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Abstract Pneumonia remains the leading cause of death in
children outside the neonatal period, despite advances in pre-
vention and management. Over the last 20 years, there has
been a substantial decrease in the incidence of childhood
pneumonia and pneumonia-associated mortality. New conju-
gate vaccines against Haemophilus influenzae type b and
Streptococcus pneumoniae have contributed to decreases in
radiologic, clinical and complicated pneumonia cases and
have reduced hospitalization and mortality. The importance
of co-infections with multiple pathogens and the predomi-
nance of viral-associated disease are emerging. Better access
to effective preventative and management strategies is needed
in low- and middle-income countries, while new strategies are
needed to address the residual burden of disease once these
have been implemented.
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Introduction

Pneumonia has been the leading cause of death in children
younger than 5 years for decades. Although there have been
substantial decreases in overall child mortality and in
pneumonia-specific mortality, pneumonia remains the major
single cause of death in children outside the neonatal period,
causing approximately 900,000 of the estimated 6.3 million
child deaths in 2013 [1]. Substantial advances have occurred
in the understanding of risk factors and etiology of pneumonia,
in development of standardized case definitions, and in preven-
tion with the production of improved vaccines and in treatment.
Such advances have led to changes in the epidemiology, etiol-
ogy and mortality from childhood pneumonia. However in
many areas access to these interventions remains sub-optimal,
with large inequities between and within countries and regions.
In this paper we review the impact of recent preventative and
management advances in pneumonia epidemiology, etiology,
radiologic presentation and outcome in children.

Epidemiology and burden of pneumonia
in childhood

The overall burden of childhood pneumonia has been reduced
substantially over the last decade, despite an increase in the
global childhood population from 605 million in 2000 to 664
million in 2015 [2]. Recent data suggest that there has been a
25% decrease in the incidence of pneumonia, from 0.29 epi-
sodes per child year in low- and middle-income countries in
2000, to 0.22 episodes per child year in 2010 [3]. This is sub-
stantiated by a 58% decrease in pneumonia-associated disabili-
ty-adjusted life years between 1990 and 2013, from 186 million
to 78 million as estimated in the Global Burden of Disease study
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[1]. Pneumonia deaths decreased from 1.8 million in 2000 to
900,000 in 2013 [1]. These data do not reflect the full impact of
increasingly widespread use of pneumococcal conjugate vac-
cine in low- and middle-income countries because the incidence
of pneumonia and number of deaths are likely to decrease still
further as a result of this widespread intervention [4].
Notwithstanding this progress, there remains a dispropor-
tionate burden of disease in low- and middle-income coun-
tries, where more than 90% of pneumonia cases and deaths
occur. The incidence in high-income countries is estimated at
0.015 episodes per child year, compared to 0.22 episodes per
child year in low- and middle-income countries [3]. On aver-
age, 1 in 66 children in high-income countries is affected by
pneumonia per year, compared to 1 in 5 children in low- and
middle-income countries. Even within low- and middle-
income countries there are regional inequities and challenges
with access to health care services: up to 81% of severe pneu-
monia deaths occur outside a hospital [5]. In addition to a
higher incidence of pneumonia, the case fatality rate is esti-
mated to be almost 10-fold higher in low- and middle-income
countries as compared to high-income countries [3, 5].
Childhood pneumonia can also lead to significant morbid-
ity and chronic disease. Early life pneumonia can impair long-
term lung health by decreasing lung function [6]. Severe or
recurrent pneumonia can have a worse effect on lung function;
increasing evidence suggests that chronic obstructive pulmo-
nary disease might be related to early childhood pneumonia
[7, 8]. A meta-analysis of the risk of long-term outcomes after
childhood pneumonia categorized chronic respiratory sequel-
ac into major (restrictive lung disease, obstructive lung dis-
ease, bronchiectasis) and minor (chronic bronchitis, asthma,
abnormal pulmonary function) groups [9]. The risk of devel-
oping at least one of the major sequelae was estimated as 6%
after an ambulatory pneumonia event and 14% after an epi-
sode of hospitalized pneumonia. Because respiratory diseases
affect almost 1 billion people globally and are a major cause of
mortality and morbidity [10], childhood pneumonia might
contribute to substantial morbidity across the life course.

