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Abstract

Background—The introduction of 7-valent pneumococcal conjugate vaccine (PCV7) into the
US childhood immunization schedule in 2000 has substantially reduced vaccine-serotype invasive
pneumococcal disease (IPD) in both young children and unvaccinated older children and adults.
All-cause pneumonia hospitalizations also markedly declined in young children by 2004. Because
of concern about increases in disease caused by non-vaccine serotypes, we assessed whether the
pneumonia reduction in young children was sustained through 2009 and whether pneumonia
hospitalizations in older age groups also declined.

Methods—Annual all-cause pneumonia hospitalization rates were estimated using the
Nationwide Inpatient Sample. Pneumonia hospitalizations were defined by pneumonia listed first
or listed in another position if sepsis, meningitis or empyema was the first listed diagnosis.
Average annual rates in pre-PCV7 (1997-1999) and late PCV7 years (2007-2009) were used to
estimate annual declines in pneumonia hospitalizations.

Results—Annual pneumonia hospitalization rates declined by 551.1 (95% confidence interval
445.1-657.1) per 100,000 children aged <2 years, translating to 47,172 fewer hospitalizations
annually compared to expected based on pre-PCV7 rates. The decline of 1300.8 (984.0-1617.6)
pneumonia hospitalizations per 100,000 adults aged =85 years translated to 73,243 fewer
hospitalizations annually. Pneumonia hospitalizations declined by 8.4 (0.6-16.2), 85.3 (7.0-
163.6), and 359.8 (199.6-520.0) per 100,000 adults aged 18-39, 65-74 and 75-84 years,
respectively. Overall, we estimated an age-adjusted annual reduction of 54.8 (41.1-68.5) per
100,000 or 168,182 fewer pneumonia hospitalizations annually.
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Conclusions—Declines in childhood pneumonia were sustained during the decade since PCV7
introduction. Substantial reductions in pneumonia hospitalizations in adults were also observed.

Introduction of the 7-valent pneumococcal conjugate vaccine (PCV7) into the US infant
immunization schedule in 2000 resulted in major reductions in the incidence of invasive
pneumococcal disease (IPD) in all age groups.:2 The marked decline of IPD in unvaccinated
as well as vaccinated individuals is attributable to PCV7 indirect or “herd” protection. By
preventing the acquisition and carriage of vaccine serotypes in the nasopharynx of
vaccinated children, PCV7 interfered with this key step in the pathogenesis of pneumococcal
disease and reduced transmission of vaccine serotypes.3-5

Pneumococcal pneumonia accounts for 20%-60% of community-acquired pneumonia.” A
reduction in pneumonia was an expected outcome of PCV7 vaccination, as the major US
pre-licensure trial reported 30% efficacy against radiographically-defined pneumonia.8 Our
previous time series analysis estimated a 39% (95% confidence interval [CI] 22%-52%)
reduction in all-cause pneumonia hospitalizations among US children aged <2 years by
2004, associated with PCV7 introduction. More modest declines in other age groups were
statistically significant only in adults aged 18-39 years.® In a model based on hospital
discharge data coupled with vaccine uptake information from ten States, Simonsen et al
estimated that through 2006, the PCV7 vaccination program had prevented 800,000 US
pneumococcal pneumonia hospitalizations.10

Along with the decline in pneumococcal disease attributed to PCV7, however, there was an
increase in disease caused by non-vaccine serotypes, in particular serotype 19A.1 There is
concern that this “serotype replacement” could have eroded some of the gains from PCV7
introduction.11-13 We aimed to determine whether the early observed reductions in all-cause
pneumonia hospitalizations were sustained through the first decade of PCV7 use. We
performed a comprehensive evaluation of US pneumonia hospitalizations following PCV7
introduction, prior to the switch to the 13-valent pneumococcal conjugate vaccine (PCV13)
in 2010.

