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The changing faces of pediatric
respiratory diseases
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Prior to 2000s, the diagnostic and therapeutic applications of pediatric pulmo-
nary diseases had a relatively slow growth owing to a dearth of knowledge of
the basic underpinnings and clinical applications of molecular biology.

Since then, a supernova of accelerated growth of knowledge of the molecular
bases of disease has occurred leading to new diagnostic and therapeutic pos-
sibilities that we could only dream of previously. In particular, the expansion
of genetics and epigenetics through advances in molecular biology has led to
the identification of new pathological entities and to a better understanding of
disease pathogenesis as in cystic fibrosis and asthma. Improved tests for the
study of respiratory function and the use of immune biologic modulators of the
genetic response have become readily available to health care providers.

The review by Parisi ef al. (1) published in this issue of PRJ highlights some of
these advances.

It is appropriate that clinic and hospital-based pediatricians, hospitals and all
health care providers entrusted to the care of children and their families recog-
nize the progress achieved so far as these scientific achievements continue to
be translated to improved diagnosis and treatment of their respiratory diseases.
The design of reference centers to be developed and supported for the public
will be the task of governmental health policy institutions and should take into
consideration the progress that has been made by these scientific achieve-
ments. It will be the task of the Pediatric Respiratory Journal to disseminate
this knowledge to the readership to assure that infants and children entrusted
to their care have access to the best possible care.
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ABSTRACT

Until a few years ago, pediatric pulmonology was one of the most static branch-
es of pediatrics. In recent years, the description of new pathological entities af-
fecting the lung and airways, the identification of new disease biomarkers, the
use of new respiratory function tests suitable not only for collaborating but also
for non-collaborating children, the enhancement of respiratory endoscopy, the
advent of new therapies such as biological drugs and genetic modulators have
made pediatric pulmonology one of the most dynamic branches of pediatric med-
icine.

The objective of this article will be to explore the new fields of pediatric pulmon-
ology by making a parallelism with the evolutions that our center had to follow
in order to adapt to the new healthcare and research standards. These same
standards of care are needed by patients, their families, and need to be known
by primary care pediatricians. In addition, health policy must take into account
these upgrades in pediatric pulmonology to provide the best quality of care to all
patients and uniformly throughout the country.

IMPACT STATEMENT

Pediatric pulmonology today represents one of the most dynamic branches of
pediatrics with many innovations that centers must adapt to in order to keep up
with the times.

INTRODUCTION

Until a few years ago, pediatric pulmonology was one of the most static branches
of pediatrics. In recent years, the description of new pathological entities affect-
ing the lung and airways, the identification of new disease biomarkers, the use
of new respiratory Tests suitable not only for collaborating but non-collaborating
children, the enhancement of respiratory endoscopy, the advent of new thera-

4 | © 2023 Pediatric Respiratory Journal - PRJ. Published by EDRA SpA. All rights reserved.
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pies, such as biological drugs and genetic modulators,
have made pediatric pulmonology one of the most dy-
namic branches of pediatric medicine (Figure 1). This
concept goes well with the extremely current ones of
precision medicine and tailor-made medicine and with
those of disease endotypes and phenotypes (1). For
all these reasons, the centers that deal with pediatric
pulmonology have had to implement their activities to
comply with the standards of care that are now neces-
sary and have had to adapt the laboratory and respi-
ratory function equipment according to the most recent
acquisitions in these sectors (2).

The objective of this article will be to explore the new
fields of pediatric pulmonology by making a parallelism
with the evolutions that our center has had to follow
in order to adapt to the new healthcare and research
standards.

BIOMARKERS IN PEDIATRIC
LUNG DISEASES

In recent years, scientific studies on processes involv-
ing metabolites have been increasing decisively, thus
sealing the importance of metabolomics. The study of
omics science is closely related to that of biomarker.
One of the medical areas most affected by these inno-
vations is certainly childhood respiratory disorders, in-

cluding asthma and cystic fibrosis (CF) (3, 4). Asthma
is a complex disease, mostly characterized by chronic
airway inflammation and airway hyperresponsiveness
and obstruction with a prominent role of T helper type
2 (Th2) cells that eventually lead to airway epithelial
remodelling (5-9). Beyond the concept of phenotype,
the last attempt to classify asthma is based on the so
called endotypes, which are the different biological
pathways involved in the disease. The individuation of
different phenotypes and endotypes of asthma could
be useful for predicting clinical responses to various
asthma treatments and then improving long-term prog-
nosis and patients’ quality of life (10) (figure 2). In this
sense, biomarkers could be advantageous for identi-
fying medical treatments tailored to individual charac-
teristics.

CF is the most common life-shortening autosomal re-
cessive hereditary disease in Caucasians with a prev-
alence of 1 case per 2500 live births. CF is a multisys-
tem disease caused by mutations in the cystic fibrosis
trans-membrane conductance regulator (CFTR) gene
(11, 12). The lung is the primary site of CF, to which
most of the CF-associated patient morbidity and mor-
tality is linked. CF occurs very early in infancy and is
defined by the presence of infections and chronic in-
flammation leading to a deterioration in lung function,
respiratory exacerbations, and bronchiectasis (13, 14).

Lung function tests

Biomarkers

Polysomnography

Pediatric
Pulmonology

Figure 1. Expanding fields in Pediatric Pulmonology.
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Figure 2. Phenotypes and endotypes define asthma as a syndrome.

Thus, identifying a biomarker for disease progression
might be crucial for improving these patients’ out-
comes. Moreover, with therapeutic introduction of po-
tentiators and correctors of the CFTR protein, the study
of biomarkers could be a valuable tool for monitoring
their effectiveness over time (15). Globally, therefore,
the study of biomarkers could have a strategic role in
CF management and also in asthma.

FRACTIONAL-EXHALED
NITRIC OXIDE (FeNO)

Introduction

Fraction-exhaled nitric oxide (FeNO) is the main bio-
marker of study in the field of asthma (3).

Nitric oxide (NO) is produced through the action of
the enzyme, nitric oxide synthase (NOS), and is re-
sponsible for regulating various biological functions of
the organism. In lungs, NO production is stimulated
by Th2-inflammation mediators in macrophages and
airway epithelial cells. NO plays a crucial role in lung
physiology as a bronchodilator and inflammatory me-
diator. Thus, FeNO is a quantitative indicator of airway
NO production, and it also reflects eosinophilic inflam-
mation (16, 17).

In 1997, Nelson et al. demonstrated that children
with asthma had higher level of expired NO, which
decreased during corticosteroid treatment as airflow
obstruction improved but still remained higher than

I

Endotypes: different biological
pathways involved in the disease

N S

normal even after treatment (18). Over the years, the
relationship of FeNO levels to bronchial hyper-respon-
siveness, to blood eosinophils count, and to IgE lev-
els in children has been validated. FeNO evaluation is
uncomplicated, secure, and well accepted by children,
and it has been clearly standardized even in the pae-
diatric field (19-22).

Our experience

In 2019, our research group published a review of the
literature from 1990 to present about NO and its use
in clinical practice (23). In this review, we discussed
not only the role of FeNO but also that of nasal nitric
oxide (NNO) and alveolar nitric oxide (CaNO). Each of
them is produced at different levels of the respiratory
tract and is involved in various diseases. nNO finds its
use, principally, in the allergic rhinitis. In fact it can be
used as a measure of therapeutic efficacy, but not for
the evaluation of the severity. In primary ciliary dyski-
nesia (PCD), where high levels exclude the disease,
and in chronic rhinosinusitis, is not currently used as a
diagnostic or prognostic marker. FeNO has a greatest
use in bronchial asthma, particularly, it is considered
a non-invasive biomarker to identify and to monitor
airway inflammation but currently, there is not a con-
sensus on the use of the FeNO in the management
of asthma treatment. Finally, CaNO is the least used
in clinical practice because lack of standardization of
measurement techniques.



VOLATILE ORGANIC COMPOUNDS
(VOCs) AND EXHALED BREATH
CONDENSATE (EBC)

Introduction

The analysis of volatile organic compounds (VOCs) in
exhaled air is a novel metabolomics approach to as-
sess airway inflammation in asthmatic patients (24).
VOCs are gaseous molecules (benzenes, toluenes,
xylenes, acetone) originating in the airways or blood-
stream that spread from the pulmonary capillary bed
in the alveoli (25). VOCs are measured with gas chro-
matography (GS) coupled with mass spectrometry
(MS) or with the innovative electronic Nose (e-Nose)
devices. The use of e-Nose devices is increasingly
attracting attention in the field of medical diagnostics,
thanks to its electronic sensors that allow it to identify
and quantify a wide range of volatile substances in the
air that may vary depending on the type of pathology
in question (26, 27). In 2010, Dallinga et al. showed
that a subgroup of VOCs in exhaled air could be used
to differentiate children with asthma from healthy ones
(28). Van Vliet et al. found that VOCs could help to dis-
cern children with persistently controlled asthma from
those with uncontrolled asthma during all clinical visits
(29). More recently, Brinkman et al. demonstrated that
a loss of asthma control could be discriminated from
clinically stable episodes by longitudinal monitoring of
VOCs assessed with the eNose (30).

All of this evidence suggests that the study of VOCs
might by a promising, non-invasive tool for monitoring
children with respiratory diseases, but further studies
are needed (3).

The exhaled breath condensate (EBC) study rep-
resents an innovative approach with great potential for
understanding the biochemical and metabolic mecha-
nisms of respiratory diseases. The condensate of ex-
haled air is a fluid obtained by cooling the exhaled air
during the current volume breathing and collecting it in
a condenser (31, 32).

A fundamental characteristic of the condensate is the
possibility to add different doses of biomarkers and to
investigate different and potential pathogenic process-
es involved in respiratory diseases. In fact, in the EBC,
several mediators have already been dosed that have
allowed to investigate physiopathological aspects relat-
ed to various respiratory diseases (33). Among all, we
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mention the standard mediators of inflammation such
as isoprostanes (a family of eicosanoids, indicators of
oxidative stress from the non-enzymatic oxidation of
tissue phospholipids) or leukotrienes (arachidonic acid
metabolites) that play an active role in different inflam-
matory processes (34-36).

With this technique. patients with asthma have shown
higher levels of 8-isoprostane, hydrogen peroxide, nitrites,
and leukotrienes as signs of oxidative stress (37, 38).

Our experience

The literature shows that EBC analysis is a helpful tool
in the management of asthma and CF patients. In fact,
the composition of the EBC seems to reflect that of
the airway lining fluid and several studied biomarkers
appear to correlate with clinical severity and risk of ex-
acerbations (31, 36).

We demonstrated that CF patients have low concen-
trations of antioxidant agents, particularly glutathione,
and increased levels of 8-isoprostane in the exhaled
breath suggesting an altered oxidizing environment in
the airways of patients with CF (36). Recently, along-
side the possibility of dosing individual mediators, the
possibility to analyze the condensate through the me-
tabolomic approach has been proposed, the use of
which would allow us to change the perspective away
from studying a single biomarker (which alone cannot
reflect the complexity pathogenesis of a disease) to-
ward one of studying biomarker profiles (39).

PERIOSTIN AND YKL-40

Introduction

Periostin is another emerging biomarker in the field of
pediatric lung diseases. The name of this protein origi-
nates from the periosteum, the membrane that covers
the outer surface of all bones, and it was supposed
to be implicated in bone development and repair (40).
Bronchial epithelial cells and fibroblasts secrete peri-
ostin in response to interleukins (IL)-4 and -13 in order
to mediate collagen synthesis, fibrogenesis, and ac-
tivation of beta growth factor (TGF-beta). In addition,
periostin is produced by eosinophils once they have
been stimulated by IL-4 and -13 and then secreted by
lymphocytes, monocytes, and macrophages after ex-
posure to an allergen (41).
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In adult asthmatic patients, serum periostin levels are
higher than in controls and are useful for predicting
clinical responses to anti-IgE and anti-IL-13 treatments
(42, 43).

Studies in children have demonstrated higher serum
periostin levels in asthmatic patients than in healthy
controls in addition to a significant relationship with
blood eosinophils or IgE (44-46).

YKL-40 is a chitinase-like protein that seems to be
important in homeostasis of many human systems.
Chitinases are enzymes that catalyze the hydrolysis
of chitin. Mammals do not have chitin, but they are
able to express chitinases (47). YKL-40 is produced by
neutrophils, macrophages, synovial cells, and cultured
chondrocytes, in which it has a mitogenetic effect on
cell proliferation regulation (48).

