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Abstract

Children are not small adults, and this fact is particularly true when we consider the respiratory tract. The anatomic peculiarities
of the upper airway make infants preferential nasal breather between 2 and 6 months of life. The paediatric larynx has a more
complex shape than previously believed, with the narrowest point located anatomically at the subglottic level and functionally
at the cricoid cartilage. Alveolarization of the distal airways starts conventionally at 36-37 weeks, but occurs mainly after birth,
continuing until adolescence. The paediatric chest wall has unique features that are particularly pronounced in infants. Neonates,
infants and toddlers have a higher metabolic rate, and consequently, their oxygen consumption at rest is more than double that
of adults. The main anatomical and functional differences between paediatric and adult airways contribute to understanding of
various respiratory symptoms and disease conditions in childhood. Knowing the peculiarities of paediatric airways is helpful in
the prevention, management and treatment of acute and chronic diseases of the respiratory tract. Developmental modifications
in the structure of the respiratory tract, in addition to immunological and neurological maturation, should be taken into

consideration during childhood.

NOSE, MOUTH AND PHARYNX

The nose is the main entrance of the respiratory system: its external portion is particularly showy, projecting
anteriorly between the orbits, but its internal portion is notably wider, starting at the nares and ending in
the nasopharynx. The inner part of the nose is divided by the nasal septum into two irregularly shaped air
chambers known as the nasal cavities, which communicate with the sinuses of the ethmoid, sphenoid, frontal,
and maxillary bones through small orifices called ostia and are also connected with the orbits through the
lachrymal canals and with the anterior cranial fossa through the olfactory foramina. In a well-conducted
study, Xi et al. described the development of the nasal cavities and larynx as well as their air-flow dynamics
and aerosol deposition, employing models based on computed tomography (CT) images of 4 children aged 10
days, 7 months, 3 years, and 5 years and comparing the models to a model from a 53-year-old adult (2): the
study showed that the nasal cavities rapidly increase in space over the first 5 years of life, when the volume
included between the nares and the larynx reaches 40.3% of that of the adult. In this study, the turbinate
region, including the 3 turbinate bones located in the lateral walls of the nose, experienced the most noticeable
growth during childhood and was undeveloped in both the 10-day-old and 7-month-old models. Moreover,
the nostrils were described as smaller and their shape as more circular in the newborn, becoming more oval
during infancy and childhood and wedge-shaped in adulthood (2), as shown in previous studies (3). Smaller
nares and nasal cavities unavoidably limit the inflow of air, so it is estimated that the nose contributes up



to 50% of total airway resistance in younger children. Unsurprisingly, even a mild nasal obstruction due to
swelling or mucus production increases the work of breathing in infants and may cause respiratory distress.
As far as the paranasal sinuses are concerned, the ethmoidal and maxillary sinuses are already present at
birth, while the frontal and sphenoidal sinuses develop later, being radiologically demonstrated by the age
of 5-6 years and adolescence, respectively (4). The main feature of the oral cavity in newborns and infants
is a larger tongue, which completely occupies a much smaller oral cavity than in subsequent ages (Figure
1 - 2). Moreover, the base of the tongue is in strict connection with the epiglottis, which extends towards
the velum. Infants also have a shorter neck, larger head relative to body size and a prominent occiput; as a
result, when lying supine, the alignment of the oral, laryngeal and tracheal axes is hampered due to excessive
neck flexion, with a high risk of upper airway obstruction and /or difficult visualization of the glottic opening
during laryngoscopy. Placing a folded towel roll under the shoulders allows neutral positioning of the neck,
improving airway alignment (4, 5). The pharynx belongs to both the respiratory and gastrointestinal tracts
and is conventionally subdivided into the nasopharynx, oropharynx and hypopharynx/laryngopharynx. The
paediatric pharynx is shorter and has shorter cross-sectional diameters than the adult pharynx. Moreover,
the nasopharynx and oropharynx house Waldeyer’s ring, which is composed of the adenoids and the lingual,
tubal and palatine tonsils; these lymphatic structures are commonly enlarged in children, since they grow
quickly until the age of 5-7 years and then undergo physiological atrophy (4). Studies with magnetic resonance
(MR) imaging have shown that this increased mass of lymphoid tissue may contribute to airway obstruction
in children (6). Last but not least, the Eustachian tubes open on the lateral wall of the nasopharynx: these
structures, connecting the middle ear to the pharynx, are shorter, floppier and more horizontal at birth,
facilitating mucus stagnation, and they undergo rapid growth in the first year of life (7, 8).

