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Abstract
This analysis examines the potential for the elderly to receive indirect protection from pneumonia
and influenza (P&I) from vaccination of children. Using data from the Centers for Medicare and
Medicaid Services, the National Immunization Survey, and the Behavioral Risk Factor
Surveillance System, mixed-effects models were used to assess associations between vaccination
coverage and P&I on the state level overall and by urbanicity and income. As vaccination
coverage in children increased, the state-level P&I rates in seniors decreased (β= −0.040,
−0.074--0.006), where β represents the expected change in the logged age-associated rate of
disease increase for a one-percentage point increase in vaccination coverage. Increasing
vaccination coverage in the elderly was associated with an increase in P&I rates (β= 0.045, 0.011–
0.077) in seniors. The degree of association was more prominent in urban and high income areas.
The consistent associations between influenza in the elderly and vaccination coverage in children
suggest that routine vaccination of children may impart some indirect protection to the elderly.
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Introduction
The purpose of this research project is to assess the potential for seniors to receive indirect
protection from pneumonia and influenza (P&I) by vaccinating children. Influenza causes
substantial morbidity and mortality, especially in the older population. Between 1976 and
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1998, influenza was responsible for approximately 6,000 annual deaths, while influenza-
related diseases caused over 36,000 deaths annually, with most deaths attributed to
influenza-induced pneumonia,1 one of the most prevalent co-infections associated with
influenza, especially in the elderly.2 In addition, there were nearly 1.7 million annual
hospitalizations attributable to influenza and pneumonia, with 65% of those cases having
pneumonia or influenza as the primary diagnosis.3

The mortality rate from P&I is 22.1 per 100,000 in the elderly which is nearly 100 times
higher than the group with the next highest rate—0.3 per 100,000 in children under one year
of age. Over 90% of the influenza-associated deaths between 1990 and 1998 occurred in the
elderly (population age 65 and above).1 From 2000 to 2002, there were 670,000 average
annual hospitalizations with a primary diagnosis of pneumonia in the elderly, and more than
1.2 million hospitalizations in that population with any-listed diagnosis of pneumonia.4
Influenza-associated complications increase rapidly with age in the older population. The
population aged 85 and above experience the highest rates of hospitalization for these
diseases—629 per 100,000 person-years.3 The present and future aging and subsequent
growth of the elderly population will likely serve to magnify the impact of influenza and
pneumonia in this vulnerable population and place a greater strain on the health care
delivery system as a result.

Children are also severely impacted by pneumonia and influenza. During the winter months,
hospitalization rates for P&I ranged from 220 per 100,000 children per year in the
population aged 5 to 15 years to as high as nearly 4,500 per 100,000 children per year in the
population aged less than 6 months.5 Although P&I in children is not as deadly as it is for
the elderly, influenza mortality rates ranged from 0.11 per 100,000 in children 5 to 17 years
of age to as high as 0.88 per 100,000 for children 0 to 6 months of age.6

Declining immune function with age is a well-documented phenomenon7,8 and is
particularly problematic given that P&I increase rapidly with age in the elderly population.
Recent research suggests potential patterns and pathways for transmission of influenza virus
and associated infections between children and the elderly. Influenza vaccination coverage
in children was associated with all-cause mortality and mortality from P&I in the older
population in Japan,9 in addition to protecting the children themselves from death.10 A
community-level, controlled study of mass influenza vaccination of children in Russia
demonstrated a significant reduction of influenza-like illness in children, as well as a
reduction in influenza-related diseases in the elderly.11 Simulation models suggest that
vaccinating just 20% of the population aged 6 months to 18 years could reduce influenza in
the total US population by 46%.12

