IPD was defined as bacteremia or meningitis, consistent with Active
Bacterial Core Surveillance definitions®. Model outcomes therefore reflect IPD cases,
hospitalizations, and deaths. Indirect effects are therefore estimated within the modeled age band
and do not extend to older age groups.



These age bands reflect differences in disease epidemiology, vaccination schedules, and
concentration of disease burden. All three pathogens generally exhibit endemic transmission
patterns, making them suitable for this deterministic equilibrium solution.

Table 1: Diseases and age group modeled

Disease Model Age band Rationale
Rotavirus SIR 0-4 Burden concentrated in young children
Pertussis SIRS 0-14years Waning immunity requires reinfection pathway

Pneumococcal SIRS 0-4years  Severe disease concentrated in young children

2.4.2 Equilibrium Incidence Framework

Annual per-capita incidence under varying vaccination coverage scenarios was estimated using

deterministic equilibrium approximations of compartmental transmission models with

demography. For each disease, state, and vaccine coverage decline (0,0.20 in 0.01 increments),

the models incorporated demographic turnover, disease-specific natural history parameters, state-

specific age-band population sizes, and age-and state-specific vaccination coverage. The model

was simulated for the age group as defined by disease and a state of residence, along with disease-

specific parameters and age-band immunity status determined by age, state of residence, and

vaccination coverage. Each disease and state was modeled independently with disease-specific

parameters, state age-band population, and disease epidemiology profile (Table 2).

Key model inputs were the basic reproduction number R for each disease and state-level age-

band population, current vaccine coverage and demographic turnover.

2.4.3 Model Parameterization

Disease-specific parameters are described in Table 2. All natural history parameters were fixed at

values informed by the literature.

Table 2: Descriptions, values, and references for model parameters.

Parameter description Rotavirus Pertussis Pneumococcal
Model structure SIR? SIRS?4 SIRS>®
Modeled age band 0-4 years 0-14 years 0-4 years
Basic reproduction number (Ro) 4t 5 5t
Vaccine effectiveness (VE') 0.915’ 0.850%° 0.902'°
Vaccination coverage State-specific'’! State-specific'? State-specific’!
Waning immunity rate*** none 0.1° 0.1"
Demographic turnover rate () 1/R** 1/R** 1/R**
Hospitalization rate 0.0143 0.05% 0.83*
Death rate 0.0000074* 0.0005* 0.0369*
Average illness duration 5 days™ 14 days™ 8 days
Average hospitalization duration 5 days™ 5.3 days™ 4 days'®
Average daily hospitalization cost $1,748" $1,665'® $4,758191




Average daily wage $ 200%* $200% % $ 2002021
Observed national cases Derived 20,960% Derived
Observed national hospitalizations 7,500 1,027% 1,382%%2
Observed national deaths 5° 10% 51%

National case targets were derived from hospitalization targets using disease-specific hospitalization rates when direct cases estimates

were unavailable. For pneumococcal disease, hospitalization and death rates are conditional on invasive pneumococcal infection (IPD).

National hospitalization and death targets reflect observed annual IPD burden among children aged <5 years. Calibration was performed
at the case level only; costs were derived from calibrated outcomes.

*Vaccine effectiveness (VE) is assumed to be against infection - for each pathogen, a proportion of infections become cases, and cases
become hospitalized or die.

**R denotes age-band width (years), such that the demographic turnover (u) = 1/R.

***Waning immunity rate is expressed per year and assumes exponential loss of protection.

Basic reproduction number(Ro); initial values were informed by Ro values in the literature and subsequently calibrated to reproduce
observed disease burden and vaccination impact in the modeled age bands in the U.S population.

*Hospitalization and death rates are probabilities conditional on case.

A0observed national hospitalizations were used directly when available; otherwise, national case targets were inferred by back-
calculating from hospitalization counts using disease-specific hospitalization probabilities.
SObserved national death represent annual national death targets.

2.4.4 Model Structure and Equations

For each disease, state, and assumed coverage decline j (0.00, ....,0.20 in 0.01 steps), we
computed the per capita annual incidence at endemic equilibrium. Table 3 summarizes model
specifications and equations.