Konradsen et al. demonstrated that YKL-40 levels are
incremented in children with severe, therapy-resistant
asthma compared to healthy children. Moreover, YKL-
40 levels correlated with FeNO, blood neutrophils, and
bronchial wall thickening (49).

Our experience

These data were confirmed by Leonardi et al. in a
cohort of 30 asthmatic children. Furthermore, higher
values of YKL-40 were found even in children with in-
termittent asthma compared to healthy subjects sug-
gesting its role as sensitive biomarker of disease in
pediatric ages (50).

YKL-40 seems to also have a pathogenetic role in CF
patients as demonstrated by higher levels of both se-
rum and sputum YKL-40 in CF patients compared to
healthy controls. Furthermore, sputum YKL-40 levels,
rather than serum levels, seem to be more sensitive
for lung damage in patients with chronic Pseudomonas
aeruginosa airway colonization (51).

HIGH MOBILITY GROUP BOX 1
(HMGB-1)

Introduction

High mobility group box 1 (HMGB-1) is a protein be-
longing to the family of proteins that are subjects of
growing scientific interest; it is involved in the process-
es of regulation of innate immunity, favoring chemotax-
is and proinflammatory cytokine release in response to

tissue damage (52-54). Several studies have demon-
strated higher HMGB-1 levels in patients with allergic
rhinitis, nasal polyposis, asthma, COPD, infectious dis-
eases, and CF (55-62).

Our experience

Manti et al. enrolled 30 children with asthma and 44
healthy children demonstrating that HMGB1 is a sen-
sitive biomarker of allergic asthma in children and
demonstrating a significant correlation between the
decrease of HMGB1 levels and a successful treatment
with inhaled corticosteroid response (62).

NEW LUNG FUNCTION TESTS

Conventional spirometry has long been considered the
primary test of respiratory function deficit in children
and adults. However, performing forced breathing ma-
neuvers is challenging in an uncooperative child. Fur-
thermore, recent evidence suggests that conventional
spirometry is not sensitive for the early detection of
lung damage affecting the small airways or the eval-
uation of homogeneity of air ventilation (63-65). For
these reasons, techniques such as gas dilutions and
multiple-breath washout (MBW) have been implement-
ed over the last few years because they allow for the
early assessment of damage to small airways. These
methods permit the identification of ventilatory inhomo-
geneity in the lungs by analyzing the clearance of an
inert gas used as a tracer (Figure 3). The equipment
consists of a mass spectrometer combined with a flow
meter. For all tests, the lung clearance index (LCI) is
the parameter that is most often used to evaluate venti-
latory inhomogeneity. Because it is sufficient to breathe
with a normal tidal volume during the examination, this
examination is particularly suitable for studying respira-
tory function, even in uncooperative children (66).

The LCI is used to evaluate the homogeneity of lung
ventilation. It is obtained using the multiple breath
washout (MBW) technique. This parameter indicates
how many lung turnovers are needed to expel an in-
ert gas from the lungs by breathing (67). Serial LCI
measurements are used for longitudinal lung function
evaluation in obstructive diseases, such as CF (es-
pecially in mild disease), asthma, and primary ciliary
dyskinesia (PCD) (68-70). MBW is carried out at rest,
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Figure 3. Normal expirogram during breath washout. The N2 concentration movement in one breath. Four phases can be described: first phase (1)
corresponds to the absolute dead space; second phase (ll), called the bronchial or transitional phase, represents the alveolar gas arriving from the
lung unit; third space (lll) is also called alveolar space; fourth phase (V) starts when an increase in nitrogen concentration is visible and ends when
the residual volume is reached. Basal airway closure is a possible explanation of the meaning of phase IV. Volume between the start of phase IV and
residual volume is defined as “closing volume.” If closing volume occurs before the residual volume reaching, it means that peripheral airways are
obstructed. In phase lll, there is a slope, a sensitive index of peripherical obstruction. In obstructive diseases, there is an elevation of this inclination.

and no collaboration is required. This detail is criti-
cal for children, particularly preschool-aged children.
Those six years and older tend to be cooperative and
can perform spirometry. In infants, pulmonary function
tests are performed under sedation or during sleep
(71). By contrast, preschool-aged children are too
old to be sedated and too young to be cooperative.
This third age group has been mostly ignored from the
functional testing point of view. In 2007, the American
Thoracic Society (ATS) published a statement con-
cerning pulmonary function testing in preschool chil-
dren; various techniques were described, including the
multiple-breath inert gas wash-out test (72). Concern-
ing the latter, the authors highlighted the necessity of
standard criteria to establish procedures and medical
staff education because only a few facilities have had
experience with this technique (72).

Our experience

Over the last fifteen years, the LCI has been expand-
ed in the pulmonology field because of its simplicity
and sensitivity. Simplicity is crucial, especially for pedi-
atric patients, because children are less inclined than

adults to perform tests such as spirometry, a bench-
mark functional test (66). For this reason, at our center
we evaluate LCI in patients with various diseases such
as CF, asthma, or other lung diseases (for example, in
children with a history of childhood cancer) (66, 73).

In 2020, we published the results of a clinical trial that
aimed to study the trend of LCI in a cohort of patients
at risk of lung damage, which were childhood cancer
survivors. We showed that they maintained good respi-
ratory function indices and regular ventilatory homoge-
neity. In addition, it became evident that LCI increased
as years had passed since the last chemotherapy, evi-
denced that evolution toward pulmonary fibrosis that is
typical of adults with a history of cancer (73).

More recently, we have confirmed the sensitivity of
LCl as a marker of disease in CF and in monitoring
response to treatment, particularly with DNase (74).

POLYSOMNOGRAPHY AND
PEDIATRIC SLEEP DISORDERS

Sleep is defined as a reversible suspension of the in-
dividual’s sensory-motor interaction with the external
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environment. Pediatric sleep disorders create an inter-
ruption of the normal night sleep process and therefore
a poor quality of sleep itself. The prevalence of these
disorders in children is about 25% and they are divided
into the following categories: insomnia, sleep breath-
ing disorders, hyper-somnolence (narcolepsy), circadi-
an sleep-wake rhythm disorders, para-somnias (pavor
nocturnus, enuresis and somniloquio) and sleep-relat-
ed movement disorders (75).

Among nocturnal breathing disorders, obstructive
sleep apnea syndrome (OSA) is certainly the most fre-
quent. OSA is a disease characterized by prolonged
episodes of partial obstruction and/or complete inter-
mittent obstruction (hypopnea or apnea, respectively)
of the upper airways (75-77).

For this reason, most pediatric pulmonary centers are
able to perform polysomnography to diagnose these
disorders. Nocturnal polysomnography is the gold
standard exam, recommended by the American Acad-
emy of Pediatrics, for the diagnostic setting and the
definition of OSA severity in pediatric age (78). It al-
lows an objective and quantitative assessment of the
respiratory disorder and sleep pattern and an accu-
rate stratification of patients in terms of severity. This
helps determine which children may be most at risk of
postoperative sequelae or complications or even have
residual OSA after surgery and which ones could ben-
efit from treatment with noninvasive ventilation. The
polysomnography instrumentation provides for the re-
cording of sleep patterns through the electroencepha-
logram and the evaluation of eye movements, muscle
movements of the chin and legs, breathing and chest
and abdomen movements; in addition, blood oxygen-
ation is recorded with the pulse oximeter and heart rate
with the electrocardiogram (79).

Our experience

In our center, we perform nocturnal cardio-respiratory
polygraphy annually in patients with CF, as well as in
children with suspected OSA. One of the major stud-
ies we have published on the topic has allowed us to
correlate LCI with the severity of nocturnal hypoxemia
in patients with mild to moderate CF by demonstrat-
ing that the finding of a pathological LCI shows high
sensitivity in identifying a pattern of nocturnal hypox-
emia (76).

PEDIATRIC BRONCHOSCOPY

Bronchoscopy has come a long way since the days of
Gustav Killian, who in 1897 used a rigid tube and with
the help of a lighthouse inspected the airways of corps-
es. It is also considerably advanced from the days of
Chevalier Jackson, who introduced both the lighted
endoscope and the practice of interventional endos-
copy by removing foreign bodies from the esophagus
and airways. It has also been a long way since 1967,
when the flexible fiber optic bronchoscope was intro-
duced in pulmonology for the adult population. At the
time, no one thought that the technique could ever be
applicable to children because, in addition to the lack
of proper equipment, there were no pediatric pulmon-
ologists to request and perform the procedure. In this
sense, the history of flexible bronchoscopy in children
mirrors the development of pediatric pulmonology it-
self. The introduction, in 1980, of a flexible fiber-optic
bronchoscope small enough to allow for inspection of
the airways of small children and infants by Robert E.
Wood not only provided a new diagnostic tool, but also
contributed to define a new sub-specialty of pediatrics:
pediatric pulmonology. Nearly 30 years later, flexible
bronchoscopy has become a major component of pe-
diatric pulmonology education worldwide and an indis-
pensable tool for clinical practice and research (80-83).
Both diagnostic and therapeutic bronchoscopy rep-
resents a tool of fundamental importance in the man-
agement of the pediatric patient with complex respira-
tory pathology. It is also a safe test, well tolerated even
by the youngest children and which does not require
special precautions. The pediatrician who deals with
pulmonology is a central figure in respiratory endos-
copy as he is not only the material executor of the ex-
amination but the one who establishes the indications,
knows how to interpret the images and, once the diag-
nosis has been made, knows the way to better patient
management.

Our experience

One of the most interesting experiences we have
gained in our center is about therapeutic bronchosco-
py in patients with CF. For example, children or adults
with persistent or massive atelectasis of part of the
lung due to mucus plug formation can be effectively
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subjected to such a procedure, which involves com-
plete aspiration of all mucous secretions and instilla-
tion of various drugs such as acetylcysteine, antibiot-
ics, dornase alfa, or surfactant. We describe the case
of a 28-year-old girl (F508del/F508del) with recent
decline in respiratory function and increased cough.
On chest imaging there was the finding of persistent
thickening at the right intercleidoylar site (Figure 4).
Upon undergoing therapeutic BAL, the patient had an
improvement in respiratory symptoms, and chest X-ray
showed enhanced air entry into the lungs (Figure 5).

IMAGING IN PEDIATRIC
PULMONOLOGY

The diagnosis of many respiratory diseases can be dif-
ficult in pediatric age and conventional imaging meth-
ods (chest X-ray and CT computed tomography) have
always been the most used tools by the clinician for
completing the diagnostic process (84, 85). Chest X-ray
is still considered by many guidelines as a first-level
examination in many clinical pictures, despite the fact
that it requires expensive instruments, exposes the pa-
tient to radiation and is not without operator-dependent
variability. The disadvantages of this method and the
growing familiarity and knowledge of ultrasound have
therefore prompted clinicians to seek new avenues for
pulmonary diagnostics (84, 85). Pulmonary ultrasound
(LUS) is easy to perform, it can be performed at the pa-
tient’s bed as in a family pediatrician’s office, it does not

Figure 4. 28-year-old girl (F508del/F508del) with cystic fibrosis. Chest
X ray before therapeutic bronchoscopy.

expose the patient to radiation and can therefore be re-
peated several times without side effects (86).

It has been shown that the ability to perform lung ultra-
sound scans can be easily acquired in a short time even
by medical students without any ultrasound skills (87, 88).
LUS is therefore an easy and quick learning method for
anyone, it provides a lot of information without causing
any harm to the patient and has an extremely low cost.
This method could in the future not only replace the
conventional chest X-ray as a first-line examination in
many emergency rooms, but even become a daily use
tool for the family pediatrician.

CONCLUSIONS

Pediatric pulmonology today represents one of the
most dynamic branches of pediatrics. This has made
this specialization attractive also for pediatric residents
who see the possibility of growing in this field both from
a clinical and a scientific point of view. Furthermore,
progress will not stop here because we are at the peak
of a scientific evolution that will lead to new acquisi-
tions in the immediate future. Our pediatric pulmonol-
ogy center now represents a referral point for children
with respiratory diseases, which is the result of the
center’s growth in terms of facilities, equipment, skills,
and expertise. This was necessary to bring us up to
what are now expected standards of care for a medi-
cal center dealing with childhood respiratory diseases.

These same standards of care are needed by patients,

Figure 5. 28-year-old girl (F508del/F508del) with cystic fibrosis. Chest
X ray after two months from therapeutic bronchoscopy.
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their families, and need to be known by primary care
pediatricians. In addition, health policy must take into
account these upgrades in pediatric pulmonology to
provide the best quality of care to all patients and uni-
formly throughout the country. The Table 1 summariz-
es the main topics covered in the article.