METHODS

Data sources

The Agency for Healthcare Research and Quality (AHRQ) collects discharge diagnoses for a
20% sample of US hospitals. This Nationwide Inpatient Sample (NI1S)1# is the largest all-
payer US inpatient care database, with data from about 8 million hospitalizations annually.
The sampling design includes non-Federal community hospitals as the primary sampling
units, and all discharges from sampled hospitals. In 2009, the sample included 1050
hospitals in 44 states. Stratification and weighting variables enable calculation of national
estimates and trends, accounting for the complex sampling design and the expanded
sampling framework over time. Up to 15 discharge diagnoses are coded using the
International Classification of Diseases, Ninth revision Clinical Modification (ICD-9-CM)
with the first-listed diagnosis regarded as the primary reason for hospitalizations.
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Definitions of pneumonia hospitalizations

Pneumonia hospitalizations were defined by International Classification of Diseases 9—
Clinical Madification codes. All-cause pneumonia hospitalizations had a first-listed
discharge diagnosis of pneumonia (480.xx-486.xx or 487.0) or a first-listed discharge
diagnosis of meningitis (321.xx, 013.0.x, 003.21, 036.0, 036.1, 047, 047.0, 047.1, 047.8,
047.9, 049.1, 053.0, 054.72, 072.1, 091.81, 094.2, 098.82, 100.81, 112.83, 114.2, 115.01,
115.11, 115.91, 130.0, 320, 320.0, 320.1, 320.2, 320.3, 320.7, 320.81, 320.82, 320.89,
320.8, 320.9, 322, 322.0, 322.9), septicemia (038.1x, 038.4x, 003.1, 020.2, 022.3, 031.2,
036.2, 038, 038.0, 038.2, 038.3, 038.8, 038.9, 054.5, 785.52, 790.7, 995.91, 995.92) or
empyema (510.xx) and a pneumonia diagnosis in another diagnosis field. Pneumococcal
pneumonia hospitalizations met the all-cause pneumonia definition, and also had a specific
code for pneumococcal infection or a code indicating lobar pneumonia (481.xx, 038.2,
041.2, or 320.1).15

Statistical analysis

NIS data from 1997 to 2009 were used to estimate the annual number of pneumonia
hospitalizations for children aged <2, 2-4, and 5-17 years and adults 18-39, 40-64, 65-74,
75-84, and =85 years. Annual total and age-specific rates were obtained by dividing the
annual number of pneumonia hospitalizations by annual populations from the US Census
Bureau and expressed as hospitalizations per 100,000 persons.

We combined three years prior to PCV7 introduction (1997-1999) as baseline years, since
no declines in all-cause pneumonia were observed over these years.® PCV7 was licensed in
the US in February, 2000 and vaccine uptake increased rapidly after June 2000 when the US
government purchased PCV7 for the Vaccines for Children Program.® Thus 2000 was
considered a transition year and not included in analyses grouped by year. We estimated
average annual pneumonia rates for three pre-specified time periods 1997-1999 (pre-PCV7
years), 2001-2006 (early PCV7 years), and 2007-2009 (late PCV7 years). We compared
hospitalization rates in late PCV7 years with pre-PCV7 rates and estimated age-specific rate
differences and percent declines in annual pneumonia hospitalizations. The choice of 2007-
2009 allowed comparison of the most recent 3-year period with the 3-year baseline. The
average annual rate was calculated for each time period, with the variance being the sum of
each year’s variance divided by the number of years squared. Rate differences were the
differences in the average annual rates. The variance of the rate difference was the sum of
the average rate variances and the 95% confidence interval was calculated using a normal
approximation. Relative rate declines were derived from the rate difference estimates. Age-
specific average annual rate differences were applied to the 2009 US population to estimate
the absolute annual reductions in pneumonia hospitalizations by 2009.

Role of funding source and human subject considerations

The Centers for Disease Control and Prevention (CDC) funded this research in part and
CDC investigators participated in the study design, data review, and preparation for
publication. This study was considered exempt research by the Vanderbilt Institutional
Review Board.
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RESULTS

From 1997 to 2009 there were 17,892,085 all-cause pneumonia hospitalizations representing
4.1% of all US non-birth hospitalizations, including 7.2% of such hospitalizations for
children and 3.9% of all hospitalizations for adults. Pneumonia was the first listed diagnosis
for 90%, sepsis for 9%, and meningitis and empyema for <1% each.

Pneumonia hospitalization rates

Annual US pneumonia hospitalization rates were highest at the extremes of age in all time
periods, with rates for children aged <2 years similar to those of adults aged 65-74 years,
around 1000 per 100,000. Rates for persons aged =75 years were 2 to 5-fold higher.
Pneumonia hospitalizations declined progressively at the extremes of age from pre-PCV7
years to early PCV7 and late PCV7 years (Figure 1).

