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Abstract: 
Tracheomalacia (TM) and tracheobronchomalacia (TBM) may be primary abnormalities of the large airways or associated with a wide variety of congenital and acquired conditions. The evidence on diagnosis, classification and management is scant. There is no universally accepted classification of severity. Clinical presentation includes early-onset stridor or fixed wheeze, recurrent infections, brassy cough and even near-death attacks, depending on the site and severity of the lesion. Diagnosis is usually made by flexible bronchoscopy in a free-breathing child but may also be shown by other dynamic imaging techniques such as low contrast volume bronchography, computed tomography or magnetic resonance imaging. Lung function testing can provide supportive evidence but is not diagnostic. Management may be medical or surgical, depending on the nature and severity of the lesions but the evidence base for any therapy is limited. While medical options that include bronchodilators, anti-muscarinic agents, mucolytics and antibiotics, (as well as treatment of co-morbidities and associated conditions) are used,  there is currently little evidence for benefit. Chest physiotherapy is commonly prescribed, but the evidence base is poor. When symptoms are severe, surgical options include anterior or posterior tracheopexy, tracheal resection of short affected segments, internal stents and external airway splinting. If respiratory support is needed, CPAP is the most commonly used modality either via a facial mask or tracheostomy. Parents of children with TBM report diagnostic delays and anxieties about how to manage their child’s condition, and want more information. There is a need for more research to establish an evidence base for malacia. This statement provides a review of the current literature to inform future study.
 


Introduction:  
Tracheomalacia (TM) is a condition of excessive tracheal collapsibility, due either to disproportionate laxity of the posterior wall (pars membranacea) or compromised cartilage integrity. As a result, the anterior and posterior walls appose, reducing the tracheal lumen opening and creating a shape abnormality during bronchoscopy [1, 2]. TM may be localised or generalised [2, 3]. If the main bronchi are also affected the condition is called tracheobronchomalacia (TBM). The term bronchomalacia (BM) is used when the excessive collapsibility is restricted to one or both of the mainstem bronchi and/or their divisions at the lobar or segmental level [3, 4]. Cases of isolated BM as well as extrathoracic or cervical TM are relatively rare [5, 6]. 
Malacia is defined in this report as an arbitrary > 50% expiratory reduction in the cross-sectional luminal area during quiet respiration [7-13]. There is no universally agreed ‘gold standard’ diagnostic test although flexible bronchoscopy is the most commonly used modality by respiratory paediatricians. The degree of TM/TBM can be assessed either bronchoscopically or radiologically. There is also no universally accepted classification of severity. In clinical practice, the anatomical changes are arbitrarily described as mild (50 – 75% reduction), moderate (75 – 90% reduction), or severe (>90%) most often on the subjective visual inspection at bronchoscopy [14].  
The expiratory recoil pressure of the chest wall leads to a dynamic increase in intrathoracic pressure, which is transmitted to the airways. If the large intrathoracic airways are normal, changes in calibre are negligible but occur, for example, with coughing. If there is malacia, the tracheal/bronchial walls collapse with partial or complete occlusion of the lumen [15, 16], in particular if expiratory efforts are increased due to airflow obstruction. The adult literature distinguishes between collapse of the pars membranacea and the cartilaginous wall. Some use the term hyperdynamic airway collapse (HDAC) to describe the excessive protrusion of the posterior trachealis muscle into the central airway lumen during expiration and reserve the terms TM and TBM for the collapsibility of central airways due to the loss of structural integrity of the affected cartilaginous rings [17-19]. Because of the intrinsic softness of the paediatric tracheal cartilages, this distinction is less clear in the newborn, infant, and young child. For the purposes of this report, TM and TBM will also encompass HDAC.
This ERS task force on paediatric TBM reviews the current literature in children describing the evidence for diagnosis, clinical impact and therapeutic options, and the impact on families and patients with suggestions for future research. 