Table 1. Summary of the main topics covered in the article.

Biomarkers - Fractional-Exhaled Nitric
Oxide (FENO)
- Volatile Organic
Compounds (VOCS)
- Exhaled Breath
Condensate (EBC)

- Periostin

- YKL-40

- HMGB-1
Lung Function - Multiple breath washout
Tests (MBW)
Polysomnography - Pediatric sleep disorders

- Cystic fibrosis
Bronchoscopy - Diagnostic

- Therapeutic
Imaging - Pulmonary ultrasound

(LUS)
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ABSTRACT

Electronic cigarette (EC) was proposed on the market about 15 years ago as a
harmless alternative to traditional combustion cigarettes (CC). Since then, EC
and other electronic devices that deliver nicotine by simulating traditional smok-
ing without combustion have achieved unexpected success, with around 80 mil-
lion users worldwide by 2023. Such devices are commonly felt to be safer than
CC, especially among adolescents, who are also the main target for aggressive
marketing from the tobacco industry. Increasing evidence shows that e-liquids
and vape contain toxicants and irritants and that acute and chronic vaping caus-
es airway inflammation and bronchoconstriction and reduces responses to infec-
tions. Moreover, some studies have shown that second- and third-hand smoke,
as well as in utero exposure, may cause detrimental effects to the airways and to
health in general. Notably, the recent E-cigarette or Vaping use-Associated Lung
Injury (EVALI) epidemic in the USA has shown that EC has higher acute toxicity
than CC, while long-term effects are still not known. Since adolescents and chil-
dren are often completely unaware of the health risks associated with vaping or
of the potential presence of nicotine in e-liquids, pediatricians play a crucial role
in educating them, in order to prevent vaping, as well as smoking. Pediatricians
should always consider the possibility of vaping as the cause of unusual respi-
ratory diseases, especially in adolescents. This narrative review paper briefly
outlines the most recent data on EC and their effects on the airways, focusing on
childhood and adolescence.

IMPACT STATEMENT

The worldwide vaping epidemic among adolescents represents a serious threat
to health and a new challenge for healthcare professionals. Pediatricians should
screen and educate patients and parents on vaping.
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INTRODUCTION

In 2003, the Chinese pharmacist Hon Lik proposed
the first modern model of electronic cigarette (EC)
on the Chinese market as a harmless alternative to
traditional combustion cigarettes (CC). About three
years later, EC reached the European and American
markets achieving unexpected success, with an ex-
ponential growth in sales and estimates referring to
around 80 million users worldwide by 2023 (1). In
the European Union, 1 citizen out of 7 (41% of 2020
EU citizens) had tried EC at least once, while only
around 1 in 20 (6%) had tried heated tobacco prod-
ucts (HTP) in 2020 (2). In Italy, according to recent
data from the National Institute of Health, there are
12.4 million current smokers (24.2% of the popula-
tion) and 1.2 million habitual or occasional EC users
(2.4% of the population) (3). EC and other electronic
devices that deliver nicotine by simulating tradition-
al smoking without combustion (Electronic Nicotine
Delivery Systems - ENDS) (see Glossary, Table 1)
will soon overtake CC in the market for several rea-
sons: first of all, they were introduced as non-harmful
alternatives to CC, which release more than 7000
compounds during combustion (at least 70 carcin-
ogens), and so they are commonly felt to be safer
(4). Secondly, due to the increasing restrictions on
the sale of tobacco worldwide, together with people
prematurely dying from smoking, the industry is us-
ing aggressive marketing to target youths, especially
on social media, in order to recruit new long-lasting
customers, taking advantage of the fact that restric-
tions on ENDS sales are lacking or patchily distrib-
uted (5). Last but not least, EC use is easily con-
ceivable, the colorful packaging is captivating, and
the availability of many sweet flavors attracts many
customers. Unsurprisingly, the available data clear-
ly show that vaping is spreading especially among
the very young, who start vaping mostly because
they are driven by curiosity and the desire to imi-
tate their peers and are often completely unaware
of the health risks associated with vaping or of the
potential presence of nicotine in e-liquids (6, 7). In
2018, the US Surgeon General declared youth EC
use as an epidemic in the USA, where these devices
have become the most used tobacco product among
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adolescents since 2014. According to data from the
National Youth Tobacco Survey in the US, 19.6% of
high school students (3.02 million) and 4.7% of mid-
dle school students (550.000) reported current (with-
in the preceding 30 days) EC use in 2020 (8). In Italy,
1.7% of adolescents already habitually use EC and
41.5% have tried EC at least once (9). Such data are
particularly worrying considering that a recent sys-
tematic review including 9 prospective longitudinal
studies on adolescents who never smoked tobacco
CC with follow-up periods between 4 and 24 months,
showed that EC use increases the risk of becoming
a current CC smoker by 4-fold, serving as a gateway
to cigarette smoking (10).

Finally, recently the phenomenon of stealth vaping
(i.e., the act of vaping in a discreet manner by using
small quantities of vape or smaller devices or devic-
es resembling different types of electronic devices)
started to spread among adolescents, making it even
more difficult to detect the addiction inside the family
or school environment (11).

This narrative review paper briefly outlines the most
recent data on EC and their potential detrimental ef-
fects on the airways, focusing on childhood and ado-
lescence. For the purpose of this review, we will refer
only to EC, while we will not include evidence on de-
vices with different aerosolization mechanisms such
as HTP.

E-CIGARETTES, E-LIQUIDS
AND VAPE: WHAT ARE VAPERS
INHALING?

The aerosol produced by EC and other ENDS is gen-
erally called “vape” and appears denser than that
produced by CC. EC have undergone numerous
evolutions over the years, but they are all basically
equipped with three main components: 1) a power
source (usually a rechargeable lithium battery); 2) an
atomizer, equipped with a resistance that heats up as
the current passes through it, allowing the solution
(e-liquid) to be vaporized by heating it to high tem-
peratures; 3) a liquid storage unit (12). EC may be
activated by the user’s inhalation or by manual ac-
tivation through a button. The most modern devices
allow the user to set the resistance and power, thus
varying the temperature of the aerosol: with higher
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Table 1. Vaping glossary.

Cloud-chasing

Dabbing
Dripping

Dual user
E-Cigarette

ENDS

EVALI

Heat-not-burn
devices/Heated
tobacco products

Pod-mods

Puff

Stealth Vaping

Smoker
Vape

Vaper

Vaping technique with the goal to create different types of aerosol plume, emerging as
competition among adolescents.

The term refers to vaping marijuana by heating concentrated cannabis oil (“dabs”).

Vaping technique in which dense vape is generated manually by dripping e-liquids directly
onto the device’s heating coils.

User of both EC and traditional combustible cigarettes.

Strictly speaking, “electronic cigarettes” are portable battery-powered electronic devices
that simulate the act of smoking a traditional cigarette without burning tobacco, by
delivering an inhalable liquid-based aerosol.

“Electronic Nicotine Delivery Systems” (ENDS) is a generic term used to identify all

the currently available electronic devices used to deliver nicotine by inhalation without
tobacco combustion. ENDS include EC, e-pipes, e-cigars, e-hookahs, vape pens, personal
vaporizers, and so on.

This acronym was introduced in 2019 and stands for “E-cigarette or Vaping use-Associated
Lung Injury’. EVALI is a diagnosis of exclusion in patients presenting with respiratory
distress and a recent history of vaping, abnormal chest CT, absence of signs of pulmonary
infection or any other alternative plausible diagnoses. Some Authors recently proposed
introducing also the term EVALD (“E-cigarette or Vaping use-Associated Lung Disease”) to
underline that vaping may cause different types of lung disease and not only acute injury.

Electronic devices generating aerosol by heating up tobacco, without burning it.

Miniaturized ENDS usually resembling a USB flash drive and delivering high concentration
of nicotine by using nicotine salts which do not cause a sensation of harshness or irritation
on the airways during inhalation.

The term refers to disposable, cheap and highly concealable EC resembling pod-mods, the
use of which is spreading among adolescents.

The act of vaping in a discreet manner by using small quantities of vape or particularly
small devices. ENDS resembling other devices such as car keys, teapots, credit card
holders, asthma inhalers and so on are also available on the web.

Combustible cigarette user.

The aerosol produced by ENDS, which usually appears denser than that produced by
traditional cigarettes. The act of inhaling and exhaling the vapor produced by ENDS is
known as “vaping”.

Electronic cigarette user.

temperatures, a stronger “hit” (sensation felt in the
throat during inhalation) is generated (13, 14). As for
e-liquids, they consist of a solution mostly composed
(80-95%) of solvents such as propylene glycol (PG)
or vegetable glycerin (VG, also known as glycerol);
the remaining components are represented by one or
more flavoring additives which make it possible to ob-
tain a vapor with a distinctive flavor, and by nicotine
which may be absent in EC but, when present, can
reach high concentrations, up to more than 50 mg/mL
(in the EU a limit has been set at 20 mg/mL). There

are more than 15,000 different types of EC flavors
on the market, ranging from the aroma of tobacco
to food (fruit, sweets, candies) or stimulating drinks
(coffee, alcohol). All these compounds are generally
recognized as safe by the Food and Drug Adminis-
tration (FDA) as they are widely used in the food and
cosmetic industries, but it should be noted that their
effects when chronically inhaled are still only partially
known. Moreover, the e-liquid composition declared
by manufacturing companies is not always truthful,
both regarding the levels of nicotine (15, 16) and the




presence of other substances, including toxic and/or
irritative ones, such as tobacco alkaloids and nitro-
samines, volatile organic compounds, ethanol, met-
als, formaldehyde, acetaldehyde and acrolein, which
have been found in e-liquids and vape, at different
concentrations depending on the temperatures to
which the liquid had been heated (17-19). In general,
vapers probably inhale fewer toxic substances than
CC smokers, but it is not easy to elucidate this issue
because research studies are performed on precise
quantities of vape produced and inhaled under stan-
dardized conditions, while in real life the exposure de-
pends on the methods of EC use (voltage, heat of the
liquid) and on the habits of the vaper (20).

Notably, among the currently available four gen-
erations of EC, the devices belonging to the fourth
are those that give rise to more concern: such de-
vices are the so-called “pod-mods” which look like
USB pens and are very popular among teenagers
because it is easy to hide their use (21). Pod-mods
are particularly dangerous as they use a formulation
of nicotine derived from nicotine salts with benzoic
acid, delivering high concentrations without causing
a sensation of harshness or irritation on the airways,
thus increasing the amount consumed in a short time
(22). Recently, disposable, and cheaper EC have be-
come available and have gained immediate success,
with an increase in sales from 2019 to 2020 in the US
of 1000% in high school users and 400% in middle
school users (8, 23).

EFFECTS OF VAPING ON
RESPIRATORY HEALTH

The first case report describing respiratory distress
caused by vaping dates back to 2012 (24), and since
then, the number of published papers on the sub-
ject has increased exponentially (25). Increasingly
available evidence shows that vaping exerts nega-
tive effects on airway biology and, consequently, on
respiratory health, and this was largely expected, as
there were previous reports of respiratory symptoms
caused by inhalation of substances later found in
e-liquids and vape. Apart from the detrimental effects
of inhalation of toxicants and irritants, it has been re-
ported that inhalation of PG and VG causes acute dry
cough and wheezing and long-term respiratory im-
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pairment in theater and cinema workers exposed to
stage fog produced by heating these solvents, which
have hygroscopic properties that cause hyperosmot-
ic stress and the subsequent release of inflammation
mediators, ciliary function alteration and bronchocon-
striction (26). Furthermore, the inhalation of diacetyl
(2,3-butanedione), one of the most used chemical
compounds in e-liquids, and especially in buttery or
sweet aromas, has been shown to cause bronchiol-
itis obliterans in microwave popcorn factory workers
(“The Popcorn Worker’s Lung”) (27-29). Moreover,
some flavors contain known allergens such as cin-
namaldehyde, eugenol and benzaldehyde (30-31).
To date, the effects of vaping reported both in vitro and
in vivo on the respiratory system can be summarized
in: a) pro-inflammatory effect, b) stimulation of bron-
chial hyperreactivity and c) increased susceptibility to
infections (32-34) (Figure 1).