Pneumonia hospitalization rates in children aged <2 years declined substantially following
PCV7 introduction in 2000. Pneumonia rates in older children were much lower and stable
throughout (Figure 2a). Most of the decline in young children occurred quickly following
PCV7 introduction. The decline in pneumonia hospitalizations was sustained through late
PCV7 years, and rates both for children aged <2 and 2—4 years were lower in late than in
pre-PCV7 years. Rates for children aged 5-17 years were the lowest of all age groups and
changed little over the study period (Figure 2b).

Pneumonia hospitalization rates in most adult age groups also appeared to decline beginning
in 2000 (Figure 3a). For adults aged =65 years, pneumonia hospitalization rates
progressively declined, and rates in late PCV7 years were lower than those in pre-PCV7
years. Small declines were observed early following PCV7 introduction for adults aged 18—
39 years and rates in late PCV7 years remained significantly lower than those in pre-PCV7
years; however, rates actually increased modestly in adults aged 40-64 years (Figure 3b).

Comparison of late PCV7 (2007-2009) with pre-PCV7 (1997-1999) years

In both the pre-PCV7 and late PCV7 years, length of stay increased with increasing age
(Table 1), but was consistently shorter in late PCV7 years for all age groups. The proportion
of pneumonias coded as pneumococcal was smaller at the extremes of age in both time
periods, but declined in all age groups over time. In-hospital mortality was lowest in those
aged 2—4 years (0.2%) and increased with increasing age. Over time, in-hospital mortality
remained similar or declined at the extremes of age; whereas, mortality increased in young
adults.

Comparing late and pre-PCV7 years, the largest absolute and relative reductions in
pneumonia hospitalizations were at the extremes of age (Table 2). The decline of 551.1
(95% CI 445.1-657.1) pneumonia hospitalizations per 100,000 children aged <2 years or
43.2% (95% CI 34.9%-51.6%) translated to 47,172 fewer hospitalizations in 2009 than
expected if rates were unchanged from pre-PCV7 years. The decline of 1300.8 (95% CI
984.0-1617.6) pneumonia hospitalizations per 100,000 adults aged =85 years or 22.8%
(95% CI 17.3%—-28.4%) translated to 73,243 fewer than expected hospitalizations in 2009.
Smaller absolute declines of 8.4 (95% CI 0.6-16.2), 85.3 (95% CI 7.0-163.6) and 359.8
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(95% C1199.6-520.0) pneumonia hospitalizations per 100,000 adults aged 18-39, 65-74
and 75-84 years resulted in substantial annual pneumonia hospitalization reductions. The
overall age-adjusted annual rate difference of 54.8 (95% CI 41.0-68.5) per 100,000 yielded
an estimate of 168,182 fewer pneumonia hospitalizations in 2009 than expected based on
rates in pre-PCV7 years.

DISCUSSION

Early remarkable declines in US pneumonia hospitalizations among young children® were
sustained during the past decade of PCV7 use, decreasing concerns that disease caused by
pneumococcal “serotype replacement” would significantly erode the benefits of
vaccination.!! Furthermore, pneumonia hospitalizations also declined in other age groups,
most notably in older adults, who have a substantial pneumonia disease burden associated
with an in-hospital fatality of 7%-12%. Overall, in 2009 there were about 168,000 fewer
pneumonia hospitalizations than expected in the US, based on rates from pre-PCV7 years.
This estimated annual reduction in pneumonia hospitalizations is five times higher than the
annual reduction in IPD.1

Although 20%-60% of community acquired pneumonias are thought to be pneumococcal,
only a small proportion of all-cause pneumonias receive a pneumococcal diagnosis (Table
1), and serotype information is usually unavailable.” Attribution of all-cause pneumonia
trends to the PCV7 vaccination program requires understanding expected changes in all-
cause pneumonia in young children based on pre-licensure randomized clinical trials and
changes in pneumococcal nasopharyngeal carriage that account for indirect vaccination
effects.

