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smaller than non-DS children. Tracheomalacia and tracheal bronchus are seen
significantly more often in DS children. Furthermore, tracheal stenosis, CTRD, and
tracheal compression by vascular structures are seen regularly in children with DS.
These findings are reflected by the significantly higher frequency of tracheostomy
and tracheoplasty performed in DS children.

Conclusion: In children with DS, tracheal anomalies occur more frequently and tracheal
surgery is performed more frequently than in non-DS children. When complaints
indicative of tracheal airway obstruction like biphasic stridor, dyspnea, or wheezing are
present in children with DS, diagnostic rigid laryngotracheobronchoscopy with special
attention to the trachea is indicated. Furthermore, imaging studies (computed
tomography, magnetic resonance imaging, and ultrasound) play an important role in the
workup of DS children with airway symptoms. Management depends on the type,
number, and extent of tracheal anomalies. Surgical treatment seems to be the mainstay in

Severe cases.
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1 | INTRODUCTION

Down syndrome (DS) or trisomy 21 is the most prevalent chromo-
somal disorder in humans, affecting approximately 1 in 625 live
births.® DS causes a broad spectrum of anatomical variations in the
head and neck area, warranting otorhinolaryngological consultation
in approximately 50% of children with DS.?® Airway anomalies are
accountable for a substantial part of morbidity and mortality in
children with DS.*° Upper airway anomalies in DS children are well-
described in literature and well-known to physicians treating DS
children with airway symptoms.® Little attention is directed toward
tracheal anomalies.

In the general pediatric population, tracheal anomalies are re-
latively uncommon and no incidence for the spectrum of tracheal
anomalies is described in the literature. Presenting symptoms may
include stridor, dyspnea, cough, recurrent respiratory infections or
cyanosis. However, some anomalies like tracheal bronchus can re-
main asymptomatic and are incidental findings on imaging. Diagnosis
of tracheal anomalies is primarily established by rigid endoscopic
tracheobronchoscopy, as both structural disorders like tracheal
stenosis or complete tracheal ring deformity (CTRD) as well as
functional disorders like tracheomalacia or tracheal compression by
vascular structures can be identified. As tracheobronchoscopy is only
performed in symptomatic patients, tracheal anomalies are con-
sidered to occur more frequently than reported. Furthermore, tra-
cheal anomalies often coincide with congenital disorders other than
airway or respiratory anomalies, including congenital heart disease,
vascular anomalies, or gastrointestinal defects.”

Although tracheal anomalies are rare, they occur more often in
DS children than in non-DS children.® A structured overview of the
prevalence and treatment options of tracheal anomalies in DS chil-
dren is missing in the literature. The aim of this systematic review is
to describe these characteristics of tracheal anomalies in DS children
and to create awareness for tracheal anomalies among clinicians

treating DS children with respiratory complaints.

2 | MATERIALS AND METHODS

This systematic review followed Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.” We
sought to review all original studies (case study, case-control study,
cohort study, controlled clinical trial, or randomized controlled trial)
on tracheal anomalies in children with DS and present the results in a
narrative fashion. Tracheal anomalies eligible for assessment
included congenital and acquired tracheal stenosis, CTRD, tracheal
bronchus (also known as “pig bronchus” or “bronchus suis”), tracheal
compression by vascular structures, tracheomalacia (with or without
bronchomalacia), tracheal web, tracheal agenesis or atresia,
laryngotracheoesophageal cleft type 3 or 4, trachea sleeve or absent
tracheal rings. Exclusion criteria were studies without DS patients,
patients aged >18 years old, or airway anomalies not related to the
trachea (for instance sleep apnea, subglottic stenosis, laryngomalacia,

WILEY

laryngeal cleft grade 1 or 2, vocal cord paralysis, or infectious
diseases).