In 2022, an analysis of longitudinal data from the US
PATH (Population Assessment of Tobacco and Health)
study clearly demonstrated that vaping is an inde-
pendent risk factor for the development of respiratory
symptoms, such as cough and wheezing in otherwise
healthy young adults, including those who have never
smoked CC (35). A recent review and meta-analysis
of epidemiological studies, both cross-sectional and
longitudinal, has shown a significant association of
EC use with asthma (pooled adjusted odds ratio 1.39
(95% CI1 1.28-1.51)) and COPD (pooled adjusted odds
ratio 1.49 (95% CI 1.36-1.65)), controlling for cigarette
smoking and other covariates. Among the 15 selected
studies on asthma, 11 included adolescents and were
school-based data collections, mainly on high school
students, of which 6 were carried out in the US, 4 in
Asia and 1 in Canada (36). Nevertheless, evidence
on vaping effects in childhood and adolescence, and
also in asthmatics, is still scarce and mainly based on
cross-sectional studies on adolescents, showing that
EC use increases by about 2-fold the risk of developing
self-reported symptoms attributable to chronic bron-
chitis and/or asthma, such as chronic cough, phlegm,
dyspnea (37). It should be noted that adolescents with
asthma smoke as much as their non-asthmatic peers
and seem to use EC more than their peers due to the
belief that vaping is safer than CC (38-41).



PEDIATR RESPIR J

REPORTED EFFECS OF VAPE ON
THE BRONCHIAL EPITELIA

¢ Recruitment of immune cells

* Impaired ciliary beating

* Altered cystic fibrosis
transmembrane conductance
regulator functioning

¢ Direct cellular toxicity

* Increased cytokine secretion

» Altered gene and protein
expression

¢ Impaired macrophage and
neutrophil function

* Decreased cough reflex
sensitivity

+ Promotion of protease-mediated

lung tissue damage

s A

Figure 1. Main effects of vaping on the airways. The picture summarizes the currently reported effects of vape exposure both in vitro and in vivo on

the airway’s mucosa.

Finally, the EVALI (E-cigarette or Vaping use-Asso-
ciated Lung Injury) epidemic that occurred in the US
in 2019 demonstrated that vaping is associated with
severe acute lung toxicity patterns which have never
been described in CC smokers (42). This condition
has been linked to the use of e-liquids containing tet-
rahydrocannabinol and/or vitamin E acetate and af-
fects mainly young adults and adolescents showing
respiratory symptoms such as shortness of breath,
cough and chest pain, sometimes evolving into ARDS
with the need for mechanical ventilation, and gas-
trointestinal symptoms (nausea, vomiting, diarrhea,
abdominal pain) (43-44). All patients also show one
or more constitutional symptoms (mostly fever) and
CT scans of the thorax typically demonstrate ground-
glass opacities with perilobular and peribronchial dis-
tribution and subpleural sparing, consistent with an
organizing pneumonia pattern of lung injury result-
ing from toxic inhalation (45-46). In these patients,
systemic glucocorticosteroid treatment seems to be
effective while antibiotics do not improve lung func-
tion (47-48). To date, a few EVALI cases have been
reported in other countries, including a recent ARDS
case report in a 15-year-old girl in Italy (49).

It should be noted that while vitamin E acetate is safe
as food supplementation or in cosmetics, it interacts
with phosphatidylcholine when inhaled, thus altering
the surfactant, which is no longer able to warrant the
surface tension and the related normal functioning of
the alveoli, subsequently giving rise to inflammation
(50-51). As far as the long-term consequences of va-
ping are concerned, the presence of known carcino-
gens in vape and e-liquids suggests caution, but as
yet no studies are available in this regard except for
some studies on mice reporting an increased risk of
lung adenocarcinoma (52). As regards second-hand
smoke, in 2022 Islam et al. showed for the first time an
association between exposure to passive smoke from
EC containing nicotine and an increased risk of de-
veloping respiratory symptoms such as wheezing or
bronchitis in more than 2,000 adolescents and young
adults (53). This finding is not surprising, since the
presence of toxic compounds in the indoor air of EC

users’ houses, such as PM, ; PM,, nicotine and vol-

10?
atile organic compounds, had already been reported.
This evidence advises against using EC indoors, es-
pecially in the presence of children and adolescents.

There is currently no available data on third-hand va-




ping exposure, but traces of nicotine and particulate
matter have been detected on surfaces exposed to
vaping (54-56). With respect to pregnancy, data re-
lating to the birth of low-birth-weight newborns from
mothers who had vaped during pregnancy are start-
ing to emerge (57, 58): as a result, the World Health
Organization (WHO) has declared the use of ENDS to
be unsafe in pregnancy (59).

THE ROLE OF PEDIATRICIANS

Pediatricians play a crucial role in fighting smoking,
as more than half of current smokers started smoking
before the age of 18. In such a scenario, the vaping
epidemic represents both a new challenge for health-
care providers and an insidious threat for young peo-
ple, and adolescents in particular, whose brain is par-
ticularly at risk of becoming nicotine addicted. Since
adolescents who begin vaping or smoking early are
less likely to stop using tobacco products (60-63), they
represent the main target of advertising campaigns by
EC brands, who are continuously trying to recruit new
customers to replace those quitting or prematurely dy-
ing from smoking. Therefore, pediatricians should be
updated on the subject and on health effects of vaping,
in order to adequately educate and warn their patients
and their parents, including all the possible ways of
exposure (64) (Figure 2). Their commitment and in-
volvement are particularly important when considering
that knowledge of EC is usually inadequate in both ad-
olescents and parents, as shown in a recent single-site
prospective questionnaire analysis of 300 adolescents
and their parents (65). The education of parents should
also be targeted to their smoking and vaping habits
since, similarly to what happens with CC, parents us-
ing ENDS predicts a higher probability of their children
using them, even after controlling for parent past month
CC use (66). The same is true regarding exposure to
vaping imagery in television or film, which was found
to be associated with a significantly increased risk of
vaping uptake among young people (67). Last but not
least, pediatricians should warn families about the
risks of device exposure causing burns and wounds
(68-70), as well as of an increasing number of reports
on poisoning due to accidental or intentional ingestion
of e-liquid in childhood and adolescence (71).
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In the last few years, several scientific societies have
become aware of the tremendous implications of vap-
ing epidemic in adolescence as well as vape’s potential
health effects throughout life (72) and started to take a
position, recommending that environments where chil-
dren and adolescents live should be free of ENDS and
other tobacco products. In 2015, The American Acad-
emy of Pediatrics have released recommendations on
vaping, suggesting universal screening and preven-
tion counseling on tobacco use and other substance
use in adolescence, including EC, both for parents
and children (63). In 2018 the Forum of Internation-
al Respiratory Societies (FIRS) released a position
statement including, among other recommendations,
that i) EC be regulated as tobacco products and in-
cluded in smoke-free policies, ii) sale of EC to youths
should be banned worldwide, iii) advertising acces-
sible by youths and young adults should be banned,
and iv) flavoring should be prohibited in EC (73). The
European Respiratory Society (ERS) Tobacco Con-
trol Committee in 2021 warned about the potential
toxicity of prolonged exposure to vape, until proved
otherwise (74). The European Academy of Paediatrics
(EAP) recently released ten recommendations regard-
ing EC, underlining that since there is incontrovertible
evidence that the acute toxicity of EC is greater than
that of CC and even if the chronic toxicity of EC is still
unknown, it cannot be assumed that EC are safer than
CC (75).

Lastly, it should be noted that EC are currently not rec-
ognized as smoking cessation aids by both the FDA
and WHO due to inconclusive evidence, with some
studies demonstrating their effectiveness (76-77) and
others showing that they may perpetuate addiction or
even encourage dual use (78). Both these institutions
have produced educational material warning against
potential health effects of ENDS, especially in children,
adolescents, and young adults, which is freely avail-
able on the Internet (79-80).

CONCLUSIONS

Itis staggering how the use of ENDS is rapidly spread-
ing among youth and adolescents and represents a
worrisome source of new threats to respiratory health
and to health in general in the short and probably also
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Figure 2. Harmful routes of vaping exposure. Available evidence shows that vaping exerts detrimental effects both in the short and long term in first-
hand vapers, but data are becoming available on second and third-hand vaping as well as on in utero exposure.

in the long term. Data on the detrimental effects of
different ways of vaping exposure, including in utero,
are rapidly becoming available.
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ABSTRACT

Air pollution cannot be considered just a regional problem but is a global issue. In
the past 70 years billions of tons of carbon dioxide and millions of metric tons of
methane, the two key greenhouse gases, have been emitted annually into the at-
mosphere from production and burning of fossil fuels for energy and transportation.
Gases and Particulate Matters have many adverse effects on human health as
a consequence of oxidative stress at the cellular level with alteration of the intra-
cellular redox balance stimulating the production of pro inflammatory cytokines
and chemokines.

Children are more susceptible to air pollution than adults and the effects of at-
mospheric pollutant have been demonstrated on the foetus and pre-school child.
Ultrafine particles generated by traffic emissions have been suggested to have
particularly bad effects on the airways due to high level of pulmonary deposition
and their ability to induce inflammation and oxidative stress.

To improve air quality and reduce air pollution the WHO, supported by 109 sci-
entific Societies, Scientific Associations and Patients’ Associations, issued new
guidelines to reduce atmospheric pollutants in the world. It is important that all
pediatricians continue to advocate for measures to protect the foetus and the
child from atmospheric pollution as well as treating the consequences.

IMPACT STATEMENT

Air pollution has had a huge increase in the last 70 years. Gases and Particulate
Matter directly irritate the airways but can damage all organs of our body carried by
the bloodstream. Proactive initiatives are necessary to protect the fetus and child.

INTRODUCTION

From 5 December to 9 December 1952 a heavy smog (dense polluting fog) af-
fected London causing thousands of deaths from respiratory and heart problems.
The fog was so thick that people walking the streets could not even see their feet.
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When some chemicals mix with water and air, they
may be converted into acids which irritate the upper
and lower airways and skin, as well as corroding build-
ings. That winter had been particularly cold with heavy
snowfall in the region and people had burned very large
quantities of coal in their houses to keep warm (1).
This “heavy fog” was caused by thermal inversion, the
causes of which were unknown at the time. Under nor-
mal conditions, smoke rises into the atmosphere and is
dispersed. However, if an anticyclone forms it pushes
the air down, heating it, thus creating a thermal inver-
sion with the air near the ground colder than the air
above it. So, when hot smoke comes out of the chim-
neys it remains trapped at ground level. Furthermore,
during the day the sun’s rays are blocked by the thick
fog and thus the air at the ground level remains cold.
This favors the condensation of water around solid
particles creating a thick toxic fog. In the case of Lon-
don in those days more polluted air had been carried
by the winds from the industrial area towards the city
further increasing pollution.

The chronicle of the time does not report how many
children suffered from this serious pollution, but this
and other episodes that occurred previously paved the
way for studies on the effects of pollution on the health
of the environment and those that live there.

ATMOSPHERIC POLLUTANTS

Worldwide, in the past 70 years, billions of tons of car-
bon dioxide and more than 120 million metric tons of
methane, the two key greenhouse gases, have been
emitted annually into the atmosphere from the produc-
tion and burning of fossil fuels for energy and transpor-
tation. The consumption of energy from fossil fuels in
2020 (oil and derivatives, natural gas, and coal) rep-
resents 79%, while the energy deriving from non-fossil
fuels [ nuclear energy, biological fuels, hydroelectric
energy, wind energy and other renewable sources]
comprises the remaining 21% (2). Among the biofuels,
which represent about 3% of this output, part comes
from burning wood used in homes for fireplaces.
Atmospheric pollutants are defined as substances
present in the air that can harm animals, plants, mate-
rials, and humans (Table 1) (3).

PEDIATR RESPIR J

Primary pollutants include sulfur dioxide, nitrogen oxides
(especially nitric oxide and NO2), reactive hydrocar-
bons [which also include Volatile Organic Compounds
(VOCs) present among indoor pollutants, that are not
reported in this paper] and carbon monoxide (CO).
Secondary pollutants include ozone (O3) (which is de-
rived from the interaction in the atmosphere between
NO2 and hydrocarbons), sulfuric acid which derives
from interaction between atmospheric sulfur and am-
monium nitrate. This latter is synthesized from atmo-
spheric nitrogen oxides formed in the atmosphere from
the primary pollutants.

The corpuscular part of atmospheric pollutants is de-
fined as Particulate Matter (PM) which is named on the
basis of the aerodynamic diameter PM-10 (when parti-
cles <10 ym in diameter), in PM-2.5 (particles with di-
ameter <2 .5 ym), and the ultra-active particles (UFP)
PM-0.1 (diameter <0.1 pm). All PM-2.5 and PM-0.1 are
included in PM-10.