Methodology: 
The ERS taskforce on tracheomalacia and bronchomalacia in children comprised a group of paediatric respiratory physicians, a paediatric chest surgeon, paediatric radiologists, a physiotherapist, an early career member of the ERS, a European Lung Foundation (ELF) representative, and an ERS methodologist providing expertise in statement development. ERS standardised procedures for conflict of interest declaration were followed. 
The taskforce started with a teleconference in May 2017 to agree on the formulation of questions, and allocate work into twelve pairs. Each pair was allocated a key question and undertook their own  literature search using relevant keywords in systematic reviews, randomised controlled trials, case series and reviews and observational studies, over the last twenty years (1997-2017), from SCOPUS and Medline (accessed via PubMed) databases, restricted to the English language. Details of the original questions, the allocated task force members, results of the searches and PRISMA diagrams are in the on-line supplement. There were face to face meetings during the ERS Congress in Milan in September 2017 and another two-day meeting in Athens in March 2018.
Drafts were submitted to the task force chairs, integrated into a uniform manuscript, which was extensively discussed at the third face-to-face meeting during the ERS Congress in September 2018. All task force members further reviewed and contributed to the manuscript in its final form.



Conditions associated with TBM:   
There is no generally accepted paediatric classification of the causes of airway malacia. The task force used a division into those conditions with an intrinsic alteration of airway cartilage (primary or congenital) and those where the cartilage was embryologically normal but developmentally malformed because of pressure on the airway wall from outside (secondary), or acquired from airway luminal disease such as chronic infection. 
Pragmatically, it may also be helpful to distinguish conditions where TBM is clinically the main problem, and those in which, whilst still a factor, there are either more important complex extrapulmonary co-morbidities such as cardiovasular abnormalities, or pulmonary parenchymal disease. An example of the latter would be bronchopulmonary dysplasia, in which TBM worsens the prognosis but is far from the only abnormality [20]. 
The numerous causes of TBM are summarised in Table 1. Congenital airway malacia is part of many rare syndromes. TM can be found in association with chromosomal defect syndromes, mucopolysaccharidoses and inherited connective tissue disorders [21]. In addition, TM has been described in about 5% of children with achondroplasia [22]. Some conditions are associated with a discrete area of malacia. For example, children with trachea-oesophageal fistula typically have a short segment of TM post-operatively [18, 23, 24]; post-operative repair of vascular rings can leave a defined, short tracheomalacic defect.
One study[3] reported malacia (including laryngomalacia, a condition outwith the remit of this Task Force statement) in 299 of 885 bronchoscopies. Forty one had cardiovascular abnormalities, 29 had been treated for tracheo-oesophageal fistula (TOF), 9 had congenital lobar emphysema and 24 were syndromic. Boogaard et al. [25] found bronchomalacia in 160 of 512 paediatric flexible bronchoscopies, 136 cases being primary. Sixty seven of 86 children with primary malacia in whom bronchoalbveolar lavage (BAL) was obtained had a positive bacterial culture; lavage neutrophil counts were not reported. Whether infection was secondary to malacia, or the converse, and the relationship between malacia and persistent bacterial bronchitis is also unclear. 
It has been suggested that infant wheeze may be related to TBM [26] as a developmental phenomenon with spontaneous recovery, but the contribution of malacia is rarely determined in clinical practice.

Clinical Symptoms and Signs:   
The type and onset of symptoms depend on length, site and severity of the malacic segment. The task force members were unable to find any consistent correlation between anatomical severity and clinical features in the literature.

Symptoms may be persistent or intermittent, and of varying severity [6, 27]. If the extrathoracic trachea is malacic there may be stridor; if intrathoracic, a monophonic expiratory wheeze is common [6, 28]. If the child develops a respiratory infection, there may be a barking cough, prolonged resolution of cough, expiratory wheeze or croup-like symptoms. Older patients often complain that complete exhalation is difficult [18]. 

In more symptomatic cases, stridor or wheezing are persistent, respiratory infections are frequent and respiratory distress may occur. Wheezing in children with malacia is typically centrally located, low pitched and monophonic [29] and distinct from the diffuse, high-pitched and musical wheezing in asthma. Moreover, in patients with malacia, wheezing remains unchanged or even worsens after bronchodilator inhalation [15]. Importantly, TM/BM should always be considered in the differential diagnosis of infants and preschool children with “atypical wheeze” (e.g. infants who are never completely symptom free or infants with frequently recurring wheeze). The “bagpipe sign”, an expiratory sibilant sound that persists after the end of visible expiration, may also be present [6]. Intermittent compression of a malacic trachea during bolus progression in the oesophagus can cause desaturation, leading to poor feeding and, consequently, poor weight gain.