LARYNX

The larynx connects the pharynx to the trachea, and its anterior upper limit is represented, at the level of
the base of the tongue, by the hyoid bone, which is a mobile, crescent-shaped bone. Notably, the hyoid bone
is the first bone to ossify (4). The larynx is conventionally divided into three regions relative to the level
of the vocal cords: i) the supraglottic region , which includes the epiglottis, arytenoids, aryepiglottic folds,
and false vocal folds; ii) theglottic region , which includes the vocal folds and the region immediately below
them; and iii) the subglottic region , which refers to the region starting 1 cm below the vocal folds, ending in
the tracheal opening and partly corresponding to the cricoid cartilage, which is the only complete cartilage
ring in the respiratory tract (4). During childhood, the larynx is located in a more cephalic and anterior
position than it is during adulthood: in newborns and children up to 2 years of age, the lower limit of the
cricoid cartilage lies at the level of the fourth cervical vertebra; at 6 years of age, it lies at the level of the
fifth cervical vertebra, and in adulthood, it lies at the level of the sixth cervical vertebra (Figure 1 - 2) (4, 9,
10). Due to increased acute angulation on the lower levels, visualization of the vocal cords by laryngoscopy
is particularly difficult in infants and toddlers (4, 9). The laryngoscopic view in younger children is also
hampered by the epiglottis, which appears larger, longer and omega ()-shaped. Moreover, the epiglottis lies
more horizontally than it does in adults (45-degree vs 20-degree angle from the anterior pharyngeal wall).
Due to the higher location of the larynx, the tip of the epiglottis almost reaches the soft palate (11): this
anatomical conformation allows the infant to breathe and suckle simultaneously without aspirating due to
the intermittent pression of the tongue on the soft palate (the so-called “weloglossal sphincter ?) (12, 13)
and explains why infants have long been considered “obligate nose breathers ” up to age 2 - 6 months, when
they improve their ability to breath by mouth apart from crying (13-15). Actually, it is not possible to infer
from the literature how many infants are able to switch to oral breathing and at what age, so the term
"preferential nasal breather ” should be preferred, being more accurate (16, 17). In children, vocal cords
extend posteriorly and superiorly so that they are not angled at almost 90 degrees to the trachea as they are
in adults, further hampering the laryngoscopic view. Additionally, they are not linear but concave because
the vocal process of the arytenoid cartilage is inclined inferiorly and medially. Unsurprisingly, articulated
speech becomes possible when the larynx starts to descend (approximately around the second year of life)
(12). The description of the shape and diameters of the developing larynx is one of the most debated
subjects in the literature (18, 19): the paediatric larynx has been considered funnel-shaped for a long time,



with the narrowest point being at the cricoid ring until 6-8 years of age, as opposed to the adult larynx,
which is cylindrical and has the narrowest point localized at the glottis opening. However, it should be
emphasized that this description came from anatomical measurements of the glottic and subglottic areas in
cadaveric studies, particularly from the work by Bayeux (20) and Eckenhoff (11), so the data might have
been biased due to post-mortem tissue muscle tonicity loss in the portions of the larynx not supported by
full circumferential cartilage. As a matter of fact, this hypothesis has recently been reconsidered in some
in vivo studies: Littman and Dalal, using MR and video-bronchoscopic imaging, respectively, have shown
that the paediatric larynx is conical in the transverse dimension (with the apex of the cone at the vocal
cords, which is the narrowest point) and cylindrical in the anteroposterior dimension (21, 22). However,
since CT is considered the gold standard for measuring the inner portions of the larynx and trachea due
its spatial resolution and discrimination of the air/tissue interface (23, 24), this technique has been used in
subsequent studies by Wani et al., which specified that the narrowest part of the paediatric larynx is located
in the subglottic area (19). Specifically, these studies have clarified that the narrowest portion of the larynx
in the transverse dimension is localized at the subglottic level, and in the anteroposterior dimension, it is
localized at the cricoid level. However, since the subglottic area is relatively elastic and distensible, unlike the
cricoid ring, which is the only circumferential complete non-distensible structure in the airways, the latter
still functionally represents the narrowest portion of the paediatric larynx (23-25). More recently, Luscan
et al. performed 23 measurements in the airways, from the larynx to the main bronchi, by using HRCT on
192 healthy children aged from 1 day to 14 years, providing new data suggesting that the paediatric upper
airways and the main bronchi show a rapid growth phase during the first 3 years of life, followed by a slow
growth phase and a second rapid growth phase during adolescence (26), similar to what has been described
for height development (27). These data question the long-believed hypothesis on linear airway growth.
The geometry of the cross-section of the larynx is another particularly important topic: since the studies by
Littman and Dalal (21, 22) demonstrated that the subglottic region is more elliptical than circular in shape,
as previously suggested by Bayeux, with a greater anterior-posterior dimension than transverse dimension,
many physicians are shifting from the routine use of non-cuffed endotracheal tubes, previously preferred to
avoid the risk of ischaemic damage to the mucosa at the cricoid level (28, 29), to increased use of cuffed
endotracheal tubes, even in infants and younger children (30). Nonetheless, in the study by Luscan et al.,
the cricoid was described as having a round shape regardless of the child’s age, with a diameter smaller than
the anteroposterior diameter of the glottic area (26). As far as consistency, the paediatric larynx, except
for the hyoid bone, is composed of non-ossified cartilaginous structures; hence, the whole structure is softer
and more pliable than it is in adults, increasing the risk of airway obstruction. Complete calcification of the
components of the larynx and trachea occurs in the teenage years (9).

