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abstractLifelong respiratory health is rooted in the structural and functional development of the
respiratory system in early life. Exposures and interventions antenatally through childhood can
influence lung development into young adulthood, the life stage with the highest achievable lung
function. Because early respiratory health sets the stage for adult lung function trajectories and
risk of developing chronic obstructive pulmonary disease, understanding how to promote lung
health in children will have far reaching personal and population benefits. To achieve this, it is
critical to have accurate and precise measures of structural and functional lung development
that track throughout life stages. From this foundation, evaluation of environmental, genetic,
metabolic, and immune mechanisms involved in healthy lung development can be investigated.
These goals require the involvement of general pediatricians, pediatric subspecialists, patients,
and researchers to design and implement studies that are broadly generalizable and applicable
to otherwise healthy and chronic disease populations. This National Institutes of Health
workshop report details the key gaps and opportunities regarding lung function and structure.
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Defining and promoting pediatric pulmonary health depends
on accurate measurement of lung structure and function to
assess healthy lung growth and optimization of the physio-
logic capacity of the respiratory system. Lifelong lung func-
tion trajectories are firmly rooted in early life and are forged
by the interplay of genetic predisposition and exposures to
environmental pollutants, infections, and other respiratory
insults (Fig 1).1 Because adult lung function is a strong pre-
dictor of mortality, achieving optimal lung health throughout
childhood and adolescence has far-reaching societal benefits.
Critical to this endeavor is the development of tools and
techniques to effectively measure lung function and struc-
ture in a standardized way from infancy (or even in utero)
through childhood.

To date, most research has focused on disease-specific re-
spiratory outcomes. However, studying respiratory health
through this lens risks missing the opportunity to define and
promote factors that lead to healthy lung growth and func-
tion for the general population. Partnership between general
pediatric providers, subspecialists, patients, and researchers
is necessary to access large, longitudinal cohorts of research
participants to answer questions that are generalizable to
the health of the whole population. Broad efforts are needed
to evaluate and address social disparities known to affect
lung health in children and adults.

On March 29 and 30, 2021, the Division of Lung Dis-
eases, National Heart, Lung, Blood Institute, National In-
stitutes of Health (NIH), sponsored a multidisciplinary

workshop entitled “Defining and Promoting Pediatric Pulmo-
nary Health (DAP3H).” This report details the key gaps and
opportunities regarding lung function and structure (Table 1).

SUMMARY OF MEETING

Lifelong Pulmonary Health Starts in Childhood

Birth cohort studies have materially added to our understand-
ing of the development of lung function and the factors associ-
ated with both lung dysfunction and the progression to clinical
disease, predominantly asthma. Low lung function at birth
with an obstructive pattern precedes and predicts an in-
creased risk of wheezing illness and asthma from childhood
through the fourth decade of life.2,3 Furthermore, lung function
tracks from childhood through adulthood with about 10% of
individuals demonstrating lower trajectories, putting them at
increased risk for chronic obstructive pulmonary disease
(COPD) in later life (Fig 2).1,4–6 Persistent or recurrent wheez-
ing in association with viral infection is associated with a loss
of lung function by early school age, establishing a deficit that
persists to adulthood.7 Recent evidence suggests poor growth
in utero may lead to a restrictive pattern of lung function
development characterized by spirometry as low forced
vital capacity with a normal ratio of forced expiratory
volume in 1 second/forced vital capacity, termed preserved ra-
tio, impaired spirometry (PRISm).8 The PRISm pattern is also
associated with later nonrespiratory comorbidities, including

FIGURE 1
Factors affecting lifelong lung health. Schematic representing the interplay of genetic predisposition, host characteristics, and exposures
to environmental pollutants, infections, diet, and other factors in the development of lung function and structure. Created with
BioRender.com
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cardiovascular diseases, diabetes, metabolic syndrome, and all-
cause mortality in adult life. Premature birth is associated with
longstanding lung function deficits, which are more severe in
those with bronchopulmonary dysplasia9 and likely increase
risk for COPD in adulthood.10