A medical information specialist (J. L.) performed a broad search
in OVID MEDLINE and OVID EMBASE from inception to November
16, 2020 using controlled terms (i.e., MeSH-terms) and text words
for DS and tracheal anomalies (see Supporting Information Appendix
A). No language, date, or other restrictions were applied. Conference
abstracts were excluded from EMBASE. The records retrieved were
imported and de-duplicated in EndNote X9. Two authors (M. M. F.
and M. H.) independently screened all records on title and abstract
using the web application Rayyan (rayyan.qcri.org). If the study
potentially met inclusion criteria, the full text was obtained and
assessed for inclusion eligibility. Any disagreements were reviewed
and discussed with a third author (F. G. D.) until consensus.

To improve readability for clinicians confronted with DS children
with tracheal anomalies, included articles are presented in a narra-

tive fashion for each individual tracheal disorder.

3 | RESULTS

The search retrieved 748 unique publications, which were screened
on title and abstract (see flowchart in Figure 1). Of the 135 full-text
publications assessed, 59 articles met inclusion criteria. The pre-

valence of each individual tracheal anomaly is presented in Table 1.

3.1 | Congenital and acquired tracheal stenosis

Nine articles on congenital and acquired tracheal stenosis in DS
children were included.*® 8

A narrowed trachea is considered a congenital feature of DS. In a
prospective study on DS children without respiratory symptoms,
magnetic resonance imaging (MRI) of the trachea showed a tracheal
diameter 1.3-3.2 mm smaller compared with non-DS children.*®

In a retrospective cohort study of DS children with airway com-
plaints requiring diagnostic laryngotracheoscopy, congenital tracheal
stenosis accounted for 5% of children.** The prevalence of sympto-
matic congenital tracheal stenosis in DS is estimated at 0.4%.'* If a
tracheal stenosis is an incidental finding or respiratory complaints are
mild, no treatment is necessary. In cases of severe congenital tracheal
stenosis, surgical management is indicated. In reviewed case reports
on congenital tracheal stenosis in DS children, a slide tracheoplasty is
performed to treat severe tracheal stenosis.'? ** Unfortunately, slide
tracheoplasty demonstrated a poorer quality of life in children with
noncardiac congenital comorbidities like DS when compared to chil-
dren with isolated stenosis or healthy controls.® Notably, all reviewed
cases suffered from congenital heart disease like atrial or ventricular
septal defects, confirming the association between congenital tracheal
stenosis and congenital heart disease. Simultaneous repair of rela-
tively simple congenital cardiac disease is advocated; however, com-
plex cardiac defects are associated with an increased mortality rate.*?
Interestingly, a recent study demonstrated that children with
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congenital tracheal stenosis have longer trachea than controls.*
Therefore, slide tracheoplasty is considered to treat the stenosis and
restore normal tracheal length.*®

The prevalence of acquired tracheal stenosis is estimated at
0.8% of children with DS, as determined in a study of a complete
birth cohort of DS children in the greater Glasgow (Scotland) area.’”
In the studied population, acquired tracheal stenosis accounted for
6% of children with laryngotracheal airway pathology. Acquired
tracheal stenosis is generally caused by intubation with an oversized
tube or prolonged intubation.’® Selecting an appropriately sized
endotracheal tube is, therefore, important. The proper size for en-
dotracheal tube intubation in children with DS is considered to be
0.5-1.5 mm smaller compared with non-DS children.’® Choosing the
appropriate endotracheal tube size can be helped by the air leak test,
in which the ventilator pressure is slowly increased until an air leak is
audible. An air leak audible between 10 and 30cmH,O pressure
corresponds with an appropriate endotracheal tube size. Selecting
the “proper size” has shown to decrease the risk of post-intubation
inspiratory stridor.?° Consequently, endotracheal tube size for DS

children should, therefore, always be smaller than non-DS children.