These results suggest herd immunity, which occurs when vaccinating one population
subgroup reduces potential exposure in another group,13 and has been demonstrated in other
infectious diseases, including Haemophilus influenzae type b (Hib), a common co-infection
associated with respiratory viruses. Hib is an important and potentially synergistic co-
infection in patients with influenza.14,15 Vaccination to induce herd immunity has been
shown for other diseases, such as measles16 and oral cholera.17 In a 1970 study by Monto
et al.,18 a community with customary influenza vaccination practices experienced influenza
incidence in the adult population that was substantially higher than in a neighboring
community in which 85% of schoolchildren were vaccinated against influenza. Influenza
incidence in children was three times higher in the community with customary vaccination
practices, compared to the community with nearly complete vaccination coverage in
children. The association between vaccination coverage in children and acute respiratory
illness was strongest in the population aged 65 and older.19
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The objective of this study is to assess the potential for herd immunity in the US elderly
population against pneumonia and influenza using the most complete database of medical
records of the elderly population—Medicare records. We explore associations between
vaccination coverage in children and influenza and pneumonia hospitalizations in the elderly
during the period 1991–2004. We also examine the effect of pneumonia and influenza
vaccination coverage in the older population on P&I outcomes in the population age 65 and
above. Specifically, we evaluated how vaccination coverage in children and the elderly
affects the age-related acceleration in hospitalizations for pneumonia and influenza.

Methods
Data Sources

Outcome variables—We utilize Centers for Medicare and Medicaid Services (CMS) data
containing all Medicare-eligible hospitalizations in the United States from July 1995 through
June 2004. All claims records of hospitalizations associated with P&I (ICD-9CM codes 480
– 487)20 were abstracted from CMS databases for each of nine influenza years from 1995–
96 to 2003–04, where an “influenza year” is defined as July through June of the following
year, for the population age 65 to 99. For each state and season the records were summed
and arranged as a single-year age distribution. Population counts were obtained for the
population age 65 to 99 for single-years of age and single influenza year from the US
Census Bureau Population Estimates Program. From hospitalization and population counts,
the P&I rates were estimated by single-year of age, state, and season.

Figure 1 shows the age distribution of the US population, and P&I cases and rates in the
population age 65 to 99. Age-specific population size generally decreased with age in the
elderly population, with the largest proportion observed in the younger elderly. P&I cases
peaked in the population at about age 80. This means that P&I rates steadily increased with
age throughout the elderly population, with a slight leveling off at the oldest age groups.
Though the population at age 98 was substantially smaller than the population at age 65,
P&I rates were nearly 10 times higher for 98 year olds than for 65 year olds.

P&I rates increase nearly exponentially with age in the elderly population, therefore the
main outcome variable is defined as the log of the rate of increase in disease rates with age.
This variable, which we will call the age-related disease rate acceleration (ARAC), is a
relative measure of disease burden in the elderly. The regression model used to estimate
each state’s ARAC for each influenza year is:

The ARAC for each state and influenza year is the β1ij, or slope term. An ARAC of 0.02, for
example, means that for each one-year increase in age, we expect P&I rates to increase by a
factor of exp(0.02), or increase by approximately 2% per year. The measure takes advantage
of having disease rates by single-year of age and captures the relationship between age and
disease rates, which is important as the burden of P&I is highest in the oldest old.21
Standard approaches used to estimate disease burden in the elderly that utilize overall age-
adjusted rates by default weight age groups with the highest populations, which is generally
the youngest elderly, given that population size decreases with increasing age. Using age-
acceleration of P&I rates, however, effectively weights each age equally reflecting P&I
patterns across all ages simultaneously in the elderly population, including those at the
highest risk of disease.22
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Exposure Variables—Data on state-level influenza vaccination coverage in children
were obtained from the National Immunization Program, which is a branch of the Centers
for Disease Control and Prevention (CDC). The National Immunization Program conducts
annual telephone surveys on influenza vaccination in children age 19 months to 35 months
old through the National Immunization Survey (NIS).23 It is used to estimate immunization
coverage on the national, state, and selected urban area levels, although in this analysis, only
the state influenza vaccination coverage will be used. These data were tabulated by state and
year and were available on the National Immunization Survey’s website. The variable used
in this analysis is state coverage of the 4:3:1:3 vaccine series. This vaccine consists of at
least four doses of diphtheria-tetanus toxoids-pertussis vaccine, three doses of poliovirus
vaccine, at least one dose of measles vaccine, and three doses of Haemophilis influenzae
type B vaccine, one of the primary causes of bacterial pneumonia.24