The 43% decline in annual pneumonia hospitalizations in children aged <2 years is
consistent with clinical trial results. In the Kaiser Permanente pre-licensure trial, PCV7
reduced radiographically-defined pneumonia by 30% (95% CI 11%-46%).8 Randomized
trials conducted in South Africa, the Philippines and the Gambia reported declines in
pneumonia of 17% to 37%.16

PCV7 had a major effect on pneumococcal carriage. Carriage of PCV7 serotypes was
markedly reduced by 2009 and non-vaccine serotypes became the dominant
colonizers.>17.18 |ndirect protection against IPD in unvaccinated groups was first reported in
the Journal in 2003.191

Prior to PCV7 introduction, vaccine serotypes caused 80% of IPD in young children. The
proportion of IPD caused by vaccine serotypes was considerably lower in adults, but
increased with increasing age reaching 51% in those =85 years.20 Seven years after PCV7
introduction, vaccine-serotype IPD was almost eliminated in children aged <5 years, and
declined >85% in unvaccinated age groups. Total IPD, which includes disease caused by
vaccine serotypes plus non-vaccine serotypes, declined 76% in children aged <5 years, and
43%, 40%, 18%, and 37% in those aged 5-17, 18-49, 50-64, and =65 years, respectively.l
These total reductions in IPD encompass the decline in vaccine-serotype disease and the
increase in non-vaccine serotype disease.l!

N Engl J Med. Author manuscript; available in PMC 2016 May 23.
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The reduction in pneumonia hospitalizations in unvaccinated age groups is perhaps more
remarkable than the decline in pneumonia hospitalizations in young children, targeted for
vaccination. Indeed, older adults accounted for more than half of the decline in overall
pneumonia hospitalizations. Patterns of all-cause pneumonia declines are similar to those
observed for total IPD, with the largest relative and absolute reductions at the extremes of
age.12 For both IPD and pneumonia, the potential for disease reduction was highest at the
extremes of age, because vaccine-serotype disease was highest in these age groups before
PCV?7 introduction.20

Substantial reductions in childhood pneumonia have been reproduced in other countries that
introduced PCV7. In Australia, a time-series analysis found 38% and 29% reductions in all-
cause pneumonias in children <2 and 2—4 years, two years after vaccine introduction in
2005.21 In the UK, pneumonia hospitalizations in children <15 years, which had been
increasing through 2006, when PCV7 was introduced, fell 19% by 2008.22 The association
of pneumonia declines with timing of vaccine introduction in multiple countries supports a
causal association, and renders other secular trends unlikely contributors.

Attribution of changes in all-cause pneumonia to the PCV7 vaccination program also
requires consideration of changes in coding practices, hospital admission thresholds, and
other interventions. Despite stable overall hospitalization rates in older adults 2000-2009,
there were major declines in hospitalizations coded as pneumonia, congestive heart failure
and coronary atherosclerosis.14 Lindenauer et al explored changes in coding of pneumonia
over the last decade and found increasing use of sepsis as the first listed diagnosis and
pneumonia as a secondary rather than primary (first-listed) diagnosis.23 Our definition of
pneumonia included hospitalizations in which sepsis was the primary diagnosis, so our
reported rates were not influenced by any known coding changes.

Pneumonia is the only common childhood condition for which hospitalizations declined
during the study period,14 and the decline was temporally associated with PCV7
introduction.® Among children, this decline was associated with no concurrent increases in
non-pneumonia respiratory hospitalizations,24 and no increases or actual decreases in
outpatient pneumonia visits.25-28 Furthermore, the decline in length of stay and stability of
pneumonia case fatality ratios (Table 1) suggest no major increases in admission thresholds.

Influenza vaccination is an unlikely major contributor to these declines in childhood
pneumonia since vaccination of young children was uncommon prior to initial (2004) and
expanded (2006) recommendations for influenza vaccination of healthy young children, and
only reached 30% by 2009.2° Among adults, the major increases in pneumococcal and
influenza vaccination pre-date PCV7 introduction. In adults =65 years, both pneumococcal
polysaccharide and influenza vaccination more than doubled prior to PCV7 introduction
from 14% and 30% respectively in 1989 to 50% and 66% in 1999.30 Likewise, adult
smoking fell from 40% in the 1970s to 26% in the 1990s.3L. During this pre-PCV7 period in
which major changes in other immunizations and smoking occurred, pneumonia
hospitalizations in adults actually increased.32 Since PCV7 introduction, there have been
much more modest changes, pneumococcal and influenza immunizations increased to 60%
and 67% in 2008,30 and adult smoking fell to 24%.31

N Engl J Med. Author manuscript; available in PMC 2016 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Griffin et al.