All PM are invisible to the naked eye unlike larger par-
ticles which are seen as dust under adequate lighting.
The largest PMs can cause ill effects especially in the
upper airways, causing coughing and tearing, PM-2.5
easily reach the terminal bronchioles and alveoli and
UFPs enter the alveolar capillaries and then systemat-
ically to all the cells of the human body where they may
cause significant damage (4, 5).

EFFECTS ON HUMAN HEALTH

Air pollution causes almost the same number of deaths
worldwide as tobacco smoke (about 7 million a year)
and 70% of mortality attributed to non-communicable
diseases (6).

The effects of atmospheric pollutants are manifold (Ta-
ble 2):

Immunological: effects on innate and adaptive immuni-
ty with inhibition of interferon-gamma synthesis, stimu-
lation of Th2 and Th17 immunity, increased IgE-medi-
ated allergy, and eosinophilic inflammation.

On the upper airways: reduction of mucociliary clear-
ance and reduction of antioxidants in the airway lumen.
Cardiovascular: elevation of inflammatory markers and
dysregulation of the autonomic system.

Pulmonary: Production of reactive oxygen species
(ROS), alteration of phagocytosis.
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Table 1. Air pollutants.

Primary pollutants:
sulfur dioxide

nitric oxide
nitrogen dioxide
reactive hydrocarbons (including VOCs)

Secondary pollutants:
ozone (03)
sulfuric acid

Particulate Matter:
PM10
PM2.5
PM2.5

Epigenetics: epigenetic regulation of physiology and
susceptibility via DNA methylation, histone acetylation,
micro-RNA and other RNA expression, leading to si-
lencing of some genes and expression of other proin-
flammatory genes (7).

Not all but most of these effects depend on oxidative
stress at the cellular level with alteration of the intra-
cellular red-ox balance and stimulation or blockage
of nuclear factor erythroid 2—related factor 2 (Nrf2),
which is an emerging regulator of cellular resistance to
oxidative stress. Nrf2 controls the basal and induced
expression of an array of approximately 200 antioxi-
dant response element—-dependent genes to regulate
the physiological and pathophysiological outcomes of
oxidant exposure (8). The basic sequence of events
supporting the dynamic redox equilibrium is, there-
fore, the following: pollutant (or signal); increase in
oxidants and/or electrophiles; signal transduction by a
redox-sensitive functional shift in the target; feedback
activation of a response switching off the signal;re-
establishment of homeostasis. The failure, therefore,
to restore the redox steady state constitutes a condi-
tion of altered homeostasis and is seen as decreased
health condition; it paves the way for the stimulation of
another nuclear activator (NfKb) which exerts its proin-
flammatory activity on the nucleus by stimulating nu-
merous genes to produce proinflammatory cytokines
and interleukins (9). There is also genetic regulation of
inflammation through receptors and mediators includ-
ing toll-like receptor 4, TNF-alpha and -beta.

EFFECTS ON THE CHILD

The child is more susceptible to air pollution than the
adult because, although the diameter of the pediatric
airways is smaller and the tidal volume is less than
that of the adult, the respiratory rate is much higher
(27 £ 4 breaths per minute in the first 3 years of life,
compared with 15 breaths per minute at 18 year of
age) and therefore the amount of air ventilated in one
minute when related to body weight is much greater
than that of adults. For these reasons, pre-school and
school-age children inhale more pollutants per kilo-
gram of body weight than adults (10). Furthermore, the
respiratory system contains only 20% of the alveoli at
birth which increase in number through linear growth.
Finally, the child’s immunological system is relatively
immature with greater susceptibility to respiratory in-
fections, which worsen the effects of atmospheric pol-
lution and vice versa.

Effects of atmospheric pollutant exposure in
pregnancy on the offspring

The studies carried out on pregnant women exposed
to environmental pollution, measured through surveys
of motoring stations distributed throughout relevant
country, have given worrying results about the effects
on the fetus and newborn baby.

A review of 13,775 pregnancies in Scotland, using
scans performed in the 1%, 2", 3" trimester of pregnan-
cy found that exposure to higher levels of PM-2.5, PM-
10, and NO2 were associated with lower infant head
size during pregnancy and at birth (11).

A multicenter study in Canada, utilizing scans across
all trimesters of pregnancy, reported that the risk of
intrauterine fetal growth retardation was increased
among women exposed to relatively low levels of am-

Table 2. Main effects of air pollutant on human health.

Immunological: inhibition of interferon-gamma
synthesis, stimulation of Th2 and Th17 immunity.

Upper airways: < mucociliary clearance, < antioxidant
Cardiovascular: dysregulation of automatic system.
Pulmonary: production of ROS.

Epigenetics: DNA methylation, hystone
acetylation,micro-RNA.




bient air pollutants (CO, NO2, and PM-2.5) in urban
areas during pregnancy (12).

A meta-analysis that including nearly 3 million births
across 14 centers from nine developed countries
found that air pollution was associated with a higher
risk of low-birth-weight infants. (13).

In a multicenter study performed in Spain on 1295
pregnant women, a correlation was demonstrated be-
tween levels of environmental exposure to benzene
and NO2 in pregnancy and the airflow obstruction in
the offspring in the preschool age (14).

Traffic pollution and child health

Ultrafine particles generated by traffic emissions have
been suggested to have particularly bad effects in the
airways due to a high level of pulmonary deposition
and their ability to induce inflammation and oxidative
stress (15).

A questionnaire study involving the parents was carried
out on 2490 children aged 3 to 6 in the kindergartens
of Changsha, capital of the province of Hunan in cen-
tral-southern China, with a population of 7.22 million
inhabitants, to investigate doctor-diagnosed asthma in
preschool children and its relationship with exposure to
ambient air pollution in pregnancy and during the first
year of life. The result of this study was that the expo-
sure to SO2 (as proxy of industrial air pollution), NO2
(as proxy of traffic pollution) and PM10 in utero and
during the first year of life was associated with a higher
risk of asthma attacks at 3-6 years of age compared
with subjects living in low-exposure areas (16).

A Danish study examined the effect of exposure to air
pollution on wheezing symptoms in children under the
age of 3 years with genetic susceptibility to asthma.
Significant positive associations were found between
concentrations of PM-10, NO2, NO(x), CO and wheez-
ing symptoms in infants (aged 0-1 year). Only the
traffic-related gases [NO2, NO(x)] showed significant
effects throughout the 3 years of life, albeit reducing
after the age of 1 year (17).

Between 1999 and 2016 on the metropolitan region
Utah’s Wasatch Front 146,397 subjects with acute
lower respiratory tract infections (ALRI) were studied.
In the same period PM-2.5 air pollution concentrations
were measured using community-based air quality
monitors. The authors found that approximately 77%
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(n=112,467) of subjects were 0-2 years of age. The
odds of a health care encounter for ALRI for these
young children increased within 1 week of elevated
PM-2.5 and peaked after 3 weeks. This study demon-
strated in a large sample of patients that short-term ex-
posure to elevated PM-2.5 air pollution was associat-
ed with greater healthcare utilization for ALRI in young
children, older children, and adults (18).

The distance of children’s homes from traffic-intensive
roads and the risk of wheezing in children has also
been investigated.

In one paper it was found that the risk of wheezing ep-
isodes is greatest in children who live within 50 meters
of a main road in the city (19). In another study, the risk
was reportedly higher in children who live within 200
meters of a very busy road (e.g., large ring roads) es-
pecially in children who had lived there for more than 2
years (20). Of course, these studies may be confound-
ed by socio-economics status, the wealthy rarely live
near major roads!

A multicenter study performed in Atlanta, Georgia, be-
tween 1993-2010 had demonstrated a close correla-
tion between concentrations of air pollutants caused
by traffic, ozone and PM-2.5 and visits to the Emer-
gency Department for upper respiratory tract infec-
tions and pneumonia in children between 0-4 years
of age (21).

In a prospective study, 1759 children (average age,
10 years) from schools in 12 southern California
communities were recruited and their lung function
measured annually for eight years. Over this period,
deficits in the rate of increase of FEV1 were associ-
ated with exposure to NO2, acid vapor, PM-2.5, and
elemental carbon (22).

The same authors subsequently studied three cohorts
of children in 3 separate 4-year periods and found an
increase in the rate of growth of spirometry in succes-
sive 4-year periods which correlated with the reduction
of NO2 and of PM-2.5 and less than PM-10, associat-
ed with the implementation of air quality-control poli-
cies. Significant improvements in lung-function devel-
opment were observed in both boys and girls and in
children with and without an asthma diagnosis (23).

In a meta-analysis of 87 studies, other authors found
that exposure, even for a short time, to atmospheric
pollutants (O3, CO, NO2, SO2, PM-10 and PM-2.5)



PEDIATR RESPIR J

resulted in an increased risk of emergency room vis-
its and hospitalizations in asthmatic subjects. The risk
was the same in children and older adults (24).

In a recent official ATS workshop on “Outdoor Air
Pollution and New-Onset Airway Disease”, the Epide-
miology Group found that long-term exposure to air
pollution, especially components of traffic-related air
pollution such as nitrogen dioxide and black carbon,
is associated with onset of childhood asthma. (25)

PROACTIVE INITIATIVES TO REDUCE
THE RISKS FROM AIR POLLUTION

To improve air quality and reduce air pollution, which
cannot be considered just a regional problem, but a
global issue, the WHO issued guidelines in 2005 to re-
duce atmospheric pollutants and establish risk thresh-
olds for the health of individuals.

In 2005 the Air Quality Guidelines (AQG) recommend-
ed not to exceed the concentration of PM-2.5 of 10 ug/
m?, and of NO2 of 40 ug/m?, in built-up areas, giving no
indication for ozone (O3).

After the lockdown of the COVID-19 pandemic peri-
od with the resumption of full-time industrial activi-
ties, road, air and sea traffic and the war that broke
out on February 24™, 2022 in Eastern Europe, which
also caused, among other things, a huge dispersion
of methane gas in the Baltic Sea (rupture of the Nord-
Stream gas pipelines), the air pollution problem has
returned beyond pre-lockdown levels.

Anyway in 2021, the WHO updated the previous
guidelines recommending a further reduction of the
previously recommended thresholds, indicating as an
objective the average annual concentration of PM-2.5
not exceeding 5 pg/m3, NO2 not exceeding 10 pg/mé,
and the peak seasonal average for 8 h of ozone not
exceeding 60 pg/m? (Table 3) (26).

The reason for this drastic reduction of the thresholds
for NO2, O3 and PM-2.5 is consequent on recent stud-
ies showing that the adverse effects of air pollution are
not only limited to high exposures; harmful health ef-
fects can be observed at very low concentration levels,
with no observable thresholds below which exposure
can be considered safe (27).

These new guidelines have been signed by the Pres-
idents of 109 Scientific Societies, Scientific Associ-

ations and Patients’ Associations from all over the
world.

While the guidelines are not legally binding, we hope
that they will influence air quality policy across the
globe for many years to come.

It is important that all pediatricians continue to advo-
cate for measures to protect the fetus and child from
atmospheric pollution, as well as treating the conse-
quences.

Table 3. 2021 WHO Air Quality Guidelines Recommendations.

Average annual concentration of PM-2.5 not exceeding
5 pg/méd.

NO2 not exceeding 10 pg/m?.

Seasonal average for 8 h of ozone (O3) not exceeding
60 pg/m?.
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ABSTRACT

Lacrimo-auriculo-dento-digital (LADD) syndrome is a rare genetic disorder
caused by mutations in fibroblast growth factor (FGF) or FGF receptors. Specifi-
cally, FGF10 regulates multiple stages of structural lung morphogenesis, cellular
differentiation, and response to lung injury. In case of its dysfunction, an abnor-
mal pulmonary development with alveolar disruption can occur. Here we report
the clinical case of a patient with LADD syndrome with pulmonary impairment
and history of spontaneous pneumothorax.

IMPACT STATEMENT

A single-center experience in the diagnosis and management of respiratory dis-
ease in a patient with LADD syndrome, with the aim to review the pathogenic hy-
potheses and suggest a practical algorithm for standardized clinical management.

INTRODUCTION

LADD syndrome is a rare, autosomal dominant disease secondary to genetic
alterations in FGF. Typical findings include hypoplasia and aplasia of salivary
and lacrimal glands, digital and dental abnormalities, and hearing loss. Although
there are few reports of lung disease in individuals with LADD syndrome, there is
some evidence that genetic pathways are involved in lung development, leading
to variable defects in lung structure and function.