Pneumonia and influenza vaccination coverage in the elderly population was extracted from
the Behavioral Risk Factor Surveillance System (BRFSS) database, a telephone survey
administered by CDC to assess prevalence, trends, and spatial distributions of many disease
and disease risk factors in the US and its territories. Vaccination status was asked of study
participants age 65 and above and the aggregated state-level annual influenza vaccination
coverage was abstracted for this analysis for each year from 1995 to 2004. Each of these
surveys use complex weighting systems to develop their state specific samples, and thus are
designed for public health surveillance at the State level, providing accurate state-level
estimates of behaviors such as immunization.25

Statistical Analysis
Summary statistics were obtained for all variables, influenza and pneumonia vaccination
coverage in the elderly, and 4:3:1:3 and influenza vaccination coverage in children at the
state level. Pearson correlations were then estimated between each of the exposure-outcome
pairs of variables for all states by season, and for all seasons by state. To model the
relationship between vaccination coverage and P&I outcomes, linear mixed-effects models
were implemented with state as the random effect to assess the role of state-level covariates
in explaining between-state variation.

For combined P&I outcomes, these models were estimated using five sets of exposure
variables: pneumonia vaccination coverage in the elderly alone, influenza vaccination
coverage in the elderly alone, 4:3:1:3 vaccination coverage in children alone, vaccination
coverage in children and pneumonia vaccination coverage in the elderly, and 4:3:1:3
vaccination coverage in children and influenza vaccination coverage in the elderly. For
pneumonia-only outcomes, three exposure groups were used in the models: pneumonia
vaccination coverage in the elderly alone, vaccination coverage in children alone, and
pneumonia vaccination coverage in the elderly and 4:3:1:3 vaccination coverage in children
together. Lastly, for influenza-only outcomes, models were estimated using three sets of
exposure variables: influenza vaccination coverage in the elderly alone, vaccination
coverage in children alone, and influenza vaccination coverage in the elderly and 4:3:1:3
vaccination coverage in children together.

Base model—All models were estimated separately using each observation with equal
weight, and were weighted by the log of the population in each state. Model parameters are
also displayed unadjusted, as well as adjusted for two potential confounding variables,
median state income26 and log of population density.27 Based on the observed
autocorrelations, first-order autoregressive covariance structures were used in all models
which account for the observation that the temporal correlations were strongest for a one-
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season lag, and got progressively weaker as the lag increased. The equation used in this
analysis is:

for each state i in influenza year j. β1 represents the coefficients of the explanatory variable
vaccination coverage in the elderly, influenza or pneumonia. β2 represents the coefficients
from 4:3:1:3 vaccination coverage in children. β i is the vector of effects of the potential
confounding variables matrix Xi for each state i. The random effect of state is captured in
the model and represented by the α i term, and the residual error term is represented by εij.
The temporal correlation between a pair of measurements on the same state decreases
toward zero as the seasonal lag increases, as described above. Since the observation times
are equally spaced, each element of the variance-covariance matrix corrected for decay in
autocorrelation ρ can be expressed as

where ρ is equal to exp(−φ), and φ is a constant representing the rate of decline and k is the
seasonal lag, measured in seasons, k = 0 to 3, for all models, marginal and mixed effects.28

Stratified analysis—Additional analyses on combined P&I rates were conducted
stratified by income and urbanicity to determine if the relationships between vaccination
coverage and P&I rates depend upon these sociodemographic proxies which have been
found to be potential effect modifiers in past studies.29 Stratification by income is designed
to determine how the potential relationships between P&I and vaccination coverage vary by
socioeconomic status. Vaccination coverage is positively associated with area-level
income30 and we hypothesized that vaccination may have a greater impact in low income
states than in high income areas. Likewise, these models were stratified by urbanicity
because past studies have demonstrated a relationship between level of urbanicity and
vaccination coverage31 to ascertain whether the association between vaccination coverage
and P&I age acceleration differs by urbanicity. Three-way interaction terms using dummy
variables for strata were used to determine the statistical significance of interaction
parameters.