In severe cases, airway obstruction with cyanosis, inspiratory and expiratory stridor during tidal breathing, apnoea and even cardiac arrest or sudden infant death may occur [6, 27, 30-32]. In the most severe cases, airway obstruction can only be resolved with intubation [6, 27], and successful extubation can be challenging [33].Tracheal obstruction can cause “dying spells” (also called “apnoeic spells”, “reflex apnoea”, “death attacks” or “blue spells”). These events are possibly elicited by a reflex triggered by secretions or when a bolus of food in the oesophagus compresses the trachea. 

 Severe malacia is typically evident clinically from birth, but many children with tracheomalacia  or bronchomalacia do not show any symptoms before age 2-3 months [6, 27, 30]. Boogard et al. described symptoms in 96 outpatients with primary airway malacia and without comorbidities. Cough was found in 83% of children (night-time cough: 42%; productive cough: 60%; exercise-induced cough: 35%; characteristic barking cough: 43%), recurrent lower airway infections in 63%, dyspnoea in 59%, recurrent wheeze in 49%, recurrent rattling in 48%, reduced exercise-tolerance in 35%, symptoms of gastro-oesophageal reflux in 26%, retractions in 19%, stridor in 18% and funnel chest in 10% [25]. However, in many patients symptom onset is insidious, and for some the diagnosis is only made later in life [25], even in the elderly [34]. 

Table 2 summarises symptoms and signs of TM/BM. A barking or brassy cough is most commonly reported. Intra and inter-observer clinician agreement for brassy cough was very good [kappa=0.79, 95%CI 0.73–0.86) when undertaken by respiratory specialists, and the sensitivity and specificity of brassy cough (compared to tracheomalacia seen at flexible bronchoscopy) were 0.57 and 0.81 respectively [35]. The brassy cough is caused by vibration due to the mechanical juxtaposition of its anterior and posterior walls [27], which causes an irritable focus that stimulates further cough [36]. In a meta-analysis including five studies with 455 patients in whom bronchoscopy was performed because of recurrent croup-like symptoms, tracheomalacia was found in 4.6% of children [37].

In children with TM/BM, both airway closure during cough and ineffective cough due to an underlying condition can cause impaired clearance of secretion, leading to recurrent and/or prolonged respiratory infections [6, 27]. Santiago-Burruchaga et al. demonstrated airway malacia in 52% of 62 children in whom bronchoscopy was performed because of recurrent lower respiratory tract infections [38]. Airway malacia is a frequent bronchoscopic finding in children with recurrent respiratory symptoms [3, 39, 40] and in children with protracted bacterial bronchitis [41], although which is causal and which is secondary, is often unclear.

In children with TM/BM, symptoms can be aggravated by any conditions requiring increased respiratory efforts, such as exercise, coughing, crying, feeding, Valsalva manoeuvres, forced expiration or lying supine. All these activities cause increased intrathoracic pressure which worsens airway collapse [6, 18]. Placing an infant in prone position may open the airway because gravity pulls the mediastinal structures anteriorly, thus alleviating symptoms [15, 42]. 

Natural history
In patients with primary non-syndromic TM/BM, symptoms may resolve. A greater tracheal diameter and increasing rigidity of the supporting cartilages with a more pronounced “C” shape of the cartilage rings with less protrusion of the pars membranacea  (trachealis) often results in resolution of symptoms by age 1 or 2 years [27, 43, 44]. For some of these children, exercise intolerance or wheezing with exercise may persist into later childhood [21, 44]. 