Changes in presentation of radiologic pneumonia

Chest radiologic changes have been considered the gold stan-
dard for defining a pneumonia event [11] because clinical find-
ings can be subjective and clinical definitions of pneumonia can
be nonspecific. In 2005, to aid in defining outcomes of pneu-
mococcal vaccine studies, the World Health Organization’s
(WHO) standardized chest radiograph description defined a
group of children who were considered most likely to have
pneumococcal pneumonia [12]. The term “end-point consoli-
dation” was described as a dense or fluffy opacity that oc-
cupies a portion or whole of a lobe, or the entire lung.
“Other infiltrate” included linear and patchy densities,

peribronchial thickening, minor patchy infiltrates that are not
of sufficient magnitude to constitute primary end-point con-
solidation, and small areas of atelectasis that in children can be
difficult to distinguish from consolidation. “Primary end-point
pneumonia” included either end-point consolidation or a pleu-
ral effusion associated with a pulmonary parenchymal infil-
trate (including “other” infiltrate).

Widespread use of pneumococcal conjugate vaccination and
Haemophilus influenzae type B conjugate vaccination has de-
creased the incidence of radiologic pneumonia. In a review of
four randomized controlled trials and two case—control studies
of Haemophilus influenzae type B conjugate vaccination in
high-burden communities, the vaccination was associated with
an 18% decrease in radiologic pneumonia [13]. Introduction of
pneumococcal conjugate vaccination was associated with a
26% decrease in radiologic pneumonia in California between
1995 and 1998 [14]. In vaccine efficacy trials in low- and
middle-income countries, pneumococcal conjugate vaccination
reduced radiologic pneumonia by 37% in the Gambia [15],
25% in South Africa [16] and 26% in the Philippines [17].

The WHO radiologic case definition was not intended to
distinguish bacterial from viral etiology but rather to define a
sub-set of pneumonia cases in which pneumococcal infection
was considered more likely and to provide a set of standard-
ized definitions through which researchers could achieve
broad agreement in reporting chest radiographs. However,
despite widespread field utilization, there are concerns regard-
ing inter-observer repeatability. There has been good consen-
sus for the description of lobar consolidation but significant
disagreement on the description of patchy and perihilar infil-
trates [18, 19]. In addition, many children with clinically se-
vere lung disease do not have primary end-point pneumonia:
in one pre-pneumococcal conjugate vaccination study, only
34% of children hospitalized with pneumonia had primary
end-point pneumonia [20]. A revised case definition of “pre-
sumed bacterial pneumonia” has been introduced, and this
definition includes pneumonia cases with WHO-defined alve-
olar consolidation, as well as those with other abnormal chest
radiograph infiltrates and a serum C-reactive protein of at least
40 mg/L [21, 22]. This definition has been shown to have
greater sensitivity than the original WHO radiologic definition
of primary end-point pneumonia for detecting the burden of
pneumonia prevented by pneumococcal conjugate vaccina-
tion [23]. Using the revised definition, the 10-valent pneumo-
coccal conjugate vaccine (pneumococcal conjugate vaccina-
tion-10), had a vaccine efficacy of 22% in preventing pre-
sumed bacterial pneumonia in young children in South
America [22], and pneumococcal conjugate vaccination-13
had a vaccine efficacy of 39% in preventing presumed bacte-
rial pneumonia in children older than 16 weeks who were not
infected with human immunodeficiency virus (HIV) in South
Africa [21]. Thus there is convincing evidence that pneumo-
coccal conjugate vaccination decreases the incidence of
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radiologic pneumonia; however there is no evidence to sug-
gest that pneumococcal conjugate vaccination modifies the
radiologic appearance of pneumococcal pneumonia.

Empyema is a rare complication of pneumonia. An in-
creased incidence of empyema in children was noted in some
high-income countries following pneumococcal conjugate
vaccination-7 introduction, and this was attributed to pneumo-
coccal serotypes not included in pneumococcal conjugate vac-
cination-7, especially 3 and 19A [24]. In the United States,
evidence from a national hospital database suggests that the
incidence of empyema increased 1.9-fold between 1996 and
2008 [25]. In Australia, the incidence rate ratio increased by
1.4 times when comparing the pre-pneumococcal conjugate
vaccination-7 period (1998 to 2004) to the post-pneumococcal
conjugate vaccination-7 period (2005 to 2010) [26]. In
Scotland, incidence of empyema in children rose from 6.5
per million between 1981 and 1998, to 66 per million in
2005 [27]. These trends have been reversed since the intro-
duction of pneumococcal conjugate vaccination-13. Data
from the United States suggest that empyema decreased by
50% in children younger than 5 years [28]; similarly, data
from the United Kingdom and Scotland showed substantial
reduction in pediatric empyema following pneumococcal con-
jugate vaccination-13 introduction [29, 30].