32 | CTRD
CTRD is considered to be the most common cause of congenital
tracheal stenosis in children. Our systematic review revealed
21 articles describing CTRD in children with DS.>*#*

Complete tracheal rings consist of “hourglass” or O-shaped carti-
lage rings lacking a posterior membranous part, causing stenosis of the

trachea. The stenosis is frequently observed in the middle or distal part

of the trachea and may range from a few centimeters to the entire
trachea.?™%° In 1992, the relationship between DS and CTRD was
recognized in a case series of nine DS children.?® The onset and course
of respiratory symptoms can be highly variable. CTRD may present
directly after birth or in early infancy with symptoms like stridor,
wheezing, “wet” respiration, exertional dyspnea, respiratory distress,
and ultimately cyanosis.?”” However, some children only experience
respiratory symptoms during upper respiratory tract infections or after
endotracheal intubation.?®?° Furthermore, in asymptomatic children
CTRD can be discovered when advancing an endotracheal intubation
tube for an elective procedure is difficult.?>*° The anomaly can,
therefore, stay unnoticed for years, or even never be discovered at all.
CTRD is generally diagnosed with rigid laryngotracheoscopy, but dy-
namic computed tomography (CT) can contribute if the diagnosis is
doubted after laryngotracheoscopy.?’ In case of miscarriage in DS,
CTRD can be diagnosed with microfocus CT as an addition to or
replacement of postmortem examination.®*

CTRD is associated with congenital heart disease like atrial/
ventricular septal defect,”**?% tetralogy of Fallot,** persistent
ductus arteriosus,>®> or aberrant right subclavian artery.?%?®3¢
Furthermore, congenital malformations like tracheal bronchus®* and
complete agenesis of one lung”® have been described in DS children
with CTRD.

Management of CTRD depends on the severity of symptoms. In
mild-to-moderate CTRD, conservative management is justified as
airway growth may resolve symptoms and refrain children from
surgery.*? In severe CTRD, surgical repair should be performed
either with tracheal resection with an end-to-end anastomosis®® or
slide tracheoplasty.?’*® Tracheoplasty is performed significantly
more often in children with DS than in non-DS children.*? An
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FIGURE 1 Flowchart of the study selection process for tracheal anomalies in Down syndrome [Color figure can be viewed at

wileyonlinelibrary.com]
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TABLE 1 Reported prevalence of tracheal anomalies in DS and general population

General population with airway complaints and/or

tracheobronchoscopy (%)

DS with airway complaints and/or

tracheobronchoscopy (%)

General population (%)

DS (%)

0.002

2.8-5

0.4

Congenital tracheal stenosis

0.8

Acquired tracheal stenosis

1.2

Complete tracheal ring deformity

1.3-2.1

0.1-1.1

3.1-21

Tracheal bronchus

33

)

17-28.3

Aberrant right subclavian artery

7.4-12.7

23.1-51.5

44-7.1

Tracheomalacia

0.6

Tracheal web

Abbreviations: DS, Down syndrome; -, not reported.
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interesting follow-up study on surgically treated patients showed
that repaired complete tracheal rings continue to grow after slide
tracheoplasty.>® In asymptomatic DS children, surgical correction is
not necessary. As it was demonstrated that airway lumen grows with
age in children with CTRD, expectant nonsurgical management is
advisable in DS children with mild respiratory complaints and a re-
latively short segment of complete rings.*® Although surgical repair
of CTRD often leads to a patent tracheal lumen, extensive co-

morbidity in children with DS may worsen survival.?>**

3.3 | Tracheal bronchus

Eight articles on tracheal bronchus in DS were included in this sys-
tematic review, 24143748

A tracheal bronchus, also known as pig bronchus or “bronchus
suis,” is defined as an anatomical variation in which an aberrant or
additional bronchus originates from the supracarinal trachea. It is
predominantly seen on the right side and has an estimated incidence
of 0.06%-1.06%.%° A tracheal bronchus is often asymptomatic and,
therefore, reported prevalence rates in literature might under-
estimate the exact prevalence. However, some patients with a tra-
cheal bronchus suffer from recurrent right upper lobe pneumonia,
chronic atelectasis, or bronchiectasis.