Because neonatal lung function predicts lung function
in the adult, we need to better understand the mecha-
nisms determining lung function and structure at birth
and if deleterious mechanisms are modifiable throughout
life. In other words, what are the environmental, genetic,
metabolic, and immune (EGMI) mechanisms that estab-
lish the trajectory that the lungs will follow through life?
Although 40% of the lung function deficit seen in chil-
dren with asthma is present at birth, 60% develops from
birth to school age,11 compelling us to understand the bi-
ology underlying the loss of lung function and whether
this can be ameliorated. Although recurrent exacerbations
are associated with loss of lung function, inhaled steroids,
the mainstay of asthma care, has no impact on long-term

outcomes, either clinically12 or physiologically.13,14 It is im-
portant to elucidate the underlying EGMI mechanisms asso-
ciated with the restricted growth phenotype (poor growth
and PRISm) and why this phenotype is associated with the
nonrespiratory comorbidities seen in this population. With
the increase in nicotine use because of vaping, mitigation
strategies such as vitamin C, which may attenuate the effect
of nicotine, need to be evaluated, as do effective strategies
for reducing vaping in adolescents15,16 and second-hand
smoke in children living with smokers. Although improved
prenatal care and a reduction in premature birth would be
the most effective way of optimizing lung development
broadly, there is still a need to understand the EGMI mecha-
nisms influencing lung development in premature infants.17

Although there are several ongoing birth cohort stud-
ies, the risk factors influencing progressive lung develop-
ment (ie, novel infections and new exposures) and our
ability to noninvasively evaluate EGMI mechanisms re-
mains a research priority. As a result, a strategy to

TABLE 1 Critical Gaps in Pediatric Lung Structure/Function

Critical Gaps

� What are the environmental, genetic, metabolic, and immune (EGMI) mechanisms that establish lung function and structure throughout life?

� If evaluation of EGMI mechanisms takes 4–6 decades, how do we develop and maintain large cohorts frequently enough to understand new exposures
and new lung phenotypes?

� How do we incorporate sophisticated personal exposure data and frequent outcome assessments into longitudinal cohort studies?

� Aside from tobacco cessation efforts, which strategies are practical for clinical practice in pediatrics?

� How do we consistently improve accuracy of spirometry in primary care?

� Should we incorporate lung function assessments that require less cooperation, time, and technician training, such as oscillometry, into more
subspecialty clinics and into primary care? And if yes, how?

� How do we improve asthma control with home monitoring tools like remote spirometry?

� Which populations need lung structure screening, what type of screen is optimal, and how do we change treatment based on imaging findings?

� Which public health measures will improve lung structure at birth, promote healthy lung growth, and limit lung damage in the general population?

� What strategies can support equitable representation in research for minoritized and rural populations?

� Once identified, how to implement screening procedures into already busy pediatric health care delivery models and clinics?

FIGURE 2
Lung function trajectories are established in childhood. (A) Lung function at birth is highly influential to airways obstruction later in life.
(Image from Stern DA, Morgan WJ, Wright AL, Guerra S, Martinez FD. Lancet. 2007;370:758–764). (B) Discrete lung function trajectories from
early childhood through adult life. (Image from Agust�ı A, Hogg JC. N Engl J Med. 2019;381:1248–1256).
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develop new, large birth cohorts is needed. It can take 4
to 6 decades to fully understand lung disease phenotypes
and the associated EGMI risk factors. A wise strategy
would be to “plant” a new cohort every decade or so to
“harvest” the relevant information a half a century later.
There is an urgent need for a large (n 5 5000), multicen-
ter long-term birth cohort with infant lung function eval-
uation that characterizes antenatal and postnatal factors
with biomarkers and molecular correlates to elucidate EGMI
mechanisms. Evaluations should include EGMI studies with
pre- and postnatal environmental evaluations, maternal risk
factors, studies of the gut and respiratory microbiome, and
transcriptome (ie, RNA transcripts) from the respiratory
tract and peripheral immune cells as well as endocrine and
metabolomics profiling. Characterization of viral and bacte-
rial respiratory infection and immune responses should be
evaluated in relation to respiratory morbidity outcomes. A
similar cohort evaluating the impact of not only prematurity
but also birth history should be developed as should studies
evaluating COPD risk in bronchopulmonary dysplasia (BPD)
survivors.