Several national guidelines from high-income countries, as
well as the WHO recommendations for low- and middle-
income countries, recommend that chest radiography should
not be routinely performed in children with ambulatory pneu-
monia [31-33]. Indications for chest radiography include hos-
pitalization, severe hypoxemia or respiratory distress, failed
initial antibiotic therapy, or suspicion for other diseases (tu-
berculosis, inhaled foreign body) or complications. However,
point-of-care lung ultrasound is emerging as a promising mo-
dality for diagnosing childhood pneumonia [34].

Changes in hospitalization and incidence

In addition to the effect on radiologic pneumonia, pneumo-
coccal conjugate vaccination reduces the risk of hospitaliza-
tion from viral-associated pneumonia, probably by reducing
bacterial—viral co-infections resulting in severe disease and
hospitalization [35]. An analysis of ecological and observa-
tional studies of pneumonia incidence in different age groups
soon after introduction of pneumococcal conjugate
vaccination-7 in Canada, Italy, Australia, Poland and the
United States showed decreases in all-cause pneumonia hos-
pitalizations ranging from 15% to 65% [36]. In the United
States after pneumococcal conjugate vaccination-13 replaced
pneumococcal conjugate vaccination-7, there was a further
17% decrease in hospitalizations for pneumonia among chil-
dren eligible for the vaccination, and a further 12% decrease
among unvaccinated adults [28].
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Changing etiology of childhood pneumonia

A systematic review of etiology studies prior to availability of
new conjugate vaccines confirmed S. pneumoniae and
H. influenzae type B as the most important bacterial causes
of pneumonia, with Staphylococcus aureus and Klebsiella
pneumoniae associated with some severe cases. Respiratory
syncytial virus was the leading viral cause, identified in 15—
40% of pneumonia cases, followed by influenza A and B,
parainfluenza, human metapneumovirus and adenovirus [37].

More recent meta-analyses of etiology data suggest a
changing pathogen profile, with increasing recognition that
clinical pneumonia is caused by the sequential or concurrent
interaction of more than one organism. Severe disease in
particular is often caused by multiple pathogens. With high
coverage of pneumococcal conjugate vaccination and
Haemophilus influenzae type B conjugate vaccination, viral
pathogens increasingly predominate [38]. In recent case—con-
trol studies, at least one virus was detected in 87% of clinical
pneumonia cases in South Africa [39], while viruses were
detected in 81% of radiologic pneumonia cases in Sweden
[40]. In a large multi-center study in the United States, viral
pathogens were detected in 73% of children hospitalized with
radiologic pneumonia, while bacteria were detected in only
15% of cases [41]. A meta-analysis of 23 case—control studies
of viral etiology in radiologically confirmed pneumonia in
children, completed up to 2014, reported good evidence of
causal attribution for respiratory syncytial virus, influenza,
metapneumovirus and parainfluenza virus [42]. However
there was no consistent evidence that many other commonly
described viruses, including rhinovirus, adenovirus, bocavirus
and coronavirus, were more commonly isolated from cases
than from controls. Further attribution of bacterial etiology is
difficult because it is often not possible to distinguish coloniz-
ing from pathogenic bacteria when they are isolated from na-
sal specimens [43].

Another etiology is pertussis. In the last decade there has
also been a resurgence in pertussis cases, especially in high-
income countries [44]. Because pertussis immunity after acel-
lular pertussis vaccination is less long-lasting than immunity
after wild-type infection or whole-cell vaccination, many
women of child-bearing age have waning pertussis antibody
levels. Their infants might therefore be born with low trans-
placental anti-pertussis immunoglobulin G levels, making
them susceptible to pertussis infection before completion of
the primary vaccination series [45]. In 2014, more than 40,000
pertussis cases were reported to the Centers for Disease
Control and Prevention in the United States; in some states,
population-based incidence rates are higher than at any time in
the last 70 years [44]. In contrast, most low- and middle-
income countries use whole-cell pertussis vaccines and the
numbers of pertussis cases in those countries were stable or
decreasing until 2015 [46]. However recent evidence from
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South Africa (where the acellular vaccine is used) shows an
appreciable incidence of pertussis among infants presenting
with acute pneumonia: 2% of clinical pneumonia cases among
infants enrolled in a birth cohort were caused by pertussis [39],
and 3.7% of infants and young children presenting to a tertiary
academic hospital had evidence of pertussis infection [47].
Similarly, childhood tuberculosis is a major cause of mor-
bidity and mortality in many low- and middle-income coun-
tries, and Mycobacterium tuberculosis has increasingly been
recognized as a pathogen in acute pneumonia in children living
in high tuberculosis-prevalence settings. Postmortem studies of
children dying from acute respiratory illness have commonly
reported M. tuberculosis [48, 49]. A recent systematic review of
tuberculosis as a comorbidity of childhood pneumonia reported
culture-confirmed disease in about 8% of cases [50]. Because
intrathoracic tuberculosis disease is only culture-confirmed in a
minority of cases, the true burden could be even higher; tuber-
culosis could therefore be an important contributor to childhood
pneumonia incidence and mortality in high-prevalence areas.