The role of pulmonary function testing in diagnosing TBM:   
Eleven studies address the role of pulmonary function testing (PFT) in diagnosing TM/TBM but all are small and only two [25, 45] reported ≥ 20 children. Many different PFTs were undertaken: spirometry, V’maxFRC (maximal flow at functional residual capacity), FRC (functional residual capacity), PEF (peak expiratory flow), MEF (mid expiratory flow), TEF (tidal expiratory flow), airway resistance, flow-volume loop description and airway hyper-responsiveness. None of the studies used newer techniques such as oscillometry and multiple-breath washout. 
Many but not all studies showed that some children had expiratory airway obstruction.  Lung function testing cannot be used to diagnose TBM but an obstructive airway pattern is supportive evidence [46, 47]. Early phase plateauing of the expiratory limb has been described. A plateau of both inspiratory and expiratory limbs of the flow volume loop is more likely due to fixed obstruction, unless there is both intra- and extra-thoracic TM [48]. Increased thoracic gas volume (TGV) was also documented in one study [49]. Flow limitation during VmaxFRC is neither sensitive nor specific for malacia, but flow limitation during tidal breathing is highly predictive and 100% specific [50]. 
One study [46] found airway hyper-reactivity to mannitol in 2 of 15 (7%) children, the significance of which is unclear.  There was no significant effect of β-2 agonists on spirometry [25]. Indeed, beta2 agonist actually reduced V’maxFRC by 31.6% in 3 children [51].  
The studies are for the most part small, and none related PFTs to severity of TBM, or even defined how the diagnosis was made. Hence, we could not calculate the sensitivity and specificity of any PFT abnormality for TBM. PFTs may or may not be abnormal in children with TBM. Limited data suggests that currently available PFTs cannot be used to diagnose TBM.

The role of imaging to diagnose TBM:  
The task force members could find no evidence that plain radiographs can be used to diagnose TBM [52].
Fluoroscopy
Fluoroscopy is a quick, non-invasive dynamic study, with minimal radiation exposure (approximately 0.01mSv) and no requirement for sedation. Airway fluoroscopy is performed in the lateral position while the patient is free-breathing. [27, 53, 54].  The sensitivity is poor (20-24%), while the specificity is very high (93-100%) [55, 56]. Fluoroscopy is often combined with a barium swallow to rule out the presence of an external compression.
Multi-detector computed tomography (MDCT)
MDCT provides new diagnostic options [Figure 1]. Paired end-inspiratory and end-expiratory MDCT or paired end-inspiratory and dynamic expiratory MDCT are both reliable techniques[7-9, 57]. Children age <5 years generally require intubation and controlled ventilation technique [10, 58], which will influence airway dynamics. Intravenous contrast injection is only mandatory when looking for underlying compressive causes such as vascular abnormalities [10]. The reported overall diagnostic accuracy of paired airway MDCT compared to laryngoscopy/bronchoscopy is 91% [9]. Free breathing cine–MDCT is an alternative technique in young children as it does not require general anesthesia and controlled ventilation, and radiation exposure is low (mean effective dose less than 2mSv, with the minimum ever reported 0.19-0.8mSv) [11-13]. Reported sensitivity (96.3%) and specificity (97.2%) are high compared with bronchoscopic evaluation [11]. Virtual bronchoscopy is not very sensitive (sensitivity<75%) in detecting TM [59]. Only one study compared virtual bronchoscopy with flexible bronchoscopy reporting a sensitivity  of 54.1% and specificity of 87.5% for TM and 45.2%, and 95.5% for BM [60]. 
MDCT has the advantage that it is a quick, less invasive technique which allows simultaneous assessment of any mediastinal, vascular and lung pathologies, as well as visualisation of airways distal to the obstruction [61]. The major disadvantage is the radiation exposure, which increases with the paired technique. This can be partially overcome by using reduced-dose techniques in the expiratory scan [62]. Another concern is the need for sedation and intubation in younger children, which can distort the airway and change the tracheal dynamics [7, 9, 11, 12, 28]. This problem can be partially solved by using free breathing cine –MDCT [11-13].

Dynamic MRI
There are very limited publications, with small numbers of children, describing dynamic MRI to diagnose TBM. The major advantage of dynamic-MRI is the lack of radiation exposure. Additionally MRI provides high-resolution imaging with excellent soft tissue imaging, which allow for identification of vascular and mediastinal structures without necessarily the need for contrast [63], but the technique is time consuming. 
Recent ultrafast sequences permit cine-MRI, which provides extremely rapid acquisition of images [63-65]. Another important advantage of cine-MRI, compared to bronchoscopy, is that in older children (usually >8years) airways can be examined during static and dynamic breathing manoeuvres, such as forced expiration and cough, without any need for sedation or general anesthesia, which could obscure TBM [65]. For younger children sedation and/or general anesthesia is necessary) [64, 66].  A disadvantage of cine-MRI is the relatively low spatial resolution, which may be a problem with smaller caliber airways [63-65]. 
A published protocol describes the combination of static and dynamic cine-MRI [64, 65].
Tracheobronchography
Tracheobronchography performed with low volumes of non-ionic water soluble contrast is safe [67],  and useful in the evaluation of TBM because of its high spatial and temporal resolution [68] (Figure 2). Many centres continue to use tracheobronchography [12, 67, 69-71], often in combination with flexible bronchoscopy [68]. Free breathing, as with many of the imaging techniques, is required for diagnostic accuracy [72].