States were divided into tertiles, based on median state income and population density, and
analyses on both outcome variables were repeated and compared for states in each tertile.
All statistical analysis was performed using SAS version 9.0 (Cary, N.C.), and relevant
figures were produced in Microsoft Excel (Redmond, Wash.) and SPSS version 15.0
(Chicago, Ill.).

Results
Summary statistics are displayed in Table 1. Vaccination coverage in the elderly for
pneumonia was lower than influenza vaccination coverage, and influenza cases represented
approximately 2% of all P&I cases. The state average log of the age acceleration in P&I
rates was 0.078, meaning that for each single-year increase with age, P&I rates increased by
approximately 8.1%. Figure 2 shows the temporal trends in vaccination coverage for elderly
adults and children. Average state-level 4:3:1:3 vaccination coverage increased slightly from
1995 to 1998, remained steady, then increased from 78.9% to 81.2% from the 2002–03 to
the 2003–04 season. Influenza vaccination coverage also increased slightly over the period,
with smaller incremental increases over the most recent influenza years. Pneumonia
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vaccination coverage in the elderly doubled over the period, and was only five percentage
points lower than influenza vaccination coverage in the 2003–04 season. For the initial
models used to estimate the ARAC parameter, residuals were approximately normal with
one potential outlier—Hawaii –in several models (standardized residuals as low as −2.9).

No significant association existed between average influenza vaccination coverage in the
elderly and age acceleration in P&I (r = −0.048, p = 0.318), yet there was a weak, but
significant and negative association found between 4:3:1:3 vaccination coverage in children
and P&I ARAC (r = −0.196, p < 0.001). This means that for each standard deviation
increase in 4:3:1:3 vaccination coverage, we observed a 0.196-standard deviation unit
decrease in ARAC. The associations between ARAC for combined P&I and mean annual
vaccination coverage in the elderly (r = 0.159, p = 0.277) and children (r = −0.256, p =
0.076) are shown in Figure 3.

The parameter estimates derived from the mixed-effects models are shown in Table 2.
Significant negative associations were observed between age acceleration in pneumonia
rates and 4:3:1:3 vaccination coverage in children, and these were consistent among all
models examined. As 4:3:1:3 vaccination coverage in children increased, the age
acceleration in influenza rates also significantly decreased in Model 3, which showed
consistent positive associations between vaccination coverage in the elderly and the age
acceleration in influenza. Positive associations were also evident between the age
acceleration in influenza and influenza vaccination coverage in the elderly in Model 1.
These relationships were generally consistent, regardless of the modeling procedure used
(weighted, adjusted, weighted and adjusted, or unweighted and unadjusted).