Changing risk factors for childhood pneumonia

Childhood pneumonia and clinically severe disease result from a
complex interaction of host and environmental risk factors [37].
Because of the effectiveness of pneumococcal conjugate vaccina-
tion and Haemophilus influenzae type B conjugate vaccination
for prevention of radiologic and clinical pneumonia, incomplete
or inadequate vaccination must be considered as a major prevent-
able risk factor for childhood pneumonia. Other risk factors in-
clude low birth weight, which is associated with 3.2 times in-
creased odds of severe pneumonia in low- and middle-income
countries, and 1.8 times increased odds in high-income countries
[51]. Similarly, lack of exclusive breastfeeding for the first
4 months of life increases odds of severe pneumonia by 2.7 times
in low- and middle-income countries and 1.3 times in high-
income countries. Markers of undernutrition are strong risk fac-
tors for pneumonia in low- and middle-income countries only,
with highly significant odds ratios for underweight for age (4.5),
stunting (2.6) and wasting (2.8). Household crowding has uni-
form risk, with odds ratios between 1.9 and 2.3 in both low- and
middle-income countries and high-income countries. Indoor air
pollution from use of solid or biomass fuels increases odds of
pneumonia by 1.6 times; lack of measles vaccination by the end
of the first year of age increases odds of pneumonia by 1.8 times
[51]. It is estimated that the prevalence of these critical risk factors
in low- and middle-income countries decreased by 25% between
2000 and 2010, contributing to reductions in pneumonia inci-
dence and mortality in low- and middle-income countries, even
in countries where conjugate vaccines have not been available [3].

The single strongest risk factor for pneumonia is HIV in-
fection, which is especially prevalent in children in sub-
Saharan Africa. HIV-infected children have 6 times increased

odds of developing severe pneumonia or of death compared to
HIV-uninfected children [52]. Since the effective prevention
of mother-to-child transmission of HIV, there is a growing
population of HIV-exposed children who are uninfected; their
excess risk of pneumonia, compared to HIV unexposed chil-
dren, has been described as 1.3- to 3.4-fold higher [53-57].

Prevention strategies: new advances

The pneumococcal conjugate vaccination and Haemophilus
influenzae type B conjugate vaccination have been effective tools
to decrease pneumonia incidence, severity and mortality [58, 59].
However, equitable coverage and access to vaccines remains
sub-optimal. By the end of 2015, Haemophilus influenzae type
B conjugate vaccination had been introduced in 73 countries,
with global coverage estimated at 68%. However, inequities
are still apparent among regions: in the Americas coverage is
estimated at 90%, while in the Western Pacific it is only 25%.
By 2015, pneumococcal conjugate vaccination had been intro-
duced into 54 countries, with global coverage of 35% for three
doses of pneumococcal conjugate vaccination for infant popula-
tions [60]. To address this issue, the WHO’s Global Vaccine
Access Plan initiative was launched to make life-saving vaccines
more equitably available. In addition to securing guarantees for
financing of vaccines, the program objectives include building
political will in low- and middle-income countries to commit to
immunization as a priority, social marketing to individuals and
communities, strengthening health systems and promoting rele-
vant local research and development innovations [61].

Maternal vaccination to prevent disease in the youngest in-
fants has been shown to be effective for tetanus, influenza and
pertussis [62]. Influenza vaccination during pregnancy is safe,
provides reasonable maternal protection against influenza, and
also protects infants for a limited period from confirmed influ-
enza infection (vaccine efficacy 63% in Bangladesh [63] and
50.4% in South Africa [64]). However as antibody levels drop
sharply after birth, infant protection does not persist much be-
yond 8 weeks [65]. Recently respiratory syncytial virus vacci-
nation in pregnancy has been shown to be safe and immuno-
genic, and a phase-3 clinical trial of efficacy at preventing
respiratory syncytial virus disease in infants is under way
[66]. Within a decade, respiratory syncytial virus in infancy
might be vaccine-preventable, with further decreases in pneu-
monia incidence, morbidity and mortality [67].