TRACHEA, BRONCHI AND BRONCHIOLES

The trachea is shorter and narrower in children and is also angled posteriorly. Due to the higher position
of the paediatric larynx, the cervical trachea segment appears to be composed of more tracheal rings in
children than in adults, with 10 countable rings above the sternal notch in newborns, 8 in adolescents, and 6
or less in adults (12). Moreover, in infancy, tracheal size is approximately 50%, 36% and 15% of the length,
diameter and cross-sectional area of an adult trachea, respectively (12). The pattern of growth of the trachea
is still a matter of debate: in 1986, Griscom et al. analysed the trachea of 130 children aged <6 years by
CT, describing how the length, diameter and cross-sectional area grow from birth to adolescence and showed
that by the end of adolescence, the length of the trachea doubles and that the mean transversal diameter is
wider than the mean antero-posterior diameter in children up to the age of 6 years. These diameters increase
afterwards, becoming nearly identical, so that the cross-section of the trachea becomes rounder, and at age
18, the anteroposterior diameters usually become slightly larger (12, 31). Increases in tracheal length and
diameter were believed to occur with a direct linear relationship from approximately 18 weeks gestation (32,
33) to age 14 in girls, while in males, tracheas continue to enlarge (but not lengthen) for a time after growth
in height ceases. As previously mentioned, this pattern of growth has recently been questioned by Luscan
et al., who showed a pattern of development similar to that of height and confirmed that the trachea is not
round in shape, with a greater transverse diameter than anteroposterior diameter (26).



The bronchial tree originates from the trachea, forming an asymmetric and dichotomic system of bronchi
and bronchioles that are characterized by a progressive reduction of cartilage in their walls. The smaller
bronchioles (diameter [?] 1 mm) are not supported by cartilage in their walls and are called terminal
bronchioles , representing the last generation of the airway conduction system. Their distal continuations
are called respiratory bronchioles , and they show some alveoli in their walls and open in the alveolar ducts.
Respiratory bronchioles, together with alveolar ducts and alveolar sacs, represent the basic functional unit
of the lung, commonly known as an acinus(approximately 1 cm in diameter) (Figure 3) (34, 35). The “pre-
acinar” or conducting airways are considered complete at birth, having been described as a miniature version
of an adult’s (33, 36), and only enlarge and elongate during growth, doubling or tripling their dimension up
to adulthood (37). There is still some debate on the fact that the peripheral airways beyond the eighteenth
generation may be disproportionately narrower than larger airways in infants and young children (38, 39),
since a number of physiologic studies have not confirmed this pattern (33, 40-43).