Impact of the Environment on Child Lung Health

It is widely recognized that environmental exposures to
indoor and outdoor air pollutants can contribute to poor
lung function and growth in children (Table 2). In low-
income countries, biomass fuels used for household ac-
tivities are the primary pollutant source and have been
linked to childhood respiratory infection and COPD in
adults.18–20 In both low- and high-income countries, am-
bient and household air pollutants are also prominently
associated with poor lung function in childhood.21–24 Be-
cause children spend the majority of their time in an in-
door home and school environment, indoor pollutant
exposures, many of which are entrained from the out-
door air, are of particular concern. The effect of specific
pollutants on lung function growth throughout childhood
(prenatal through young adulthood) have primarily iden-
tified particulate matter, gaseous air pollutants, and per-
sonal exposure to tobacco smoke as major contributors.25

Emerging research suggests that additional indoor expo-
sures to endocrine disrupting compounds (EDCs) such as
those present in personal care products and other con-
sumer goods, including phthalates and bisphenol A, may
play a role in pediatric lung health.26 EDCs may serve as
potential modulators of immune system homeostasis and
allergic response27 and exert sex-specific health effects.28

Clinical trials involving multifaceted interventions in the
home have consistently demonstrated improvements in
symptom and health care utilization outcomes,29–35 but few
report lung function improvement. These trials have been
limited in the range of air pollutants addressed and the
scope of intervention.36,37 The NIH-funded Environmental
Influences on Child Health Outcomes project has created a

large multi-institutional pediatric cohort focused on envi-
ronmental exposures and their effect on pre-, peri-, and
postnatal outcomes, but lacks a focus on lung growth and
lung growth trajectories and is relatively limited in meas-
urements of personal environment exposures.

Our ability to assess the totality of environmental exposures
among individuals through exposure modeling and novel
methods is rapidly evolving.38–40 Some allergen coexposure
studies have found amplified respiratory outcomes with expo-
sure mixtures, but mechanistic data to examine other adju-
vants, microbiome, and tissue-level pathobiology41 induced by
exposures remain poorly characterized.42,43 Moreover, nonin-
haled routes of exposure, such as ingested or transdermal ex-
posure to EDCs,44 may also play a role in lung health. Personal
characteristics, such as obesity, genetic predisposition, or
chronic conditions and comorbidities, may identify high-risk
populations of children. Further data on susceptibility factors
and the spatiotemporal relationships between threshold, dura-
tion, and route of exposure, host characteristics, including de-
velopmental stage during exposure, and respiratory outcomes
require further study. Furthermore, lack of long-term interven-
tion studies on pollutant mitigation impairs our understanding
of potential long-term health benefits on lung growth and func-
tion. Aside from tobacco cessation efforts, few practical reduc-
tion strategies have entered clinical pediatric practice.

Social disadvantage that places historically underrepre-
sented and understudied populations and impoverished
families at high risk for poor respiratory health45 is in-
separable from social determinants of health, including
environmental risks. Poor and urban communities have
higher levels of inhalable pollutants because of industry
and traffic congestion and greater risk of dietary insuffi-
ciency and exposures to chemicals in consumer products,
such as phthalates, because of “food deserts,” areas that
lack affordable or good-quality fresh food but plenty of
packaged and processed food items.46 Rural populations,
particularly those of American indigenous populations,
have high rates of indoor pollutants from wood smoke
and coal combustion for home heat, which contribute to
higher rates of respiratory disease, yet they remain
highly understudied in public health research.47 Psycho-
social distress in parents and children, which may be re-
lated to neighborhood safety, are significant risk factors
for the development of wheeze, asthma, and poor lung
function.48–51 Alterations in the neurohumoral develop-
ment, hypothalamic pituitary axis pathways, and glucocorti-
coid sensitivity through epigenetic programming may lead
to these clinically proven adverse outcomes in children of
distressed parents or those who suffer early childhood
stress.52 It is crucial to ensure that studies assess social de-
terminants of health and include representation from his-
torically underrepresented and understudied populations,
especially considering that many environmental exposure
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TABLE 2 Examples of Environmental Contaminants Associated with Respiratory Healtha

Environmental Contaminant Sources
Key Recognized or Possible Respiratory Health

Effect

Particulate matter (PM) � PM is a mixture of solid and/or liquid suspended air
particles

� Human sources include traffic, road dust, industrial
sources (combustion of fossil fuels, metallurgy,
ceramics, and others), domestic fuel combustion,
and other human activities74

� Natural sources include wildfires, soil dust, and sea
salt

� Associated with all-cause and respiratory-
related mortality75; lowered life expectancy76