States were stratified by two key sociodemographic factors—state-level median income and
degree of urbanicity—to assess the potential for effect modification for the observed
relationships between vaccination coverage and P&I outcomes. The results of these models
are displayed in Table 3. Influenza vaccination coverage in the elderly was not significantly
associated with P&I ARAC, similar to the findings of pneumonia alone in the previous
models. As was the case for P&I individually, states with higher 4:3:1:3 vaccination
coverage in children tended to have lower levels of age acceleration in P&I rates in all
models examined. This association depended upon urbanicity and, to a lesser degree, state
median income level. Vaccination coverage in children was significantly and negatively
related to age acceleration in P&I rates in the most rural and the most urban states, but this
negative relationship was non-significant in the middle stratum in the model that included
influenza vaccination coverage in the elderly and 4:3:1:3 vaccination coverage in children
(Model 3A). Similar results were observed in Model 3B, which included pneumonia
vaccination coverage in the elderly and vaccination coverage in children, except that the
association between vaccination coverage in children and age accelerations in P&I rates was
only significant in the most urban stratum, while this association was only marginally
significant (p = 0.058) in the most rural stratum. There was also a significant negative
relationship observed between vaccination coverage in children and age acceleration in P&I
rates in those states with the highest median income. For any of the models examined, no
significant associations were observed between age accelerations in P&I rates and
vaccination coverage in the elderly for either pneumonia or influenza.

Discussion
These results suggest a somewhat complex relationship between vaccination coverage in
children and the elderly and P&I outcomes in the elderly. Consistent negative associations
between 4:3:1:3 vaccination coverage in children and the age increase in P&I rates suggest
that vaccinating children may have the potential to protect the oldest elderly against P&I. In

Cohen et al. Page 6

Vaccine. Author manuscript; available in PMC 2011 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



models that included both elderly vaccination coverage and 4:3:1:3 vaccination coverage in
children, increased vaccination coverage of children was generally associated with smaller
age increases of influenza and pneumonia in the elderly. However, increased vaccination
coverage in the elderly was not consistently associated with a decrease in the age increase of
P&I in the older population, which is consistent with prior research.32–33 These results
were consistent with those obtained through the use of marginal models using the
generalized estimating equation,34 as well as when using the more traditional outcome of
age-standardized disease rates.

The potential to protect the oldest elderly against P&I is particularly important when
considering that, from 1998 to 2002, 73.6% of P&I hospitalizations in the 65+ population
occurred in people age 75 and above, and more than half (53.6%) occurred in the population
aged 80 years and older. Pneumonia and influenza, while prevalent in the entire population,
are particularly problematic for the oldest elderly, who, consequently, also experience the
highest mortality from these diseases. Relative measures, such as the age acceleration in
P&I, supplement more traditional summary measures to provide a more comprehensive
picture of disease patterns in the vulnerable elderly population than many traditional
measures provide.

The fact that increased 4:3:1:3 vaccination coverage in children was related to reductions in
P&I for the oldest elderly may be due to a true biological link between vaccination of
children and elderly P&I outcomes, or because 4:3:1:3 vaccination coverage in children
serves as a proxy for some intermediate variable that could mediate, modify, or confound
the relationship. The potential for a relationship between vaccination coverage and area-
level sociodemographic factors involved with this relationship merits future research.
However, if the results truly reflect the biological relationship between vaccination and P&I
outcomes in the elderly, it suggests that one potential means of protecting the oldest elderly
against P&I may be to increase vaccination coverage in children, particularly in highly rural
or urban areas.

The analysis is subject to several important limitations and caveats. The first involves the
data used in this analysis, which covers pre-school children aged 19 months to 35 months.
Previous research has suggested there may be a link between vaccinating school-aged
children and P&I morbidity and mortality in the elderly9–11; however, vaccination coverage
in school-aged children on the state level is not readily and publicly available from the
National Immunization Survey or other related national data sources. But these findings on
vaccinating young children are consistent with those of a household-based study that
demonstrated a significant reduction in influenza infection in households in which children
age 24 months to 60 months who attended day care were immunized.35 Additional research
is needed to assess the most appropriate age groups of children to target for immunization.
This leads to another limitation of the study: the exposure data was based not on all
pneumonia vaccination itself, but rather on vaccination coverage of one of the primary
organisms responsible for pneumonia.36 In addition, defining the exposure as the percent of
children who have received the 4:3:1:3 series may under-report the true population coverage
with actual Hib vaccines. Some children receive 3 doses of Hib vaccine without having all
the other vaccines. In 1999, 93.5% of children 19–35 months of age received 3 doses of Hib
but only 83.8% percent received 4 doses of diphtheria tetanus and pertussis vaccines.37