CASE REPORT

Here we report the clinical case of a boy, born at term after cesarian section
because of fetal distress. A single left kidney was discovered before birth, but
no other perinatal problems were reported. At birth he was small for gestational
age (2660 g) and had regular adaptation to extrauterine life. He grew up on the
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lower centiles for weight and height, with normal neu-
rological development. Several physical features were
highlighted over the years: reduced lacrimation, lack
of saliva, and abnormalities of the fingers and ears.
Despite the strong suspicion of a genetic origin, the ge-
netic test was performed when he was five years old.
At that age, he also came for the first time to our out-
patient clinic. Respiratory complaints were mainly epi-
sodic wheezing associated with atopic substratum (oc-
ulorhinitis, eczema, polysensitization to grass and tree
pollens, ragweed, house dust mites, dog and cat, and
food allergy). Meanwhile, genetic results from NGS
(Next Generation Sequencing) identified a mutation in
the FGF10 (Fibroblast Growth Factor 10) gene consis-
tent with the diagnosis of LADD syndrome. Inhalation
therapy was initiated and modulated (inhaled corti-
costeroids + long-acting beta-agonists, ICS+LABA)
over the years, maintaining good control of respiratory
symptoms and lung function. He remained clinically
stable until adolescence when he was hospitalized at
the age of 15 years old after the sudden onset of tho-
racic pain and cough. No recent trauma or infection
was referred. On physical examination, there was no
cardiopulmonary impairment, oxygen saturation was
normal with eupnea; on thoracic auscultation, a de-
crease in normal breath sounds was found in the left
upper lung field with no other audible breath sounds.
Hence, appropriate investigations and treatment were
initiated. Blood chemistry tests showed normal blood
count with negative C-reactive protein, the nasal swab
was negative for viruses (including SARS-CoV-2), and
there were no gas exchange abnormalities on blood
gas analysis. Considering his previous clinical history,
a chest X-ray was performed, which revealed an apical
pneumothorax with a maximum size of 18 mm (Fig-
ure 1). He was hospitalized for clinical observation,
along with antibiotic prophylaxis and bronchodilator.

Figure 1. Left apical pneumothorax.

Chest X-ray after 48 hours showed an unchanged size
of the pneumothorax, although there was no worsen-
ing of the boy’s clinical condition. At this point, a more
sensitive and specific investigation of the lungs was
needed, and a chest CT was organized. Several inter-
stitial anomalies were described, specifically: “Bilateral
reticular pattern alteration of the lung parenchyma at
several levels (especially at mantle territories and the
ventral segments of both upper lobes); interstitial thick-
ening; pseudocysts in the paramediastinal subpleural
and along the ventral territories of the upper lobes
(largest identified in the left apical, with a transverse
diameter of about 18 mm); aspects of retraction as-
sociated with the elements adjacent to the alterations
described, particularly on the broncho-vascular struc-
tures, in the presence of some bronchiectasis; bilater-
ally, some nodules of dimensions (<1 cm), as well as a
focal filling of the small airways” (Figure 2).

Finally, the left pneumothorax was confirmed as un-
changed with a thickness of up to 20 mm in the apical
area and 23 mm in the antero-basal area. Based on
CT findings, the lung abnormalities oriented toward a
“childhood interstitial lung disease” (chILD). According
to the diagnostic flowchart established by Bush et al.
(1), specific blood tests (genetic tests for Cystic Fibro-
sis (CF), surfactant deficiency, and alpha-1-antitrypsin)
were performed, with negative results. The boy’s sta-
ble condition allowed for invasive investigations such
as bronchoscopy lung biopsy avoided, and a wait-and-
see policy was followed. Lung ultrasound monitored a
progressive reduction of the pneumothorax field with
total regression on chest radiography performed after
one month. The patient was discharged from the hos-
pital and presented to our outpatient clinic for clinical
follow-up after one week, with complete resolution of
respiratory signs and symptoms. Home therapy was
based on inhaled corticosteroids (fluticasone propio-

> —~gy

Figure 2. HRCT showing pseudocysts (on the left image) and reticular pattern with bronchiectasis and
nodules (on the right image).
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nate) and long-acting beta-agonists (formoterol) twice
daily, as well as avoidance of exercise and air travel be-
cause of pneumothorax. Recently, the patient resumed
regular physical activity and no longer complained of
other respiratory symptoms. Genetic workup was com-
pleted with the exclusion of inherited or de-novo de-
fects associated with congenital collagenopathies or
folliculin dysfunction.

DISCUSSION

LADD syndrome, also known as lacrimo-auriculo-ra-
dio-dental syndrome (LARD) or Levy-Hollister syn-
drome, is a rare condition secondary to haploinsufficien-
cy of FGF, particularly FGF10, FGF receptor (FGFR)2
and FGFR3 (2). In addition to some typical features in-
volving the salivary and lacrimal glands, ears, teeth, and
fingers (Table 1), several pulmonary conditions have
also been reported anecdotally in individuals with LADD
syndrome (3-5), possibly due precisely to FGF10 dys-
function. Indeed, FGF10 has been shown to be a key
regulator of lung structure and function in both mouse
and human models. Its pleiotropic functions range from
morphogenesis of airway branching in utero to prolifera-
tion and differentiation of postnatal lung cells, including
epithelial-mesenchymal crosstalk (6) and recovery of
lung injury after various noxious stimuli (7) (Figure 3).

As a result, individuals with LADD syndrome could be
affected by a highly heterogeneous spectrum of pneu-
mopathies, from lethal congenital conditions to mild
predispositions to chronic lung disease, manifesting
after years of environmental “threats” and breathing.
Although most of the evidence comes from animal
models, in situ hybridization and RNA sequencing tech-

niques in human fetal lung cells have confirmed stable
expression of FGF10 during the later stages of human
lung development (8), especially during the pseudo
glandular and canalicular phase. As a result, many re-
cent works have hypothesized a role of FGF10 signal-
ing alterations in human lung pathologies, such as sud-
den infant death syndrome (SIDS), early-onset severe
interstitial lung disease, bronchopulmonary dysplasia
(BPD), lethal lung developmental disorders (LLDD), in-
terstitial pulmonary fibrosis (IPF) or chronic obstructive
pulmonary disease (COPD) (9, 10). Recently, an in-
triguing role has been proposed for some specific mod-
ifier genes in regulatory loci, which may epistatically in-
terfere with FGF10 phenotypic expression, triggering or
amplifying lung diseases (11). In this regard, Karolak et
al. recently demonstrated the presence of heterozygous
copy-number variant deletions or single-nucleotide vari-
ants (SNVs) involving TBX4 or FGF10 in children with
pulmonary hypoplasias. Most of them had pulmonary
acinar dysplasia (PAD), a rare congenital lung malfor-
mation secondary to arrested lung development at the
pseudo-glandular stage, in which the presence of a
few narrower bronchioles without alveoli leads to ear-
ly and fatal respiratory failure (11). In this paper, they
highlighted the central role of TBX4-FGF10-FGFR2
epithelial-mesenchymal signaling in human lung or-
ganogenesis and the potentially lethal effects on lung
growth in case of genetic anomalies. Growing aware-
ness of the importance of noncoding variants in devel-
opmental lung defects has led some authors to propose
diagnostic algorithms that include whole genome se-
quencing (WGS) to address severe respiratory distress
in the early-onset infant, especially if it is progressive
and refractory (5). Over the years, this could lead to
targeting FGF10 to prevent and treat such severe re-

Table 1. Clinical key features of LADD syndrome, with related signs and symptoms.

Hypo/aplasia of parotid and salivary glands

Poor salivary flow, xerostomia, dental caries, absence of Stensen duct

Hypo/aplasia of lacrimal glands and lacrimal
duct agenesis

Dental anomalies
Digital anomalies
Ear anomalies

Epiphora, recurrent ocular infections, xeropthalmia, nasolacrimal
obstruction, dacryocystocele

Microdontia, hypodontia, enamel dysplasia, peg-shaped incisors
Hypoplastic, accessory or triphalangeal thumb, clinodactyly, syndactyly

Low-set ears, cryptotia, cupped auricles, cochlear hypoplasia, incus

and stapes anomalies, hearing loss

Kidney anomalies (rare)
Oral cavity anomalies (rare)

Unilateral renal agenesis
Bifid uvula, bald tongue
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Figure 3. Role of FGF10 signaling in pulmonary physiology and pathology.
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Mechanical ventilation
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Infections (viruses, LPS)
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LUNG FGF10 MESENCHIMA
MORPHOGENESIS INTERACTION
Congenital diseases: POST-NATAL
neonatal distress, PPHN, LUNG
SIDS, LLDD MORPHOGENESIS

Redox: oxydative-reductive; LPS: lipopolysaccharides; PPHN: persistent pulmonary hypertension of the newborn; SIDS: sudden infant death syndrome; LLDD: lethal lung
developmental disorders; BPD: bronchopulmonary dysplasia; IPF: interstitial pulmonary fibrosis; COPD: chronic obstructive pulmonary disease.

spiratory diseases. However, there are still preclinical
concerns about its long-term tumorigenic potential and
some evidence of cystic adenomatoid malformations
(12) in mouse models overexpressing FGF10. To our
knowledge, this is the first report of spontaneous pneu-
mothorax in a child with LADD syndrome. Furthermore,
no other cases of emphysematous interstitial lung dis-
ease in human children with LADD have been reported.
However, De Langhe et al. described a similar “emphy-
sema-like” pattern in mouse lungs as a consequence of
premature arrest of terminal airway development (13).
Whether the pneumothorax depends directly on FGF10
defects or is simply accidental needs further investi-
gation. In any case, emphysematous interstitial areas
resulting from altered alveolarization may predispose
these subjects to recurrent episodes of pneumothorax
and pneumomediastinum. Because of its rarity, spe-
cific guidelines for managing LADD syndrome are still
lacking. However, the pulmonary disease can seriously
impact the health and quality of life of these individuals
throughout their lives. In light of this, we suggest a com-
prehensive 10-step pulmonary workup in the manage-
ment of individuals with LADD disease:

. At the first physical examination, perform a com-

plete blood count, biochemistry, c-reactive protein,
and capillary blood gases.

. Test for immunoglobulins, immunoglobulin G (IgG)

subclasses, and serum alpha1-antitrypsin, espe-
cially in cases of recurrent respiratory infections.
Schedule a sweat test and first-line genetic test-
ing for cystic fibrosis transmembrane conductance
regulator (CFTR) mutations.

. Assess lung structure and function with two-projec-

tion chest radiography and spirometry with bron-
chodilator response testing. Perform plethysmog-
raphy if indicated and DLCO.

High-resolution chest CT should be scheduled
based on the results of spirometry or chest radiog-
raphy or in the presence of persistent respiratory
symptoms.

If there are signs and symptoms of pulmonary hy-
pertension or exertional dyspnea, a complete car-
diologic evaluation and possibly an exercise test
should be arranged.

Reassess the patient clinically twice a year and re-
peat pulmonary function tests at least once a year.
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7. Recommend all vaccinations, especially the annual
flu vaccine, and suggest strict avoidance of active
and passive smoking, including e-cigarette smoking.

8. If susceptibility to pneumothorax is proven over time,
avoid strenuous exercise, contact sports, and diving.

9. Institute respiratory physiotherapy programs and
aggressive early treatment of respiratory infec-
tions. Assess the need for antibiotic prophylaxis.

10. Share management decisions with geneticists,
otolaryngologists, ophthalmologists, dentists, and
nephrologists. Suggest genetic counseling before
pregnancy and early screening in utero for LLDD.

In conclusion, in this particular clinical case, lung disease
could be a manifestation of LADD syndrome or a chance
finding. Analyzing the chILD classification system, there
is an “unknown” category for cases undiagnosed by bi-
opsy, with inconclusive diagnosis, or with some missing
information. Severe lung disease with features of LADD
syndrome could represent a distinct syndrome belonging
to the chILD group with a yet undetermined genetic etiol-
ogy. NGS will allow us to discover new entities and better
classify childhood disorders. Further studies are needed
to define the involvement of pulmonary and bronchial
structures in children with LADD syndrome to guide ap-
propriate therapy and management.
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ABSTRACT

Prenatal and postnatal developmental outcomes are associated with newborn
survival and respiratory health and are determined by complex interactions be-
tween genes and the environment. However, the contribution of genetic domi-
nance has been scarcely investigated. We aimed to investigate the genetic and
environmental influences on infant weight, length, and head circumference in
singleton and twin infants at birth and four months of life, using both traditional
and behavioral genetics approaches accounting for genetic dominance.