Improved access to health care, better nutrition and improved
living conditions might contribute to further decreases in child-
hood pneumonia burden. The WHO Integrated Global Action
Plan for diarrhea and pneumonia highlights many opportunities
to protect, prevent and treat children [68]. Breastfeeding rates
can be improved by programs that combine education and
counseling interventions in homes, communities and health fa-
cilities, and by promotion of baby-friendly hospitals [69].
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Improved home ventilation, cleaner cooking fuels and reduction
in exposure to cigarette smoke are essential interventions to
reduce the incidence and severity of pneumonia [70, 71].
Prevention of pediatric HIV is possible by providing interven-
tions to prevent mother-to-child transmission [72]. Early infant
HIV testing and early initiation of antiretroviral therapy and
cotrimoxazole prophylaxis can substantially reduce the inci-
dence of community-acquired pneumonia among HIV-infected
children [73]. Community-based interventions reduce pneumo-
nia mortality and have the indirect effect of improved-care-
seeking behavior [58]. If these cost-effective interventions were
scaled up, it is estimated that 67% of pneumonia deaths in low-
and middle-income countries could be prevented by 2025 [58].

Management — recent advances

Case management of pneumonia is a strategy by which sever-
ity of disease is classified as severe or non-severe. All children
receive early, appropriate oral antibiotics, and severe cases are
referred for parenteral antibiotics. When implemented in high-
burden areas before the availability of conjugate vaccines,
case management as part of Integrated Management of
Childhood Illness was associated with a 27% decrease in over-
all child mortality, and 42% decrease in pneumonia-specific
mortality [74]. However the predominance of viral causes of
pneumonia and low case fatality have prompted concern about
overuse of antibiotics. Several randomized controlled trials
comparing oral antibiotics to placebo for non-severe pneumo-
nia have been performed [75—77] and others are ongoing [78].
In two studies, performed in Denmark and in India, outcomes
of antibiotic and placebo treatments were equivalent [76, 77].
In the third study, in Pakistan, there was a non-significant 24%
vs. 20% rate of failure in the placebo group, which was deemed
to be non-equivalent to the antibiotic group [75]. Furthermore,
because WHO-classified non-severe pneumonia and bronchi-
olitis might be considered within a spectrum of lower respira-
tory disease, many children with clinical pneumonia could
actually have viral bronchiolitis, for which antibiotics are not
beneficial [79]. This has been reflected in British [33] and
Spanish [31] national pneumonia guidelines, which do not
recommend routine antibiotic treatment for children younger
than 2 years with evidence of pneumococcal conjugate vacci-
nation who present with non-severe pneumonia. The United
States’ national guidelines recommend withholding antibiotics
in children up to age 5 years presenting with non-severe pneu-
monia [32]. However, given the high mortality from pneumo-
nia in low- and middle-income countries, the lack of easy
access to care, and the high prevalence of risk factors for severe
disease, revised World Health Organization pneumonia guide-
lines still recommend antibiotic treatment for all children who
meet the WHO pneumonia case definitions [80].
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Use of supplemental oxygen is life-saving, but this is not
universally available in low- and middle-income countries; it
is estimated that use of supplemental oxygen systems could
reduce mortality of children with hypoxic pneumonia by 20%
[81]. Identifying systems capacity to increase availability of
oxygen in health facilities, and identifying barriers to further
implementation are among the top 15 priorities for future
childhood pneumonia research [82]. However, up to 81% of
pneumonia deaths in 2010 occurred outside health facilities
[5], so there are major challenges with access to health ser-
vices and health-seeking behavior of vulnerable populations.
Identifying and changing the barriers to accessing health care
is an important area with the potential to impact the survival
and health of the most vulnerable children [82].

Conclusion

Much progress has been made in decreasing deaths caused by
childhood pneumonia. Improved socioeconomic status and
vaccinations, primarily the conjugate vaccines (against
Haemophilus influenzae and pneumococcus), have led to sub-
stantial reductions in the incidence and severity of childhood
pneumonia. Stronger strategies to prevent and manage HIV
have reduced HIV-associated pneumonia deaths. However,
despite the substantial changes in incidence, etiology and ra-
diology globally, there remain inequities in access to care and
availability of effective interventions, especially in low- and
middle-income countries. Effective interventions need to be
more widely available and new interventions developed for
the residual burden of childhood pneumonia.
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