Estimates from both the National Immunization Survey and the Behavioral Risk Factor
Surveillance System may are subject to potential bias due to the use of stratified weighted
samples.38 In addition to bias, the sampling design may induce additional sampling
variability, which may affect that precision of estimates that subsequently may affect the
observed significance of the association in the regression models.
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Another important limitation exists regarding the outcome selected, all pneumonia and
influenza hospitalizations. The contribution of Hib to the overall burden of pneumonia in
seniors was between 10 and 13%, and varied geographically and temporally. Although H.
influenzae is a cause of pneumonia in seniors, it only causes a modest proportion of all
pneumonia in seniors, consistent with prior studies.39,40 Consistent with these studies, in
our Medicare claims database, only 5.0% of all pneumonia hospitalizations were due to H.
influenzae. The proportion of H. influenzae pneumonias that are caused by type b H.
influenzae will be smaller, and coding of the type of H. influenzae is not available in the
Medicare hospitalization data. Thus, even if Hib vaccination of children is effective at
preventing Hib pneumonia in the elderly, the expected benefit against all-cause pneumonia
may only be modest.

It is important to note, however, that H. influenzae is a typical cause of a substantial amount
of community-acquired pneumonia, specifically in the elderly population.2 Furthermore,
laboratory testing of elderly individual for specific bacterial strains of pneumonia may not
be complete. In this analysis, all pneumonia and influenza diagnoses were used because
pneumonia diagnoses are often not based on laboratory testing, and such cases where the
exact species-specific cause is not tested for, these cases may manifest as unspecified
pneumonia hospitalizations in the Medicare hospitalization dataset.41

There are also important caveats to the types of models used in the analysis. The dominant
circulating influenza virus strain and whether or not the proper vaccine for each influenza
year was used were not taken into consideration. Effective matching of vaccine strains to the
circulating strain could modulate the effectiveness of vaccinating elderly against influenza
and pneumonia. Additionally, the models assessed whether vaccination coverage was
associated with P&I outcomes in the concurrent influenza and pneumonia season. This
strategy does not take into account the potential for immune memory to last for consecutive
seasons. Supplemental research using transition models could further explore the effect of
immunization on immune memory and whether its effects could last for multiple seasons.
Another limitation of the models used involved the initial stage of modeling to obtain the
initial ARAC values used as the outcome measure in the linear mixed effects models.
Alternate approaches include Poisson regression, negative binomial or related generalized
linear models and could have been used instead. A linear regression modeling approach with
log-transformed outcomes (P&I rates) was chosen to make the outcome, the ARAC, more
straightforward to interpret.

The choice of outcome measure used, the ARAC, is another consideration. The ARAC is not
an absolute measurement, but rather a relative measure of disease burden, taking advantage
of the population-level exponential increase in disease rates with age in the elderly
population. Since the measure itself is derived from regression models, the ARAC has some
standard error. It should be noted however, that on the state level, the standard error is
minor, as the log-transformed age-specific rates follow an almost perfectly linear pattern.21

This study is ecological in design, which indicates that individual-level relationships cannot
be inferred from these results. The objective of the study, however, was not to examine
individual-level relationships within households or families but to look at population level
associations. Such research is critical for the understanding of the transmissibility of
influenza and pneumonia from child to adult and has been explored on a small scale in the
US35 and in Europe.42 Instead, the objective of our study was to assess whether vaccination
of children in the community could potentially reduce P&I in the elderly of the community
to explore the potential for herd immunity, which is not applicable on the individual level.
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Our approach also allowed for the characterization of pneumonia and influenza by age on a
fine scale—namely by single-year of age—instead of using typical age groupings. A new
summary measure of disease burden in the elderly population was derived from this age
distribution of disease, based on age-related trends, the ARAC. Traditional measures of
disease burden, such as age-standardized and age-specific rates, while useful,
mathematically weight the age groups with the largest populations. The ARAC weights each
age equally, which is particularly important given that the highest rates of disease are found
in the oldest age groupings. Although itself subject to limitations, the ARAC captures an
important disease process—the exponential increase in disease rates with age—for which
other methods attempt to control or adjust. The oldest elderly are at the highest risk of
complications and mortality from pneumonia and influenza, and the ARAC quantifies this
effect in a demographically meaningful manner. The ARAC, however, is a relative measure,
and is subject to the effect of the intercept, or the starting rate at age 65. However, there is
substantially more variation in the ARAC than in the intercept.