A total of 173 newborns (65 singletons and 54 twin pairs) were consecutively
recruited within the HEALS and earlyFOOD projects. At birth and four months
of life, developmental outcomes were expressed as standard deviation scores
(z-scores), and information about maternal and family factors was collected us-
ing questionnaires. We first considered singletons and a randomly selected twin
for each pair and run linear regression models at birth and four months of life
for each outcome. Then, we considered the twin pairs and estimated behavioral
genetic models to disentangle the contribution of additive genetic effects (A),
genetic dominance (D), shared (C) and unique (E) environmental influences.

In regression analyses, twin births were significantly associated with lower out-
comes at birth (p < 0.05) and fertility treatment was significantly associated with
higher birth length (8 = 0.58, p = 0.026). ACDE models highlighted significant
percentages of variance explained by additive genetic factors (23 to 29%). Sig-
nificant percentages of variance explained by shared environmental factors were
observed at four months of life for weight (43%, p = 0.029) and head circumfer-
ence (50%, p = 0.004). A significant percentage of variance explained by domi-
nance genetic factors was observed for length at birth (37%, p = 0.037).
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The joint assessment of additive and non-additive genetic effects, together with
shared and unique environmental influences, provides new insights into the
study of the determinants of respiratory-related developmental outcomes such
as infant weight, length, and head circumference.

HIGHLIGHTS BOX

What is already known about this topic? Prenatal and postnatal developmen-
tal outcomes are associated with newborn survival and respiratory health and are
determined by complex interactions between genes and the environment. In this
regard, the contribution of genetic dominance has been scarcely investigated. What
does this article add to our knowledge? We investigated the genetic and envi-
ronmental influences on infant weight, length, and head circumference, considering
singleton and twin data, and using both traditional models and behavioral genetics
approaches also accounting for genetic dominance. How does this study impact
current management guidelines? The joint assessment of additive/non-additive
genetic effects, together with shared/unique environmental influences, represents
an added value to the study of the determinants of respiratory-related developmental
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outcomes such as infant weight, length, and head circumference.

INTRODUCTION

Prenatal and postnatal developmental outcomes are
important predictors of newborn survival and respirato-
ry health and are determined by complex interactions
between maternal and fetal genomes (1), along with
intra-uterine and extra-uterine environments (2).

Using traditional approaches (correlation and regres-
sion), singleton studies identified potentially modifiable
factors associated with birth weight such as maternal
age and body mass index (BMI), parity, economic
condition, education, and smoking (3, 4). Moreover,
genome-wide association studies (GWAS) identified
SNPs at several loci of the fetal genotype that were
associated with offspring birth weight (5). Also, GWAS
detected substantial correlations among birth weight,
length, and head circumference that were ascribed to
a substantial contribution of shared genetic effects (1).
Twins share several genes, as well as the prenatal
and postnatal environment, and provide a unique op-
portunity to disentangle the relative contributions of
the genome and the exposome (i.e., the totality of the

exposures experienced by an individual throughout
life) (6) in explaining inter-individual differences in de-
velopmental outcomes (7). Indeed, previous studies
have reported considerable geographical differences
in the relative contribution of environmental factors,
mainly due to marked geographical differences in the
inter-individual variation of maternal dietary habits
and other family factors (8). Moreover, due to identifi-
ability concerns, comprehensive behavioral genetics
approaches accounting for non-additive genetic ef-
fects (i.e., dominance) have been scarcely adopted in
previous twin studies (9).

In the framework of the HEALS (“Health and Environ-
ment-wide Associations based on Large population
Surveys”) (10) and the earlyFOOD (“Long-term impact
of gestational and early-life dietary habits on infant gut
immunity and disease risk”) (11) projects, we aimed to
investigate the genetic and environmental influences
on infant weight, length, and head circumference in
singleton and twin infants at birth and four months of
life, using both traditional and behavioral genetics ap-
proaches accounting for genetic dominance.
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MATERIALS AND METHODS

Study design

Within the HEALS and earlyFOOD projects, a cohort of
singleton and twin infants’ mothers was consecutive-
ly recruited between May 2018 and September 2021,
at the Obstetrics and Gynecology unit of the Buccheri
La Ferla Hospital, Palermo, Italy. Mothers and related
infants were excluded in the case of heterologous fer-
tilization and lack of written informed consent.

The study was approved by the local Institutional Ethics
Committee (Palermo 1, ltaly, No. 07/2017). All the participant
mothers were informed about all aspects of the research
and provided their written consent before study entry.

Procedures

Pregnant mothers were invited to participate in the study
upon arrival to the hospital. After birth, a neonatologist
recorded weight, length, and head circumference of the
infants. Before discharge, a structured questionnaire
interview was administered to the enrolled mothers
by a trained obstetrician, aiming to collect information
about dietary habits, environmental exposures, and
characteristics of the pregnancy. Mother-child pairs
were also invited to participate in a follow-up visit four
months after birth including children’s anthropometric
measurements and questionnaire evaluation.

Anthropometric measurements

Infant’s weight, length, and head circumference were
measured within 1 hour from delivery in a supine posi-
tion by a trained neonatologist. Weight was measured
using an electronic baby scale (Seca, Hamburg, Ger-
many), length and head circumferences were mea-
sured with an inelastic tape.

The three anthropometric measurements at birth were ex-
pressed as standard deviation (SD) scores (z-scores) in
relation to gestational age, gender, and primiparous status,
using the Italian Neonatal Study (INeS) growth charts (12).
Z-scores of the measurements at four months of life were
calculated using the sex- and age-specific reference val-
ues of the World Health Organization (WHO) (13).

Questionnaire data
The questionnaire at birth included questions about
the socio-demographic characteristics of the infants

and their mothers, characteristics of the pregnan-
cy, family context, health, lifestyle, and dietary hab-
its of the mother in the four months before delivery.
Variables included in the current analysis were ges-
tational age (<37 weeks: preterm birth; =37 weeks:
full-term birth), zygosity (monozygotic, MZ, and dizy-
gotic DZ: only for twins), delivery mode (C-section or
vaginal), primiparous status, maternal age (<35 years
or 235 years), maternal body mass index (BMI, kg/
m?) before pregnancy (BMI < 25 or BMI = 25), mater-
nal education (graduated or not), maternal smoking
during pregnancy, fertility treatment (in vitro fertiliza-
tion (IVF), sperm fertilization), maternal health prob-
lems during pregnancy (vomiting, abortion threats,
hypertension, gestational diabetes), and 40 mater-
nal dietary habits in the four months before delivery
(intake of alcohol, intake of coffee, consumption of 5
portions/day of fruits and vegetables, and consump-
tion of other 37 food categories at least once a week).
Included follow-up variables were breastfeeding du-
ration (months) and maternal/paternal smoking.

Statistical analysis

Statistical analyses were carried out using R version
4.2.1 (R Foundation for Statistical Computing, Vienna,
Austria). Characteristics of the study participants were
summarized through means and SD for quantitative
variables and numbers (n) and percentages (%) for
categorical variables. Group comparisons were carried
out using the Kruskal-Wallis test (continuous variables)
and Fisher’s exact test (categorical variables). Statisti-
cal significance was set at p < 0.05.

To summarize the dietary patterns of the mothers
during pregnancy, the answers to the 40 questions
about the dietary habits were used as input for a clus-
tering algorithm. Gower’s general dissimilarity coef-
ficient was used to compute a distance matrix (14),
and the partitioning around medoids algorithm was
applied (15). The optimal number of clusters, from
one to five, was determined using the Silhouette sta-
tistic (the larger, the better) (16).

Genetic and environmental determinants of weight,
length, and head circumference at birth and four
months of life were investigated using two approaches:
a conventional regression approach and a behavioral
genetics approach (ACDE models).



In the first approach, singletons and only one randomly
selected twin for each pair were included in order to ad-
dress the issue of non-independence between paired
observations (using mixed-models may not be advis-
able since mother-level random effects would overlap
with model residuals in singletons). Then, for each
outcome, we run linear regression models at birth and
four months of life. Factors included in models at both
visits were twin birth, maternal age =35 years, mother’s
graduation, and fertility treatment. Factors included
only in models at birth (i.e., the factors that were more
temporally related with the contextual outcomes) were
maternal dietary patterns during pregnancy (identified
through the aforementioned cluster analysis), maternal
smoking during pregnancy, maternal health problems
during pregnancy, and maternal BMI = 25 kg/m? be-
fore pregnancy. Factors included only in models at four
months of life were breastfeeding duration, maternal/
paternal smoking, C-Section, and preterm birth.

In the second approach, twin pairs were included (sin-
gletons were excluded) and ACDE models were run
(A: additive genes; C: common environment; D: ge-
netic dominance; E: erratic effects). ACDE models are
structural equation models for twin data aiming to dis-
entangle the contribution of the human genome and
exposome in explaining the variance of a given out-
come (7) and can be presented as:

Y,=u,*+aA +cC +dD, +E,
Y,=u +aA,+cC,+dD +E,
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In the above equations,Y, and Y, are the outcomes in
twins 1 and 2, respectively, and parameter y, is an inter-
cept dependent on the zygosity status (z = DZ, MZ). A,
and A, are latent random variables accounting for addi-
tive genetic influences, C, and C, are latent random vari-
ables accounting for common (or shared) environmental
influences (e.g., the intra-uterine environment), D, and D,
are latent random variables accounting for dominance
genetic influences. These random variables are assumed
mutually uncorrelated within the same twin, and to follow
a standard normal distribution. E, and E, are model re-
siduals accounting for erratic (or unique) environmental
factors (e.g., the fetal intra-uterine position); they are as-
sumed uncorrelated with latent variables, and to follow a
normal distribution with variance equal to €% Consequent-
ly, a? is the outcome variance explained by additive genet-
ic factors, c? is the variance explained by shared environ-
mental factors, d? is the variance explained by dominance
genetic factors, and e?is the variance explained by unique
environmental factors (including measurement error).

The correlation between A, and A, is assumed 1 in MZ
twins and 0.5 in DZ twins. The correlation between C,
and C, is assumed 1 both in MZ and in DZ twins. The
correlation between D, and D, is assumed 1 in MZ twins
and 0.25 in DZ twins. All other pairs of latent variables
(among which E, and E,) are assumed uncorrelated with
each other (Figure 1) (7). Identifiability concerns were ad-
dressed using a previously proposed estimation method
(9), and the results were expressed as percentages of the
total variance (a? + c? + d? + e?) explained by each factor.
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Figure 1. Path diagram of the ACDE structural equation model for twin data. DZ: dizygotic. MZ: monozygotic. Squares represent observed variables
(Y) with their intercepts (u,, and u,,,). Circles represent random variables (A: additive genetic factors, C: shared environmental factors, D: dominance
genetic factor), and solid lines refer to their effects (a, c, d). Dashed lines represent non-zero correlations among the random variables, and the

variance of unique environmental factors (e?).
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RESULTS

A total of 173 newborns (65 singletons and 54 twin
pairs, 20 MZ, 34 DZ) were included in this study (Table
1). Compared to singletons, in twins (one twin select-
ed at random from each pair) we observed significantly
higher percentages of preterm births, C-sections, fertili-
ty treatments, maternal problems during pregnancy, and
lower outcome z-scores at birth. A total of 93 newborns
(29 singletons and 32 twin pairs, 12 MZ, 20 DZ) under-
went the follow-up visit after 4 months. Compared to sin-
gletons, in twins a significantly lower duration of breast-
feeding, higher frequency of maternal/paternal smoking,
and lower outcome z-scores were observed (Table 1).

Two maternal dietary patterns (9 distinctive dietary hab-
its) were identified by the clustering algorithm (Figure 2).

Dietary pattern 1 (hypocaloric diet, 65/119 mothers) was
characterized by significantly higher frequency of coffee
(83% vs. 59%) and fruit/vegetables consumption (91%
vs. 76%) with respect to dietary pattern 2. Dietary pat-
tern 2 (hypercaloric diet, 54/119 mothers) was charac-
terized by significantly higher frequency of alcohol (17%
vs. 3%), pasta (78% vs. 28%), appetizers (30% vs. 5%),
sweet pastries (96% vs. 14%), cakes (93% vs. 22%),
chocolate bars (44% vs. 20%), and beef consumption
(48% vs. 28%) with respect to dietary pattern 1.