Page 7

Notwithstanding the substantial reductions in pneumonia observed following PCV7
introduction, some residual burden of pneumococcal disease due to vaccine serotypes
remains in unvaccinated age groups.3 In the UK, a novel urinary immunoassay was used to
diagnose serotype specific pneumococcal pneumonia in hospitalized adults two years after
PCV7 introduction. Investigators estimated that 40% of pneumonias were pneumococcal,
that at least 20% of these were due to PCV7 serotypes, and that this proportion increased
with increasing age.33 So, two years after vaccine introduction and despite a rapid decline in
childhood IPD, a substantial portion of adult pneumonias were still due to vaccine-serotypes.
This is consistent with the slower decline in IPD due to PCV7 serotypes in US adults® and
the modest decline in adult pneumonia in the early PCV7 period.

Currently, it is unknown whether direct vaccination of adults with PCV13 vaccine would
prevent adult pneumonia and whether such efforts would add substantially to indirect
benefits generated by the ongoing infant PCV13 vaccination program which may currently
be reducing the transmission of the additional six vaccine serotypes.343% PCV13 has
recently been recommended for US adults with immunocompromising conditions,38 a group
for which efficacy data are already available3” and indirect benefits are likely to be
modest.13:38

In summary, the remarkable reduction initially observed in childhood pneumonia was
sustained in the decade since PCV7 introduction. More modest relative declines in
pneumonia in older adults emerged more slowly and resulted in large absolute reductions in
pneumonia hospitalizations.
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Fig. 1.
US age-specific average annual rates of all-cause pneumonia hospitalizations per 100,000,

for three periods: 1997-1999 (pre-PCV7), 2001-2006 (early PCV7), and 2007-2009 (late
PCVT7).
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2009; 2h. Average annual rates, 1997-1999, 2001-2006, 2007-2009; the year of 7-valent
pneumococcal conjugate vaccine (PCV7) introduction, 2000 is not included. * p<.05 for rate
decline from pre-PCV7 years
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All-cause pneumonia hospitalizations per 100,000 US adults, 3a. Annual rates, 1997-20009;
3b. Average annual rates, 1997-1999, 2001-2006, 2007-2009; the year of 7-valent
pneumococcal conjugate vaccine (PCV7) introduction, 2000 is not included. * p<.05 for rate
decline from pre-PCV/7 years; +p<.05 for rate increase from pre-PCV7 years
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Table 2

Rate differences per 100,000 in all cause pneumonia hospitalizations per between Pre-PCV7 (1997-1999) and
late PCV7 (2007-2009) and estimated absolute reduction in 2009

Age (years) US 2009 Rate Difference per 100,000, % Reduction 1997-1999 Estimated absolute reduction
population 1997-1999 to 2007-2009 (95% to 2007-2009 2009
(millions) CI)
<2 8.6 551.1 43.2 47,172
(445.1 to 657.1) (34.9t0 51.6) (38,099 to 56,245)
2-4 12.7 51.3 12.5 6,536
(9.81092.8) (2.4t0 22.6) (1,249 t0 11,823)
5-17 53.2 44 45 2,343
(-5.9t014.7) (-6.1t0 15.1) (-3,142 to 7,828)
18-39 92.5 8.4 7.8 7,771
(0.6 t0 16.2) (0.6 t015.1) (555 to 14,988)
40-64 100.4 -33.8 -10.1 -33,925
(-57.41t0 -10.2) (-17.1t0 -3.0) (-57.613 to -10,238)
65-74 20.8 85.3 6.6 17,736
(7.0 to 163.6) (0.5t012.7) (1,455 to 34,016)
75-84 131 359.8 13.0 47,306
(199.6 to 520.0) (7.2t018.9) (26,243 to 68,369)
85+ 5.6 1300.8 22.8 73,243
(984.0 to 1617.6) (17.3t0 28.4) (55,406 to 91,082)
Total age adjusted 307.0 54.8 10.5 168,182
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(41.0 to 68.5)

(7.9 10 13.1)

(125,873 to 210,299)
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