Tracheal bronchus in DS children was first described by
McLaughlin et al.** in 1985, who presented one DS child with re-
current pneumonia due to a right displaced apical bronchus origi-
nating from the trachea. Since then, several additional cases have
been described.?> 3444748 |nterestingly, in a cohort study on chil-
dren with respiratory complaints requiring flexible laryngotracheo-
bronchoscopy, tracheal bronchus was seen in 21% of DS children
compared with 2.1% in non-DS controls.** Furthermore, a recent
multicenter study on tracheal bronchus showed that 11/113 (8.3%)
children with tracheal bronchus had DS.*® As far as the affected side
is described, all but one article on tracheal bronchus in DS concerned
right-sided tracheal bronchus. Only Hansen et al.?’ described a

bilateral tracheal bronchus.

3.4 | Tracheal compression by vascular structures

Twenty-five articles on vascular structures causing tracheal com-
pression were included.!”2123:36:4349-68

Congenital heart disease is relatively common in DS as it is seen
40% of DS children.®” Congenital vascular anomalies of the aorta and
great vessels can lead to compression of the trachea and esophagus,
known as a vascular ring or sling.?>°%%® Types of vascular structures
causing tracheal compression reported in DS children include pul-
monary artery sling,*”>**®°? double aortic arch,>>* right aortic
arch with anomalous left subclavian artery,sz'60 innominate artery,61
and aberrant right subclavian artery.?*?%>%¢ One case of iatrogenic
tracheal compression by a vascular structure in a DS child was
identified, in which failed cardiac catheterization caused an
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aneurysm of an anomalous right subclavian artery to compress the
trachea.®”

Both severity of symptoms and age at presentation vary among the
forms of vascular anomalies, depending predominantly on the proportion
of encasement of the trachea. Rarely, compression of one main bronchus
can also lead to respiratory symptoms.*”® Presenting symptoms include
stridor, wheezing, dyspnea, cyanosis, and eventually respiratory distress.
Associated feeding problems should raise suspicion for the presence of a
vascular sling causing concomitant esophageal compression. Fetal en-
dosonography enables prenatal diagnosis of vascular anomalies like
aberrant right subclavian artery, double aortic arch, and right aortic arch
with anomalous left subclavian artery in children with DS.6%63¢567:68
Interestingly, an aberrant right subclavian artery is considered an in-
dicator for chromosomal abnormalities as it is seen in 17%-28.3% of DS
fetuses.”*>°” On the contrary, symptomatic vascular compression of the
trachea and esophagus is very rare. A cohort study of DS children
showed an aberrant right subclavian artery in only 6% of children un-
dergoing tracheobronchoscopy.’” Vascular compression of the trachea is
managed conservatively or with surgical correction. Surgical procedures
include division of the vascular malformation and/or tracheal cartilage
framework surgery, depending on the type of vascular malformation and
the location and extent of tracheal compression.”>>>

Interestingly, vascular tracheal compression is associated with
CTRD. In DS children, we identified three cases of DS children suf-
fering airway obstruction due to an aberrant right subclavian artery
and CTRD.?*?%%¢ To our knowledge, there is no embryologic ex-

planation for this association.

3.5 | Tracheomalacia

Nine articles on tracheomalacia in DS children were

included.l1,14.17,41,43.44,70772

Tracheomalacia is characterized by the collapse of the tracheal lu-
men on expiration attributed to cartilage weakness. Airway collapse can
also involve both the trachea and the bronchi (tracheobronchomalacia),
or just the bronchi (bronchomalacia). When no specification on the site
of collapse is given; the general term airway malacia is used to describe
airway collapse of trachea, bronchi, or both. Tracheomalacia can occur
independently, but is also associated with tracheoesophageal fistula,
tracheal compression by a vascular ring, or congenital heart disease.
Presenting symptoms include stridor, dyspnea at rest or on exertion,
wheezing, barky cough, cyanosis, or recurrent pneumonia.