Conventional linear regression models showed that
twin births were significantly associated with low-
er z-scores for all the outcomes at birth: weight
(B = -0.74, p < 0.001), length (B =-0.6, p = 0.001), and
head circumference (B =-0.62, p = 0.005) (Table 2). Fer-
tility treatment was significantly associated with higher

Table 1. Characteristics of the study participants at birth and four months of life, by birth type. Data are reported as n (column %) for categorical
variables and mean (SD) for quantitative variables. Significant p-values are in bold.

Overall Twins Randomly . Singletons P-value*
selected twins

Birth n=173 n=108 n =54 n =65
Female gender 74 (43) 51 (47) 23 (43) 23 (35) 0.454
Preterm birth (<37 weeks) 73 (42) 72 (67) 36 (67) 1(2) <0.001
C-Section 119 (69) 94 (87) 47 (87) 25 (38) <0.001
Primiparous 93 (54) 62 (57) 31 (57) 31 (48) 0.357
Maternal age =35 years 73 (42) 52 (48) 26 (48) 21 (32) 0.092
Maternal BMI 225 kg/m? before
pregnancy 47 (27) 34 (31) 17 (31) 13 (20) 0.203
Graduated mother 70 (40) 38 (35) 19 (35) 32 (49) 0.140
Maternal smoking during ' '
pregnancy 16 (9) 14 (13) 7 (13) 2(3) 0.077
Maternal hypercaloric diet
during pregnancy 77 (45) 46 (43) 23 (43) 31 (48) 0.586
Fertility treatment 28 (16) 24 (22) 12 (22) 4 (6) 0.014
Maternal health problems during
pregnancy 56 (32) 46 (43) 23 (43) 10 (15) 0.002
Weight z-score -0.43 (0.98) -0.69(0.84) -0.66 (0.87) 0.00 (1.04) <0.001
Length z-score -0.54 (0.97) -0.76 (0.99) -0.69 (1.00) -0.16 (0.82) 0.002
Head circumference z-score -0.10 (1.05) -0.27 (0.92) -0.27 (0.95) 0.18 (1.19) 0.024
Four months of life n=293 n =64 n =232 n=29
Breastfeeding duration, months 2.4 (1.6) 1.9 (1.6) 1.9 (1.6) 3.6 (0.9) <0.001
Maternal/paternal smoking 20 (22) 18 (28) 9 (28) 2(7) 0.046
Weight z-score -0.49 (1.02) -0.67 (1.01) -0.62 (1.05) -0.09 (0.96) 0.024
Length z-score -0.66 (1.34) -1.05(1.12) -0.86 (1.06) 0.18 (1.39) 0.002
Head circumference z-score -0.55 (1.23) -0.85(1.20) -0.74 (1.07) 0.10 (1.04) 0.004

* Randomly selected twins vs. singletons.
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Table 2. Regression models for developmental outcomes at birth and four months of life. Significant effects are in bold.

Weight z-score

Length z-score

Head circumference

Z-Sscore
Birth (n = 119) B (p-value) 95% ClI B (p-value) 95% Cl B (p-value)  95% ClI
Intercept -0.19(0.318) (-0.56,0.18) -0.37 (0.036) (-0.71,-0.02) 0.08 (0.701) (-0.33, 0.49)
Twin -0.74 (<0.001) (-1.13,-0.34) -0.60 (0.001) (-0.97,-0.24) -0.62 (0.005) (-1.05,-0.19)
Maternal age 235 years 0.14 (0.464) (-0.24,0.52) 0.27(0.131) (-0.08,0.62) 0.50(0.018) (0.09, 0.92)
Graduated mother -0.14 (0.465) (-0.51,0.23) -0.01(0.946) (-0.36,0.33) -0.30(0.148) (-0.71,0.11)
Fertility treatment 0.36 (0.192) (-0.19,0.91) 0.58 (0.026) (0.07,1.09) 0.58 (0.060) (-0.02, 1.19)
Maternal hypercaloric diet  0.32 (0.081)  (-0.04, 0.67) 0.22(0.185) (-0.11,0.55) 0.13(0.503) (-0.26, 0.53)
during pregnancy
Maternal smoking during -0.01 (0.983) (-0.69, 0.68) -0.04 (0.890) (-0.68,0.59) 0.12(0.751) (-0.63, 0.88)
pregnancy
Maternal health problems ~ -0.16 (0.452) (-0.57,0.26) -0.23(0.235) (-0.61,0.15) -0.22(0.337) (-0.68, 0.23)
during pregnancy
Maternal BMI 225 kg/m? 0.30 (0.177)  (-0.14,0.73) 0.11(0.584) (-0.29,0.51) 0.08 (0.749) (-0.40, 0.56)
before pregnancy
Four months of life (n =61) B (p-value) 95% ClI B (p-value) 95% CI B (p-value)  95% ClI
Intercept -0.49 (0.311) (-1.46,0.47) -0.11(0.850) (-1.26,1.04) -0.41(0.420) (-1.41,0.60)
Twin -0.46 (0.253) (-1.25,0.34) -0.66 (0.165) (-1.61,0.28) -0.55(0.192) (-1.37,0.28)
Maternal age 235 years 0.26 (0.352) (-0.3,0.81)  0.36 (0.282) (-0.30, 1.02) 0.29 (0.318) (-0.29, 0.87)
Graduated mother 0.34 (0.278) (-0.28,0.97) 0.22(0.551) (-0.52,0.97) 0.35(0.287) (-0.30, 1.00)
Fertility treatment 0.37 (0.331)  (-0.39, 1.14) 0.51(0.263) (-0.40, 1.42) 0.13(0.742) (-0.66, 0.93)
Breastfeeding duration 0.03 (0.788) (-0.2,0.26) 0.03(0.832) (-0.24,0.30) 0.06 (0.602) (-0.17, 0.30)
(1 month increase)
Maternal/paternal smoking 0.08 (0.843) (-0.72,0.88) 0.10(0.829) (-0.85,1.06) 0.06 (0.884) (-0.77,0.90)
C-Section -0.19 (0.594) (-0.89,0.52) -0.42(0.316) (-1.26,0.42) -0.19(0.605) (-0.92, 0.54)
Preterm birth (<37 weeks) 0.01 (0.984) (-0.85,0.87) -0.47 (0.361) (-1.50,0.56) -0.16 (0.725) (-1.06, 0.74)

Table 3. ACDE models: percentage contributions of genetic/environmental factors to the inter-individual variation in developmental outcomes.
Significant effects are in bold.

A C D E
'(35i:1tr’:win pairs, 20 MZ, 34 DZ) :/po-value) 95% Cl :/;-value) 95% Cl :/;-value) 95% Cl Zl;-value) 95% Cl
Weight z-score (230_001) (13, 40) ?1_000) (0, 46) ?(?_055) (0, 81) ?3002) (12, 55)
Length z-score (230_001) (18, 39) (13.594) (0, 53) ?07_037) (2,72) (23_003) (8, 38)
Head circumference z-score (230_001) (11, 35) (23239) (0, 63) (23199) (0, 58) (3(?.003) (10, 50)
(|:1302utr\/vrir:10;;?r2,01f2|i:\(/elz, 20Dz) :/;-value) 95% Cl :/;-value) 95% Cl Z;-value) 95% Cl ((’/;;-value) 95% Cl
Weight z-score (250_001) (15, 34) ?5’_029) (4, 81) 25349) (0, 48) 207.026) (2, 33)
Length z-score (230_001) (15, 37) ?5_135) (0, 77) (25235) (0, 59) 2(?_025) (2, 35)
Head circumference z-score (14, 32) 50 (16, 85) 9 (0, 38) 17 (2, 33)

(<0.001) (0.004) (0.533) (0.026)

A: additive genetic factors; C: shared environmental factors; D: dominance genetic factors; E: unique environmental factors.
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Figure 2. Percentage distribution of distinctive dietary habits across
the two dietary patterns.

z-scores of length at birth (8 = 0.58, p = 0.026). No signifi-
cant associations were found at four months of life.

For all the outcomes, at both visits, ACDE models
(Table 3) highlighted significant percentages of variance
explained by additive genetic factors (23 to 29%). Signif-
icant percentages of variance explained by shared envi-
ronmental factors were observed at four months of life for
weight (43%, p = 0.029) and head circumference (50%, p
= 0.004). A significant percentage of variance explained
by dominance genetic factors was observed for length at
birth (37%, p = 0.037). All the percentages of variance ex-
plained by unique environmental factors were significant
(23 to 33% at birth, 17 to 19% at four months of life). No
significant differences were observed between mean out-
comes (model intercepts) in MZ and DZ (data not shown).

DISCUSSION

This study provides new insights into the genetic and
environmental influences on infant anthropometric
characteristics at birth and four months of life, combin-
ing singleton and twin data, and using a comprehen-
sive behavioral genetics approach also accounting for
dominance genetic influences. Through the application
of conventional regression models, we found lower
z-scores in twins and higher birth length following fertil-
ization treatment of the parents. Through the application
of ACDE models, we found persistent additive genetic
effects through the study follow-up window, dominance

genetic effects for length at birth, and significant influ-
ences of the shared environment at four months of life.
When considering the pool of individual data referring
to singletons and a random representative for each
twin pair, we found significantly lower mean z-scores
at birth in twins than in singletons. This result is con-
sistent with previous findings and may be ascribed to
several aspects of the intra-uterine environment, such
as uterine size and placental structure (17, 18).
Length z-scores at birth were significantly higher in in-
fants born to parents who underwent fertilization treat-
ment. Although some studies reported no association
(19) or increased risk of adverse birth outcomes asso-
ciated with IVF (20, 21), others highlighted patterns of
increased length during gestation (22), preschool (23),
and school age (24) associated with IVF, compared
to spontaneous conception. Whether high levels of
growth promoting hormones and epigenetic imprinting
may play a role needs to be further explored.

For all the respiratory-related developmental outcomes,
the analysis of twin data through the ACDE model high-
lighted a persistent effect of additive genetic factors
through the study follow-up window (23 to 29%) and sig-
nificant, prevalent effects of shared environmental factors
only at four months of life. Whereas similar patterns were
observed in several studies (25-33), opposite patterns
have been observed in other studies where the shared
environment was the most influential factor at birth (34-
41). Such different findings may be ascribed to population
differences in the inter-individual variation of maternal and
family factors (8), gene-environment interaction process-
es (33, 41, 42), or potential confounding effects of the ma-
ternal genotype, which may jointly influence the genotype
and the shared (e.g., uterine) environment of the infants
(43-45). Interestingly, fertility treatment (a component of
the shared environment) was associated with birth length
in regression models: such association may actually in-
volve genetic mechanisms in the underlying causal pat-
tern, consistently with higher insulin-like growth factor
(IGF-I and IGF-II) levels found in IVF children (46).

We found substantial effects of dominance genetic factors
at birth, even if the effect was statistically significant only
for length. At four months of life, dominance effects were
lower and were not statistically significant. Only a few pre-
vious studies included the evaluation of dominance effects
in their analysis. Some Authors found that the heritability
of BMI was about 64%, with a genetic component that
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was predominantly non-additive (31). Other Authors in-
cluded dominance effects in their analysis, but C (shared
environmental effects) and D (dominance effect) contribu-
tions were estimated separately (using ACE or ADE mod-
els) (28, 40). Although the estimated contributions of the
D component were consistent with those reported in the
current study, proper comparisons are not feasible in the
absence of a combined evaluation of C and D.

The simultaneous estimation of A, C, D and E contributions
to the inter-individual variation in developmental outcomes
represents the main novelty and strength of this study. An-
other strength is to have considered both singleton and
twin data, using traditional and modern approaches at the
same time. Indeed, whereas singleton studies are suitable
for studying the effects of individual environmental expo-
sures (using conventional regression approaches) or indi-
vidual genes (using GWAS) on developmental outcomes
separately, twin studies allow studying the relative contri-
butions of the whole genome and exposome (7).

The main drawback of this study is the low sample
size, especially for the follow-up data, which reduced
the statistical power to detect significant effects. There-
fore, larger studies are warranted for confirming and
strengthening the study results.

CONCLUSIONS

The combined assessment of additive and non-addi-
tive genetic effects, together with shared and unique
environmental influences, provides new insights into
the study of the determinants of respiratory-related de-
velopmental outcomes, such as infant weight, length,
and head circumference.

A thorough knowledge about the complex interplay be-
tween genetic and environmental factors may be use-
ful in order to suggest clinical interventions for altered
fetal growth and body composition, which might lead to
primary prevention of future health risks.
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