The role of bronchoscopy to diagnose and grade TBM:   
We reviewed 27 papers on the role of bronchoscopy in the diagnostic work up of TBM[7, 55, 59, 60]. Task force members use flexible bronchoscopy in a spontaneous breathing child as a gold standard for the diagnosis of TM and BM. Rigid bronchoscopy plays a role but may splint the airway and is not as useful as flexible bronchoscopy in the evaluation of the airway dynamics. However, the limitations of flexible bronchoscopy must be appreciated. Firstly, the bronchoscope occludes a significant part of the airway, likely raising airway pressure and reducing the chances of detecting malacia. Secondly, even for experienced bronchoscopists, assessment of changes in the lumen is subjective[5, 6, 16, 27, 29, 53, 72-74]. Thirdly, there are also specific problems linked with the optical attributes of the instrument, namely, the distortion of the image due to curvature and orientation of the lens[75]. Furthermore, the bronchoscopic diagnosis of TM and BM can be difficult in children because of the small size of the bronchial tree and the rapid respiratory rate. 
Good anaesthetic technique is essential in order not to mask (too deep) or exaggerate (too light with coughing) TM and BM, but found a paucity of data in the literature on anaesthetic practice [76]. There are case reports [77-79] of airway collapse with anaesthesia in patients with either symptomatic or asymptomatic TM. Because general anaesthesia leads to increased collapsibility of the upper airways the same might be true of the lower airways [53, 80-82]. 
In their bronchoscopy practice, taskforce members divide the trachea into 3 arbitrary regions to describe the site and extent of TM: from the cricoid to the thoracic inlet, from the thoracic inlet to the mid portion of the intra-thoracic trachea, and from there to the carina.
 Examples of malacia are portrayed in Figure 3.
Four papers attempt to refine the role of flexible bronchoscopy to quantify the degree of malacia.  Masters et al. [75, 83] used digital video to capture and quantitate the images with high intra-observer and inter-observer agreement. The authors demonstrated that neither the site nor the severity of malacia correlate with the clinical symptoms or severity. Okazaki et al. quantitated the static pressure/area relationship of the trachea under general anaesthesia and paralysis[84]. Finally, Loring et al. evaluated central airway narrowing in adults by a “shape index” based on images taken during bronchoscopy and plotted against the transtracheal pressure[85]. 



Medical therapies in the management of TBM:  
The following medical therapies for TBM are considered in the literature.
2  agonists:  Malacia causing bronchodilator unresponsive wheeze is not uncommon [26]. There are theoretical reasons why bronchodilators, by lowering airway smooth muscle tone may worsen airway obstruction. In one study, VmaxFRC was below normal in infants with wheeze and malacia at baseline and did not improve after inhalation of 2 agonists; infants with malacia were not more likely to worsen after 2 agonists than non-malacic, wheezy controls [86]. In older children with isolated TM, airways obstruction (reduced PEF and FEV1, compatible with the increased central airway collapsibility during forced expiration) does not improve after bronchodilation [25]. Also, underlying bronchodilator responsiveness in a patient with severe TBM might only be detectable after optimal tracheal stabilisation [87]. 
Ipratropium Bromide: In a retrospective study, 32 out of 52 children diagnosed with TM and treated with ipratropium bromide showed improvement in symptoms [88] though it is not possible to say whether the improvement may be related to its effect on airways secretions and / or airways tone. 

Muscarinic agonists: Anecdotally, muscarinic agonists (e.g. bethanechol, methacholine) reduce tracheal compliance probably by causing trachealis constriction [51]. This is not routine clinical practice. 