LUNG DEVELOPMENT

While the development of conductive airways is complete at birth, the lungs undergo a prolonged period
of postnatal development and maturation. Lung development is characterized by four phases (five when
considering the embryonic period during which the respiratory tract rises from the foregut at approximately
3-5 weeks gestation) (Figure 4) (35, 44). In the first stage of lung development, the so-called “pseudoglandular
phase 7, occurring at 5-16 weeks of gestation, the pre-acinar branching and primitive capillary plexus begin
to develop, and the mesenchyme is abundant. At the end of this stage, the bronchial tree is fully developed
(45, 46). The “canalicular phase ” occurs from the 17th to the 27th week of gestation and is characterized
by the development of acini with primitive alveoli. In this phase, type I and type II pneumocytes start
to differentiate so that they can be recognized after 24 weeks of gestation (35). Moreover, an increase in
capillarization, which also becomes closer to the airway surface epithelium, as well as a decrease in the amount
of connective tissue, have been described, indicating the start of the development of the alveolar-capillary
barrier. The “saccular phas €’ starts at 28-36 weeks of gestation and continues until birth: during this phase,
type II pneumocytes start to produce surfactant, saccules develop, and respiratory units differentiate. This
phase is crucial: as a matter of fact, babies born before 36 weeks may show respiratory distress requiring the
administration of exogenous surfactant, the severity of which is related to the degree of prematurity (46).
Even if true alveoli begin to appear around the 28th week of gestation, the last phase, the “alveolar phase ”,
starts conventionally at 37 weeks, since alveolarization occurs mainly after birth (33, 47, 48). In fact, at birth,
neonates have from 17 to 71 million alveoli, whereas adults have 200-600 million, so 85% of alveoli are added
postnatally (35, 49). In particular, it has been reported that the volume of the lung doubles by 6 months of
life, triples by 1 year (50) and increases by a factor of approximately 13 between the ages of 1 month and 7
years (35). The growth of the airways occurs more slowly than that of parenchyma, particularly in the first
year of life, and this disproportionate growth pattern has been defined as “dysanaptic growth ” (48, 51). The
alveolarization process is still not completely understood (52); nevertheless, the prevailing hypothesis is that
alveoli stop multiplying by 2-3 years of age and then undergo a process of increase in volume and surface
area (47, 53, 54), even if some authors have suggested that alveoli formation may continue until 7-8 years
of age (55-58). A recent study by Narayanan et al. contradicts these hypotheses: in their study, alveolar
dimensions were noninvasively assessed in subjects between 7 and 21 years of age by measuring self-diffusion
of hyperpolarized helium-3 in the lung periphery during a brief breath-hold using MR (59). The results of
the study show that alveolar size does not increase, and thus, the described 3- to 4-fold increase in lung
volume between 7 years and adulthood (60) could only be explained by neo-alveolarization through childhood
and adolescence. This finding could be noteworthy considering the chances of recovery for children having
suffered early lung damage due to respiratory diseases as well as several detrimental environmental factors
(51, 52). Regarding differences between sexes, it should be noted that boys have more alveoli but the same
mean alveolar size as females; therefore, they have larger lungs at any given age. Males also have more
respiratory bronchioles than females, since the number of alveoli supplied from one respiratory bronchiole is
the same in boys and girls (61). These differences may be caused by the influence of sex hormones on lung
development, especially in adolescence, when remarkable changes also occur to the thoracic cage in terms



of anatomy and muscle power (35, 46). Last but not least, it should be noted that even if children have
fewer alveoli, their air-blood contact surface ratio is 1 m?/kg, which is almost the same as that in adults.
Nonetheless, infants lack interalveolar pores of Kohn (62), bronchiolar-alveolar channels of Lambert (63) and
interbronchiolar channels of Martin (64), which are compensatory structures linking alveoli with each other,
alveoli to bronchioles, or bronchioles to each other, respectively, to facilitate collateral ventilation overcoming
distal obstructions (Figure 3) (65, 66). The development of these structures is usually complete by the 12th
month of life (52, 67-69).

CHEST WALL AND RESPIRATORY MUSCLES

The paediatric chest wall has unique features and undergoes significant developmental changes during growth
in terms of shape, compliance, and deformability (48). In newborns and infants, the ribs have a typical
horizontal orientation, and the transverse chest section is almost circular, rather than oval: when they adopt
an upright posture, gravitational forces gradually change the orientation of the ribs and chest section, as
clearly noticeable in chest X-rays and CT scans (Figure 5) (70, 71). The horizontal orientation of the ribs
makes it challenging for younger children to elevate them as adults do with the normal “bucket handle”
effect to enlarge the rib cage and the thoracic volume: this unique feature contributes to the fixity of tidal
volume (TV) during childhood so that ventilation is primarily diaphragmatic and respiratory dynamics are
less efficient (72, 73). Moreover, in children, costae consist mainly of cartilage, which makes the rib cage
highly compliant, further reducing respiratory pump efficiency (70, 71). The diaphragm also has a more
horizontal position, being flatter than in adults; therefore, its ability to contract is limited. External and
internal intercostal muscles are not well developed in children, especially in infants. As a result, contraction
of these muscles cannot contribute to enlargement of the chest wall as in adults, and their contribution to
respiratory effort and tidal volume is minimal (73). Instead, these muscles act primarily to stabilize the more
compliant chest wall, minimizing the inward displacement of the rib cage caused by negative intrathoracic
pressure produced by downward diaphragmatic contraction (70). Moreover, in infancy, respiratory muscles
are mainly composed of type II fibres (fatigue-susceptible, due to lower stores of glycogen and fat) since type
I fibres (fatigue-resistant) develop later in life (73, 74). Consequently, children have greater susceptibility to
ventilator muscle fatigue when the respiratory rate (RR) is increased, and this is particularly true in preterm
infants who have the lowest percentage of type I fibres (74, 75). At the age of 2 years, the diaphragm is
composed of 55% type I fibres (74). Smooth muscle begins to appear in the airways at 6-8 weeks of gestation,
and its amount continues to grow during childhood, with a progressive increase in beta-adrenoreceptors,
particularly noticeable in the first year of life (34, 76).