Despite the limitations, this study is among the first to directly compare vaccination
coverage in children and in the elderly simultaneously in relation to P&I outcomes in the
elderly. In particular, this study focused on several aspects of P&I hospitalizations,
analyzing P&I separately and combined as an outcome, and to examine these relationships
over multiple seasons. Despite these limitations, there were consistent and significant
associations between 4:3:1:3 vaccination coverage, which includes Hib, in children and age
acceleration of pneumonia and combined P&I in the elderly. This could be due to the fact
that nearly 99% of all P&I hospitalizations are due to pneumonia, so increasing vaccination
coverage in children could decrease the likelihood of children having this disease, and, as a
consequence, the potential for the elderly to contract one of the major causes of pneumonia
from children may decrease. The outcome variables from this study are not based on
samples or surveys; instead, they were derived from all Medicare-eligible hospitalizations in
the population. The results of this preliminary study suggest that P&I in the elderly may be
linked to vaccination coverage in children. Our results suggest that the issue of vaccine
coverage in children could potentially have a dual benefit, not only for children themselves,
but also for the elderly population, whose risk of contracting pneumonia may decrease as an
indirect result, particularly in the oldest old. These associations deserve further research as a
potentially viable means of reducing preventable respiratory infections in the elderly
population.
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Figure 1.
Population, average annual pneumonia and influenza cases, and average annual pneumonia
and influenza rate by age in the United States, 1998–2002
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Figure 2.
Vaccination coverage for influenza and pneumonia in the elderly, and for Haemophilis
influenzae (type b) (4:3:1:3) in children age 19 months to 35 months by influenza season
(1995–2004)
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Table 2

Parameter estimates from mixed effects models analysis for three vaccination models of age acceleration, by
disease, pneumonia or influenza, and type of model

Model 1 Model 2 Model 3

Influenza
Elderly Influenza
Vaccination Coverage

Child 4:3:1:3 Vaccination
Coverage

Elderly Influenza Vaccination
Coverage Child 4:3:1:3 VaccinationCoverage

Unadjusted & Unweighted 0.0448 (0.0172)** −0.0252 (0.0164) 0.0595 (0.0181)** −0.0419 (0.0172)*

Unadjusted & Weightedb 0.0480 (0.0171)** −0.0231 (0.0163) 0.0626 (0.0180)*** −0.0410 (0.0171)*

Adjusteda & Unweighted 0.0378 (0.0174)* −0.0190 (0.0165) 0.0534 (0.0184)** −0.0401 (0.0172)*

Adjusteda & Weightedb 0.0411 (0.0172)* −0.0171 (0.0164) 0.0564 (0.0183)** 0.0392 (0.0169)*

Model 1 Model 2 Model 3

Pneumonia
Elderly Pneumonia
Vaccination Coverage

Child 4:3:1:3 Vaccination
Coverage

Elderly Pneumonia Vaccination
Coverage Child 4:3:1:3 Vaccination Coverage

Unadjusted & Unweighted −0.0033 (0.0027) −0.0150 (0.0045)*** −0.0011 (0.0028) −0.0123 (0.0040)**

Unadjusted & Weightedbc −0.0036 (0.0026) −0.0145 (0.0044)*** −0.0015 (0.0029) −0.0118 (0.0040)**