� Asthma symptoms and exacerbation77

� Coughing, wheezing, and breathlessness41,78

� Impaired lung development in children23,25

� Impaired lung function in adults79

Ozone (O3) � Formed as a product of chemical reactions between
sunlight, nitrogen oxides (NOx), and volatile organic
compounds (VOCs)

� May be emitted from various sources, including
traffic, power plants, refineries, chemical plants, and
other sources80

� Decreased lung function and lung function
growth81

� Asthma symptoms and exacerbation82

� Allergic responses with coexposure to
allergens37

Nitrogen dioxide (NO2) � Formed in high-temperature combustion processes
such as power plants, traffic, and off-road vehicles83

� Decreased lung function21,84–86

� Asthma exacerbations82

Sulfur dioxide (SO2) � May arise from combustion of sulfur-containing fuels
(such as coal) in power plants and other industrial
processes, metal extraction, and heavy vehicles87

� May also arise from natural sources such as
volcanic eruptions

� Eye and upper airway irritation
� Alterations to lung function88

� Asthma exacerbations82

Traffic-related air pollution (TRAP) � Combustion of diesel and gasoline in motor vehicles
� Roadways, especially those with high traffic density

can be significant sources of TRAP

� Decreased lung function21,25,84

� Asthma symptoms and exacerbations
� Respiratory infections89

Environmental tobacco smoke � Smoking (cigarettes and other tobacco related
products)

� Second-hand smoke
� Vaping/electronic cigarettes

� Lower respiratory illnesses in infants and
children, including asthma, respiratory
infections90

� Decreased lung growth in children91

� Impaired lung function91

� Asthma, asthma exacerbations, severity92,93

Plasticizers (eg, phthalates)b � Present in many consumer products (eg, building
materials such as polyvinyl chloride flooring, food
packaging, personal care products such as hair and
skin care products, toys, medications, medical
tubing)

� Ingestion of contaminated foods/beverages is thought
to be the primary route of exposure, but inhalation
and dermal absorption also plausible

� Found in air, dust, food

� Asthma/allergic symptoms and exacerbations,
asthma severity46,94

� Rhinoconjunctivitis, atopic dermatitis95,96

� Airway inflammation95

Formaldehyde � Smoke from cigarettes and other tobacco products,
gas stoves, and open fireplaces

� Select manufactured wood products such as
cabinets, furniture, plywood, particleboard, and
laminate flooring

� Permanent press fabrics such as those used for
curtains/drapes or on furniture

� Household products such as glues, paints, caulks,
pesticides, cosmetics/personal care products, and
detergents

� Irritation of the nose, eyes, and throat97

� Headache, runny nose, nausea, and difficulty
breathing/wheezing

� Asthma exacerbations and other respiratory
symptoms98,99

Radon (Rn)b � Product of the natural radioactive decay of uranium
that has further decayed to radium found in soil
and rocks100,101

� Lung cancer risk102

� Possible association with chronic obstructive
pulmonary disease (COPD)103 and COPD
mortality104

� Emerging evidence of possible risk of airway
inflammation in childhood asthma

a This list is not meant to be exhaustive and includes contaminants for which there is sufficient or suggestive/emerging evidence of adverse effects on lung health from human
and animal studies.
b Although findings from human studies are not conclusive at this time, some studies suggest that select exposures could impact pediatric respiratory health.
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and health disparities result from longstanding societal and
structural racism.

Measuring Respiratory Function in Children

Asthma is the most common chronic respiratory condition
managed in the pediatric primary care setting, impacting
more than 6 million U.S. children.53 There are 3 ways to as-
sess asthma severity and control in this setting: symptom
frequency, exacerbation history, and pulmonary function as
measured by spirometry. Several studies of children with
asthma have shown that the severity classification level in-
creases in up to 1 of every 3 children when lung function is
considered in addition to symptom frequency.54 Children
with a history of minimal symptoms but impaired lung func-
tion would likely be untreated with a controller medication
without the benefit of spirometry testing.