RESPIRATORY SYSTEM PHYSIOLOGY IN CHILDHOOD

In addition to the anatomical differences that we have described so far (Table 1), the respiratory system is
also characterized by physiological peculiarities in childhood. First, since birth and up to school age, children
have a higher metabolic rate, with a rate of oxygen consumption at rest that is more than double that of
adults (7-9 mL/kg/min vs 3 mL/kg/min) (1). Moreover, in the case of hypoxia, oxygen release decreases
even more due to bradycardia caused by activation of the parasympathetic nervous system, whose activity is
dominant in newborns and infants. Because children have a mostly stable TV, the only way to guarantee the
required oxygen supply at rest is through a higher respiratory rate (RR) (77): normal paediatric RR values
during rest were described in evidence-based percentile charts by Fleming et al. in 2011, demonstrating how
RR declines from birth to adolescence, with the steepest fall at 2 years of age (78). Considering that TV
cannot be increased considerably and that minute ventilation (MV) is equal to RR multiplied by TV, when
experiencing respiratory distress, infants must increase their RR to increase MV (79). However, when RR
increases too much, TV starts to decrease (28). Notably, TV in infants is approximately 15 mL, while it is
approximately 500 mL in adults (33), and MV is estimated to be 500 mL/min in infants and approximately
6 L/min in adults. All lung volumes are obviously reduced in children, and the difference is particularly
noticeable in functional residual capacity (FRC), which is approximately 80 mL in newborns and 3,000 mL
in adults (35,49). FRC is defined as the static passive balance between the inward collapse of the lungs
and the outward pull of the chest wall: in children, this balance is achieved at a very small FRC because



the outward pull of the chest is small due to the compliance of the rib cage (35). FRC can be functionally
considered a respiratory reserve (70): in infants, a reduced FRC results in less air available in the lungs for
gas exchange, especially during respiratory distress or when lying supine (i.e., when the lungs are compressed
by ascended abdominal contents). In newborns and infants, FRC decreases during deep sleep and sedate
states more than in adults because the chest wall is more compliant and muscle tone decreases more easily,
so that during the period of apnoea, they undergo desaturation more rapidly. (28). However, in the first 6-12
months of life, infants can dynamically increase their FRC by actively modulating their expiration flow via
post-inspiratory activity of the diaphragm (48,80) and laryngeal narrowing during expiration (81). Finally,
it is important to remember that airway resistance is described by Poiselle’s Law: R = 8nL/mr*: as shown
in this equation, resistance (R) to flow is inversely proportional to the radius (r) of the airway raised to
the fourth power (in the equation, n is the coefficient of viscosity of the air, L is the length of the airway,
and V is the airflow volume). This means that a small narrowing (for example, due to oedema) results in
significant obstruction in children with a large impact on airway resistance (Figure 6). Moreover, although
the airway diameter decreases from the trachea to the terminal airways, there is a gradual increase in the
cross-sectional area due to the increase in the number of airways, so peripheral resistance is notably less
significant (47). Last but not least, even the cough reflex undergoes a process of maturation in the very
first months of life; unsurprisingly, some studies have shown that newborns and infants respond to external
stimuli in the pharynx, such as the introduction of water or saline, mainly with swallowing, apnoea and
laryngeal closure (82).

CONCLUSIONS The paediatric airways are far from being just a smaller version of adult airways since
they have many anatomical and physiological peculiarities that explain many symptoms and disease condi-
tions in childhood. Some of these factors may contribute to the rapid development of respiratory distress in
childhood (Table 2). These factors should be well known and kept in mind when managing acute and/or
chronic airway disease and/or respiratory distress in infants and preschool-age children. Knowing the pecu-
liarities of paediatric airways is helpful in the prevention, management and treatment of acute and chronic
diseases of the respiratory tract.
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