Adjusteda & Unweighted −0.0032 (0.0027) −0.0129 (0.0039)* −0.0009 (0.0029) −0.0128 (0.0041)**

Adjusteda & Weightedbc −0.0035 (0.0028) −0.0124 (0.0039)* −0.0001 (0.0029) −0.0123 (0.0040)**

a
Adjusted for log of population density and median state income

b
Weighted by log of population size

*
p < 0.05,

**
p < 0.01,

***
p < 0.001

Explanatory variables:

Model 1: Elderly pneumonia vaccination coverage only (pneumonia models), or Elderly influenza coverage only (influenza models)

Model 2: 4:3:1:3 vaccination coverage in children

Model 3: Elderly pneumonia vaccination coverage only (pneumonia models), or Elderly influenza coverage only (influenza models) and 4:3:1:3
vaccination coverage in children
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Table 3

Parameter estimates (and standard errors) from models of pneumonia and influenza overall, and by urbanicity
and median state income level

Model 1A Model 1B Model 2

Elderly Influenza
Vaccination Coverage

Elderly Pneumonia
Vaccination Coverage

Child 4:3:1:3
Vaccination Coverage

All 0.0018 (0.0063) −0.0028 (0.0027) −0.0130 (0.0039)***

Urbanicity MH

  Low 0.0063 (0.0122) −0.0026 (0.0045) −0.0144 (0.0074)

  Medium −0.0002 (0.0099) −0.0018 (0.0049) −0.0071 (0.0064)

  High −0.0016 (0.0110) −0.0032 (0.0052) −0.0149 (0.0060)*

Income

  Low −0.0105 (0.0092) −0.0060 (0.0035) −0.0131 (0.0069)

  Medium 0.0139 (0.0135) 0.0007 (0.0062) −0.0113 (0.0069)

  High 0.0046 (0.0103) −0.0010 (0.0050) −0.0127 (0.0064)

Model 3A Model 3B

Elderly Influenza
Vaccination Coverage

Child 4:3:1:3
Vaccination Coverage

Elderly Pneumonia
Vaccination Coverage

Child 4:3:1:3
Vaccination Coverage

All 0.0089 (0.0066) −0.0147 (0.0041)*** −0.0005 (0.0029) −0.0127 (0.0040)**

Urbanicity LM, MH LM, MH

  Low 0.0112 (0.0128) −0.0158 (0.0076)* −0.0002 (0.0050) −0.0147 (0.0076)

  Medium 0.0018 (0.0100) −0.0072 (0.0065) −0.0011 (0.0050) −0.0067 (0.0065)

  High 0.0121 (0.0117) −0.0180 (0.0067)** 0.0003 (0.0052) −0.0149 (0.0063)*

Income LM LM, MH LM

  Low −0.0062 (0.0098) −0.0119 (0.0071) −0.0048 (0.0038) −0.0108 (0.0071)

  Medium 0.0200 (0.0134) −0.0140 (0.0071) 0.0026 (0.0061) −0.0117 (0.0071)

  High 0.0144 (0.0110) −0.0161 (0.0069)* 0.0017 (0.0052) −0.0132 (0.0066)*

a
Adjusted for log of population density and median state income

*
p < 0.05,

**
p < 0.01,

***
p < 0.001

LM = interaction term comparing Low and Medium states significant (p < 0.05)

LH = interaction term comparing Low and High states significant (p < 0.05)

MH = interaction term comparing Medium and High states significant (p < 0.05)

Explanatory variables:

Model 1A: Elderly influenza vaccination coverage only

Model 1B: Elderly pneumonia vaccination coverage only

Model 2: 4:3:1:3 vaccination coverage in children

Model 3A: Elderly influenza vaccination coverage and 4:3:1:3 vaccination coverage in children
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Model 3B: Elderly pneumonia vaccination coverage and 4:3:1:3 vaccination coverage in children
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