Primary care providers manage the majority of chil-
dren with asthma. Without proper training and feedback,
less than half of spirometry tests performed in the pri-
mary care setting are clinically useful,55 creating a risk
for misdiagnosis or unnecessary specialty referral. The
quality of primary care spirometry testing can be im-
proved with proper training and feedback, whether in-
person or virtual,56 but requires financial resources and
dedicated personnel to effectively implement in clinical
practice. COVID-19 has created an additional barrier to
conducting spirometry in the primary care setting because
of reluctance to perform an aerosol-generating procedure.
Home spirometry is proving to be feasible and acceptable
by patients, investigators, and clinicians. The decrease in
price of these devices, which use a Bluetooth connection to
a smart phone, creates the potential for home spirometry
testing among children with chronic respiratory illnesses
such as asthma and cystic fibrosis. Its immediate availabil-
ity also presents an opportunity for ongoing monitoring
and more refined management, as well as the potential for ex-
acerbation tracking. Lung function testing among preschool-
aged children presents further challenges.

There are a number of gaps that need to be addressed
before considering large-scale implementation of home
spirometry. For example, we need feasibility and valida-
tion studies to assess the accuracy and reproducibility of
home spirometry relative to office spirometry. Training
and feedback procedures to optimize measurement qual-
ity need to be established and validated, as well as strate-
gies to maintain engagement and adherence to monitoring
over time. Qualitative research is needed to understand
patient experience and barriers to use across wide ranges
of patients (age, geography, socioeconomic status, race/
ethnicity, language). We need to address the pragmatic
question of whether home spirometry improves access to
lung function testing, being mindful that the need for a
smart phone may contribute to inequitable care, and
whether it improves health outcomes in asthma and other

chronic diseases. For practical implementation, how is
such work financially sustained and integrated into the
electronic health records and payment systems?

Although home spirometry has been shown to be a
small-scale solution for home measurement among study
cohorts, it has not yet diffused into primary care (or spe-
cialty offices) for management of chronic lung disease.
Tests requiring less cooperation, time, and technician train-
ing, such as oscillometry, are limited to specialty settings
and research and will require the same assessments of fea-
sibility, implementation, cost-effectiveness, and broad ac-
cess as spirometry to be considered more broadly.

Assessing Lung Structure in Children

Lung structure is an important component of pulmonary
health but is not routinely assessed, defined, or treated.
Evaluation of the structure of the respiratory system in-
cludes the lung, airway, vasculature, and chest wall. In
some children, structural lung and airway damage can be
extensive before symptoms are obvious,57,58 though, in
many diseases, the extent of injured lung correlates with
symptoms, lung function, and mortality.59–61 Children
born preterm have less complicated lung architecture,62

and chest radiograph alone can predict mortality in infants
born prematurely.63 Additionally, sex, race, and certain cooc-
curring diagnoses contribute to a further heightened risk of
structural lung damage.64–66 The most common ways to as-
sess lung structure are chest radiograph, chest computed to-
mography, and physical examination; however, these may
miss early subtle disease. Deep learning methods can im-
prove our ability to assess early disease using chest radio-
graph or chest computed tomography images.67,68 Other
modalities to assess lung and airway structure, including
lung magnetic resonance imaging and lung ultrasound, have
proven to be sensitive outcomes in clinical research, and
functional magnetic resonance imaging can simultaneously
link structural imaging with lung function.69,70

To optimize respiratory health, we must consider lung
structure at the time of birth, healthy lung growth during
childhood, and limiting lung damage. Understanding whom
to screen, when to screen, and how to screen for structural
lung disease is important to change long-term outcomes. In-
creasing rates of premature birth lead not only to heteroge-
neous lung parenchymal disease seen in BPD, but can also
be associated with cerebral palsy, neuromuscular scoliosis,
and less effective airway clearance. Even after identifying
heterogeneous lung disease in BPD, there is a gap in our
knowledge of how to change treatment based on imaging
findings. Furthermore, we need to identify effective and fea-
sible public measures to improve lung structure at birth,
promote healthy lung growth, and limit lung damage in the
general population. To meet this goal, we need to identify in
which populations lung structure screening will be most use-
ful, and when lung damage is found, when to refer to
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specialists and for which treatments. Imaging techniques
need to continue to evolve to improve consistency, limit
noise, improve sensitivity of assessments, and identify novel
methods effective for clinical use.

Initiatives to improve lung structure need to focus broadly
on the population, including decreasing in utero exposures
for all and especially vulnerable children including those
from minoritized populations. To reach the population, care
cannot only occur for those children referred to pulmonary
subspecialty offices, but also to those seen in general pediat-
ric offices, schools, and community centers. Critical steps in-
clude identifying standardized outcomes that assess and
quantify lung structure, from existing sources such as chest
radiographs, or from other novel techniques. Future goals in-
clude developing and implementing screening methods that
can be deployed in schools or community centers, and effec-
tive treatment plans for pediatricians when lung structure
abnormalities are identified.