2.4.4.1 Parameter Estimation

Vaccine effectiveness was interpreted as protection against infection for the purposes of
transmission dynamics and therefore entered the model through reduced susceptibility. Nonlinear
indirect effects, including herd immunity, are captured by the equilibrium incidence equations.
Disease-specific risk of hospitalization and death were applied conditional on infection. This
approach isolates indirect and herd effects operating through reduced transmission while
preserving empirically observed severity profiles among breakthrough infections.

Vaccination reduces susceptibility by an effective protection level of
v=VE X Vgryce,

where v, 0t 1S the structural age-band vaccination coverage and VE is the direct protection
against infection, yielding an effective reproduction number defined** as:

Reff = Ro(l — 'U)
2.4.4.2 Equilibrium Incidence Definition

The per-capita incidence i at endemic equilibrium was defined as the product of the disease-
specific equilibrium incidence scaling factor (prefactor) and the deficit from the herd immunity
threshold?®:



1
i = prefactor x (1 - m)

per year

For diseases modeled using an SIR structure (rotavirus), equilibrium incidence is governed by the
demographic turnover, 2% and defined as:

Isir = #(1 - m)

1 . .
where p= 2 represents the per-capita turnover rate for an age band of width R years.

For diseases modeled using an SIRS structure (pertussis and invasive pneumococcal disease) with
waning at rate w and recovery at rate Y, both in per-year units, the per-capita annual incidence®?

was defined as:

; _(V+u)(u+w)<1_ 1 )
SIS ™yt u+ w Ry(1 —v)

Annual age-band case counts were computed as:
Lynnuar = 1 X Nage—bandr

where Ngge_pana iS the relevant state-specific population in the modeled age group. Incidence is

truncated at zerowhen Ry(1 —v) < 1.

2.4.4.3 Structural Vaccination Coverage

The structural age-band vaccination coverage entering transmission was defined as:
Vstruct = X — WJ,

Where X is the baseline coverage, j is the proportional reduction in newborn coverage, R is the
width of the modeled age band in years, A accrual window length, and

) A
w = mln(l,—)
R

represents the fraction of the age band replaced over an accrual period. For a one-year accrual
window (A = 1), this simplifies to vs;ue: = X —j/R

Table 3: Summary of model components and equations.

Component Definition Formula
Compartmental model SIR (rotavirus), SIRS (pertussis,
Model type models Pneumococcal disease)
Basic reproduction Expected secondary cases in
number fully susceptible population Ry
Effective
reproduction Reproduction number under
number vaccination Rerr = Ro(1—v)




Structural age-band
coverage

Average across modeled age
band

Vstruee = X — wj

Effective protection

Vaccine-induced reduction in
susceptibility to infection in
modeled age band.

V=VE X Vstryet

Demographic Demographic inflow and 1
turnover outflow H=%
. 1
General per-capita i = prefactor X (1 - —)
incident Incidence at equilibrium per year Ro(1 - )
Rotavirus equilibrium . 1
. . . . "SIR = H 1 -
SIR Incidence (ig;g) | incidence Ry(1 —v)
Pertussis equilibrium A r+ W+ w) (1 B 1 )
SIRS Incidence () incidence SIRS ™y 4 u+ w Ry(1—v)
Annualincident
cases Age-specific annual cases Lonnuar = LN

Additional burden

Difference vs baseline

A = Outcomegeociine — Outcomepgseline

VE is the direct protection against infection. Nonlinear effects (like herd immunity) are captured by the incidence equation

2.5 Vaccination Coverage Declines Assumptions

Birth-only Coverage Decline

Coverage declines were applied exclusively to newborn cohorts and average across the age band,

so the effective coverage (structural age-band coverage) entering transmission through the

structural age-band vaccination coverage as defined in section 2.4.4

Under this framework, a 20% newborn coverage decline corresponds to a 4 percentage-point

reduction in structural coverage for children aged 0-4 years for rotavirus and IPD and a 1.33

percentage-point reduction for children aged 0-14 years for pertussis. So, the effective protection

entering transmissionwas v = VE X Ugtrycr(jy-

2.6 Population and Demographic Inputs

State-level population estimates (total and age-specific) were obtained from the U.S. Census
Bureau American Community Survey (ACS) 2023%, five-year estimates, accessed through the
tidycensus R package. For each U.S. state s, we extracted the total population (all ages),

Ns, a1 ages» and the age-specific populations for 0-4 years and 0-14 years®. Age- and state-specific

vaccination coverage was extracted from the CDC’s SchoolVaxView'? and ChildVaxView''among

kindergartners and young children aged 0-35 months, respectively.