In cohort studies on DS children, the prevalence of airway malacia
ranges from 4.4% to 7.1%.*>” In DS children requiring endoscopic
evaluation of the airway because of respiratory complaints, airway
malacia was observed in 32.4%-46%.">**** When compared with
non-DS controls with airway complaints, airway malacia was observed
significantly more often (33% in DS vs. 7.4% in controls). Furthermore,
associated morbidities in DS children with airway malacia include
congenital heart disease and pulmonary arterial hypertension.*>7%72

Although the severity of symptoms may differ among DS children,

pediatric intensive care unit admission may be necessary.”* Treatment
for tracheobronchomalacia depends on the severity of symptoms:
whereas children with mild-to-moderate tracheobronchomalacia may
be effectively treated with medication (corticosteroids/ipratropium
bromide inhalers, saline nebulizers, and/or intermittent courses of
antibiotics) or supportive treatment (oxygen supply, high flow nasal
canula, or nasal continuous positive airway pressure), children with
severe tracheobronchomalacia require a surgical intervention. Surgical
options to improve the tracheal lumen include anterior aortopexy, in
which the aorta is pulled anteriorly toward the sternum, and posterior
tracheopexy, in which the trachea is attached to the anterior long-
itudinal ligament of the spine.®” Furthermore, stenting the airway with
an internal stent is potentially a promising concept but currently
reserved for patients who have no curative surgical options or as an
alternative for tracheostomy, as stents generally lead to a wide range
of problems like mucus plugging, granulation tissue/crust formation,

stent migration, or difficulty/inability to remove the stent.’*”?

3.6 | Tracheal web

A tracheal web is a thin layer of tissue that narrows the tracheal
lumen, but never fully occludes the trachea. It can either be con-
genital or acquired as a result of intubation. Only one report de-
scribed a DS child with a tracheal web, covering 30% of the tracheal
lumen.** No surgical intervention was necessary. In the non-DS po-
pulation in that study, two children with tracheal web were found,
resulting in an overall prevalence of 0.6%.

3.7 | Tracheal agenesis and atresia

The absence of the trachea (agenesis) or partial underdevelopment
of the trachea (atresia) is a very rare congenital disorder. The con-
dition is generally associated with rapid postnatal death. In cases of
proximal tracheal atresia in which in utero ultrasound confirms the
diagnosis, survival through an ex utero intrapartum treatment pro-
cedure may be accomplished.”®”# In our systematic review, no as-

sociation between tracheal agenesis or atresia and DS is described.

3.8 | Other tracheal anomalies
Our systematic search showed no literature on DS children with
tracheal anomalies such as laryngotracheoesophageal cleft (Grade 3

or 4), tracheal cartilaginous sleeve, or absent tracheal rings.

3.9 | Multiple synchronous tracheal anomalies

Prevalence of multiple synchronous tracheal anomalies is very rare,
as we identified only four DS children with more than one tracheal
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anomaly. Devine et al.*

reported a DS neonate with respiratory
insufficiency due to both a narrow trachea with 15 complete tracheal
rings and an aberrant right subclavian artery. The association be-
tween CTRD and aberrant right subclavian artery in DS children was
confirmed in two additional cases.”>*® Furthermore, our review
identified a case of a DS neonate with airway complaints due to a

congenital tracheal stenosis and tracheomalacia.'*

4 | DISCUSSION

This systematic review comprehensively discusses the range of tra-
cheal anomalies that occur in children with DS. The prevalence of
tracheal anomalies like tracheomalacia and tracheal bronchus is
significantly higher in children with DS.** Furthermore, tracheal
anomalies like congenital and acquired tracheal stenosis, CTRD,
tracheal compression by vascular structures, and tracheal web have
been well documented in children with DS. These findings are re-
flected by the significantly higher frequency of tracheostomy and
tracheoplasty performed in DS children when compared with non-DS
children.®?