DISCUSSION

Lifelong respiratory health is rooted in the structural and
functional development of the respiratory system in child-
hood. Exposures and interventions antenatally through child-
hood can influence lung development into young adulthood,
the life stage with the highest achievable lung function. Early
respiratory health sets the stage for adult lung function tra-
jectories, risk of developing COPD, and potentially influenc-
ing other organ system health and all-cause mortality. To
understand how to promote lung health in children, it is
critical to have accurate and precise measures of structural
and functional lung development that track throughout life
stages. From this foundation, evaluation of environmental,
genetic, metabolic, and immune mechanisms involved in
healthy lung development can be investigated. These goals
require the involvement of general pediatricians, pediatric
subspecialists, and researchers to design and implement
studies that are broadly generalizable and applicable to oth-
erwise healthy and chronic disease populations.

Build Longitudinal Cohorts

Longitudinal cohorts enrolled at birth or early childhood
have shed important light into the risk factors for devel-
oping chronic lung diseases such as asthma, cystic fibro-
sis, bronchopulmonary dysplasia, and postprematurity
respiratory disease. However, individual cohort studies
are limited in the depth and breadth of investigation by
focusing on specific at-risk populations, lack of geo-
graphic, racial, and sociodemographic diversity, and lack
of resources to collect extensive biologic samples and
personalized exposure assessments with repeated sam-
pling. While collaborations among multiple longitudinal
studies71 have been successful in broadening the scien-
tific achievements of individual studies, gaps in data har-
monization and assessment standardization remain. Lung

structure assessment, by imaging, biopsy, or any other
means, is largely absent because of, in part, to radiation
exposure and cost or complexity but also lack of stan-
dardization of techniques and interpretation.

Evaluation of respiratory outcomes, maximal lung growth
and lung function throughout childhood by harnessing both
observational and interventional trials with adaptive study
designs may optimize power by bridging the gap between
observational and intervention trials, with new interventions
added as science progresses. Large cohort studies could con-
tain high-risk populations with focused interventional trials
nested within a larger general population cohort, allowing
specific questions to be tailored to stratified groups while
collecting comparable information among all participants.
Assessments should include radiologic studies, a variety of
complementary lung function tests, biobanking of specimens,
and environmental exposure data, each of which is repeated
frequently from birth to young adulthood to develop a de-
tailed understanding of normal and aberrant trajectories of
lung development and the inflection points at which precise
interventions may be targeted.

Foster exploratory and innovative research

A fundamental challenge in pediatric respiratory re-
search is the ability to reliably assess lung structure and
lung function from infancy through adulthood with tests
that are sensitive to incremental changes. Several pulmo-
nary function tests have been used in studies of infants
and preschool-aged children, including infant pulmonary
function testing, specific airways resistance, the interrupter
resistance technique, forced oscillometry, and multiple breath
washout.72 In older children and adults, spirometry remains
the gold standard, but may not be the most sensitive to
changes in small-airway function. Further research to identify
optimal means of assessing pulmonary function in early
childhood and longitudinal studies to track lung function
across all stages of development is greatly needed, as is the
functional translation of lung function test results to patient-
centered outcomes, such as physical function or exercise tol-
erance. Lung function tests for large studies or clinical prac-
tice must be simple to use, nonthreatening to children, brief
to perform, have established normative data, and be easily
accessible for patients, providers, and researchers. Developing
screening tests for healthy and chronic disease populations
to track lung development is an unmet need.

Structural assessment of lung development and disease
is similarly challenging. The risk of radiation exposure or
the need for sedation in young age groups are limita-
tions. Lack of standardized techniques, unbiased methods
of interpretation, and data capture harmonization across
devices and sites impairs broad-based research applica-
tions. Developing repositories that can store images will
improve access to shared data among broad networks of
investigators and clinicians.
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To move beyond the paradigm of disease-state research to
one of optimizing lung health in all children, innovative re-
search to characterize lung development and functional traits
in representative groups rather than confined to clinical diag-
noses will require novel techniques. Creative solutions that in-
corporate objective measures of lung structure and function,
patient-reported outcomes, the electronic health record, remote
health monitoring data, personal environmental sampling, and
sophisticated analytical techniques, such as machine learning
and network analysis, will be necessary.