Demographic turnover within each modeled age band was approximated using a constant

inflow/outflow rate based on the width of the age band. For an age band spanning R years, the

turnover rate was defined as p = 1/R per year (where R is the age band width), reflecting uniform
aging into and out of the modeled age group under stable population approximation.



2.7 Outcome definitions

The transmission model produces the annual number of infections at endemic equilibrium. For
outcome estimation and calibration, infections were mapped to cases based on pathogen-specific
clinical definitions.

For rotavirus, cases correspond to symptomatic rotavirus gastroenteritis, recognizing a spectrum of
disease severity.

Pertussis, is a notifiable disease, so the model represents symptomatic clinical pertussis, a fraction
of which result in hospitalization and death.

For pneumococcal disease, modeled cases correspond specifically to invasive pneumococcal
disease episodes (e.g., bacteremia or meningitis), consistent with Active Bacterial Core
Surveillance definitions, a fraction of which result in hospitalization and death.

For each state, disease, and coverage decline scenario, outcomes were estimated using
equilibrium incidence and over 1-year and 5-year periods of declining vaccine coverage,
representing the total burden expected over those periods under endemic equilibrium conditions.
Outcomes included annual incident cases, hospitalizations, deaths, parental workdays lost and
direct medical and productivity costs.

Annual outcome counts are defined as
count =i N age—band),

where i is the equilibrium per-capita incidence and N5 qge—pana) IS the state-age-band population.
Outcomes were reported as absolute counts and rates per 100,000 age-band population.

To align modeled outputs with observed national disease burden, disease-specific calibration
factors were applied to annual modeled case counts, such that baseline case estimates matched
empirical observed national case targets. When direct national case targets were not available,
national hospitalization targets were used to infer corresponding case targets by back-calculating
cases from hospitalization counts using disease-specific hospitalization rates. Modeled cases were
then calibrated to these inferred case targets. Hospitalizations and deaths were subsequently
derived from the calibrated cases using fixed disease-specific rates. Calibration was applied only at
the case level; costs and productivity losses were not independently calibrated but instead derived
from calibrated outcome counts multiplied by fixed unit cost inputs.

2.8 Additional Burden

The primary outcomes of interest were additional (incremental) burdens attributable to coverage
declines, defined as differences relative to baseline coverage:

AOutcome = Outcomedecline - Outcomebaseline



Some states and scenarios may return estimated additional cases if zero. This occur when baseline
vaccination coverage maintains the effective reproduction number below the epidemic threshold
(Rers < 1), such that small coverage declines do not produce sustained transmission under
equilibrium assumptions. As coverage declines further and R,¢r exceeds 1, cases emerge. Zero
additional cases therefore reflect threshold behavior in equilibrium transmission models rather
than absence of disease risk.

2.9 Cost estimation

Direct medical and productivity costs were estimated using disease-specific inputs for
hospitalization rates and duration, cost per hospital day, days of illness, and daily wage loss.
Productivity costs were estimated using a fixed national daily average derived from the U.S. Bureau
of Labor Statistics (BLS) data on average weekly earnings for private sector employees?'.

The expected total cost per infection was defined as:
CoStyer infection = (Hosp rate x Days hosp x Cost per hopsital day) + (Days ill x Daily wage)

Total and incremental costs were calculated by multiplying the per-infection costs by the
corresponding calibrated case counts accrued over the specified accrual period.

2.10 Software and Reproducibility

All analysis was conducted in R using reproducible project structure. Package versions were
managed using renv. All parameters were externalized in configuration files to enable transparency
and replication.

2.11 Assumptions
Consistent with prior equilibrium transmission analyses, we assumed:

e Vaccination coverage declines affect infants only

e Riskis homogeneous within a state and the modeled age band (e.g. same risk for <5-year-
olds for rotavirus and the same risk for <15-year-olds for pertussis).

e Notransmission coupling between states

e Pathogen characteristics, vaccine performance, hospitalization/death risks and per-unit
economic impacts do not vary by state

e Endemic equilibrium represents long-run average annual burden

e Impact estimates are for the year following 1- or 5- years of lower vaccine coverage under
stable endemic equilibrium

e Demographic turnover is approximated by uniform aging through the modeled age band (p =
1/R)
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