Although this systematic review focuses on tracheal anomalies,
it is important to recognize that respiratory symptoms in DS children
are often multifactorial and can be attributed to both the respiratory
system as well as other organ systems. Children with DS are more
susceptible to respiratory tract infections and lung injury due to
parenchymal abnormalities like reduced alveolar surface area and
reduced ciliary beat frequency and movement.® The characteristic
anatomical abnormalities of the upper airway and hypotonia asso-
ciated with DS are accountable for the high prevalence of ob-
structive sleep apnea in DS children (50%-97%, compared with
1%-2% in non-DS children).? Furthermore, respiratory symptoms in
children with DS may be maintained or worsened by congenital heart
disease and its associated surgical complications, gastroesophageal
reflux, and reduced immune system including variable T- and B-cell
lymphopenia and suboptimal response to standard immunizations.®

To the best of our knowledge, there is no clear and straight-
forward embryological explanation for the association of DS and the
described variety of tracheal anomalies. The embryonic development
of the trachea and its cartilage is known to some extent. At around
26-30 days of development, the respiratory diverticulum is formed
and subsequently grows in a caudal direction to create the tracheal
lumen. Tracheal cartilage subsequently appears from mesenchymal
growth centers at 51-54 days.””

The etiology of tracheal anomalies is generally attributed to
either malformed tracheal cartilage or tracheal compression by nearby
vascular structures.”® To our knowledge, only one embryological study
demonstrated a relation between DS and abnormal cartilage. In this
report, rib cartilage of DS fetuses of 17-22 weeks showed an abnormal
growth maturation pattern when compared with non-DS fetuses.””

This finding was, however, only found in rib cartilage and not
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confirmed in femoral, vertebral, or skull cartilage. Unfortunately, no
attention was directed to tracheal cartilage in this study.

The development of the aorta and great vessels is complex and
providing a detailed description goes beyond the extent of this review.
Development takes place from the embryonic age of 18-50 days, thus
coinciding with the development of the trachea. Although the syn-
chronous presence of disorders related to malformed tracheal carti-
lage (e.g., CTRD or tracheomalacia) and congenital heart and great
vessel disease is widely reported, an embryological understanding of
this association is lacking. In general, the pathophysiology of vascular
structures causing trachea compression is attributed to the disorderly
development of the aortic arches.”® The most widespread theory,
based on “hypothetical double aortic arch with bilateral patent ducti
arteriosi,” was first coined in 1948 and attributed congenital vascular
anomalies to failure of (a number of) aortic arches to regress.79 This
theory was strengthened in 1994 by a case report of a DS girl with
bilateral patent ducti arteriosi.®’

Although our review presents a systematic overview of tracheal
anomalies in DS, we reckon that publication bias plays an important
role in the current knowledge of these anomalies. Many published
articles concern case reports or case series, while quite a few
“tracheologists” (otorhinolaryngologists regularly performing endo-
scopy of the pediatric trachea) will have been confronted regularly
with these anomalies in DS children. However, their findings might
not have been published as the prevalence of tracheal anomalies is

very low.

5 | CONCLUSION

In children with DS, tracheal anomalies occur more frequently and
tracheal surgery (tracheostomy and tracheoplasty) is performed
more frequently than in non-DS children. A wide variety of tracheal
anomalies like tracheomalacia, tracheal stenosis, tracheal bronchus,
CTRD, and tracheal compression by vascular structures can be re-
sponsible for respiratory complaints in children with DS. When
complaints indicative of tracheal airway obstruction like biphasic
stridor, dyspnea, or wheezing are present, diagnostic rigid laryngo-
tracheobronchoscopy with special attention to the trachea is in-
dicated. Furthermore, imaging studies (CT, MRI, and ultrasound) play
an important role in the workup of DS children with airway symp-
toms. Management depends on the type, number, and extent of
tracheal anomalies. Surgical treatment seems to be the mainstay in

severe cases.
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