Build Cross-Disciplinary Collaboration and Training

Integrating primary and specialty care providers, re-
search faculty, patients and families, and community
stakeholders into cross-disciplinary teams is vital to
achieving research objectives in lung structure and
function. Each member contributes a unique perspec-
tive in identifying the important questions, valued out-
comes, and impact of the research. Building these
cross-disciplinary collaborations in the early stages of
project development will instill trust and ensure that
the aims, methods, and outcomes of investigations are
calibrated to the communities for which the research
aims to serve. Moreover, it challenges the research
community to answer the most impactful questions and
may facilitate dissemination of knowledge and imple-
mentation of key interventions. Establishment of community-
specialty clinical partnerships may also enhance early diagno-
sis of abnormal lung development by engaging primary care
providers to be aware of early phenotypic information that
would warrant further testing.

Implementing Change in Pediatric Practice

An immense challenge beyond scientific discovery is how to
implement evidence-based techniques for assessing lung
structure and function into clinical pediatric practice. Achiev-
ing broad range research at a population level that involves
collaboration between specialists and primary care pro-
viders, reaches diverse populations with varying access to
care, and produces unbiased generalizable knowledge is an
ambitious undertaking. Pediatricians and specialists will
need to establish cost-effective ways for early detection of
lung disease that take into consideration the broader priori-
ties of pediatric health care delivery and competing interests
of the pediatric providers and the population they serve. An-
swering questions about which patients to screen for lung
disease, where screening is performed (home, pediatrician’s
office, school, or community setting), what to do with that in-
formation, including systems of collection, interpretation,
timely referral to subspecialists, and reimbursement, will re-
quire engaging key stakeholders through cross-disciplinary
collaboration at the outset. Input from pediatricians, the
health care industry, and public policymakers is valuable to
conduct research that can be used in clinical practice, readily

translated to policy and cost-effective for insurers. Consider-
ing how the anticipated knowledge generated from research
can be successfully implemented from the start will promote
efficient translation of research to clinical care.

Address Diversity and Equity

Building clinical and research programs to meet the di-
verse needs of all children to ensure equity in research
and clinical care is fundamentally important. Research
should be informed by the needs and priorities of the
communities for which it is intended to serve, and these
may vary by the population. Along with clinical care, re-
search should strive for inclusivity and equity among
participants, staff, and faculty to ensure that research
products are impactful to all children. Failing to study
health and disease in cohorts reflective of the population
widens health disparities. In addition to community en-
gagement in research, investigations of lung function and
structural development in children may begin to address
these issues by considering race and ethnicity as social
constructs rather than biologic variables. High-risk, mi-
nority, and rural populations present unique challenges
for enrollment and retention in clinical research studies.73

The widespread adoption of remote consenting to clinical
research, availability of remote monitoring, sample collec-
tion, and spirometry, along with virtual research and
health care visits provides the opportunity to overcome
geographic and transportation barriers to research partic-
ipation for rural and poor populations. Further work to
validate remote assessment methodology is still needed,
but early studies suggest that remote lung function testing
provides accurate data for research purposes.

CONCLUSIONS

Lifelong lung function, which is highly associated with
morbidity and mortality, is rooted in childhood lung devel-
opment and influenced by prenatal and early childhood
exposures and the commensurate biologic response. A de-
tailed understanding of lung function and structure among
healthy populations and those with chronic respiratory
diseases is essential to identifying the optimal timing and
interventions to promote healthy lung development. Re-
cent advances in lung function and structure assessment,
along with novel and sophisticated techniques for sam-
pling environmental exposures, have enabled exciting
discoveries, but significant knowledge gaps and chal-
lenges remain. Breaking through the silos of academic
research to promote scientific discovery in diverse pop-
ulations through teams of primary care providers, spe-
cialists, community stakeholders, families, and patients
will provide the optimal environment for impactful sci-
entific discovery.
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ABBREVIATIONS

BPD: bronchopulmonary dysplasia
COPD: chronic obstructive pulmonary disease
EDC: endocrine disrupting compounds
EGMI: environmental, genetic, metabolic, and immune
NIH: National Institutes of Health
PRISm: preserved ratio, impaired spirometry pattern
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