Mucoactive agents:  A Cochrane review [89] found one eligible study and concluded likely harm from recombinant human deoxyribonuclease (rhDNase) although this was not evident from the original data after adjusting for baseline factors. The single study included in the review [90]showed that 2 weeks treatment with nebulised rhDNase did not enhance recovery or reduce the need for antibiotics in children with airway malacia and a respiratory tract infection. Anecdotally, nebulised hypertonic saline may aid mucus clearance [27].  

Antibiotic therapies: The relationship between airway malacia and protracted bacterial bronchitis (PBB) is unclear [38, 39, 41, 91]. The juxtaposition of the anterior and posterior walls of the trachea, results in recurrent vibrations and irritation of the airway, and reduced mucociliary clearance (MCC) as the compressed airway impedes clearance of secretions thus predisposing to distal infection [89].  Squamous metaplasia can develop over time, further impairing MCC [6]. Fourteen to 52 % of children with PBB had TBM. Treatment with >=2 weeks with antibiotics resolved symptoms in the majority [41] though recurrence was common[41, 89]. 
Task force members apply a lower threshold for using antibiotics in children with known TBM and an acute exacerbation. Prophylactic azithromycin is often prescribed with only anecdotal evidence of benefit.  

Management of comorbidities / associations: 

Gastro oesophageal reflux:  In one study seventy percent of children aged 3-28 months with airway malacia had GOR (n=28) compared with 39% (n=16) in controls [92]. This association does not imply causation.

Eosinophilic Oesophagitis: These patients present with treatment non-responsive GOR. Children with eosinophilic oesophagitis and airway symptoms appear to  have worse outcomes than their counterparts with purely GI symptoms [93]. Oesophageal eosinophilia is also seen after oesophageal atresia repair in 17% of children [94], many of whom have TM. This group have significantly greater incidence of reflux symptoms, reactive airway disease, hypoxic spells (secondary to both TM and oesophageal dysfunction), and dysphagia when compared with the non-eosinophilic group.

General respiratory health All aspects of good respiratory health care should be emphasised such as immunisations, flu vaccinations, dry warm housing, exercise and passive smoke avoidance.








The role of respiratory physiotherapy:  
Respiratory physiotherapy is commonly used in the treatment of children with TM or TBM, aiming to enhance mucociliary clearance [44, 89]. Our review of the literature did not identify any experimental evidence or RCTs to support its effectiveness. Moreover, we have not found any studies on the role of airway clearance techniques (ACT) in conjunction with mucolytics. Positive expiratory pressure (PEP) is often used for ACT in clinical practice. In infants with TM, continuous positive expiratory pressure (CPAP) increases maximal expiratory flow by raising functional residual capacity [47]. One study [95], reports that a PEP of 5-10cm H2O increases the peak cough expiratory flow of children with clinically diagnosed TBM after tracheo-oesophageal fistula repair. However, they note that an increase of PEP above 15cm H2O may have a negative effect, suggesting there should be close monitoring of PEP or use of a threshold expiratory pressure device. It is unclear if PEP devices for ACT prevent or reduce the impact of lower respiratory tract infections. Children with bronchomalacia may experience exercise limitation[44] but we did not find any studies on exercise rehabilitation.

 





Surgery including stenting for TBM:   
Surgery may be necessary in severe TBM with acute life threatening events (“apnoeic spells”), cyanosis, feeding difficulties, inability to extubate the airway, and recurrent pneumonia [89]. A detailed diagnostic work-up informs planning for the most appropriate operative technique. Surgical and endoscopic options include tracheostomy, aortopexy, tracheal resection, tracheopexy (anterior or posterior), internal stenting and external airway splinting [27]. Intraoperative flexible bronchoscopy may be helpful in guiding the surgeon during some of these procedures [27, 96-98].
Tracheostomy
This technique was the mainstay of surgical treatment in the past, but is now used as a last resort [27, 99]. The tracheosotomy tube provides internal airway stenting and enables long-term mechanical ventilation if necessary 
Aortopexy and tracheopexy 
The main indication for anterior aortopexy is short segment TM secondary to congenital trachea-oesophageal fistula [27, 100, 101]. The ascending aorta or arch is pulled anteriorly to relieve pressure on the trachea. Aortopexy does not directly address airway malacia but creates more space around the mediastinal trachea so that the aorta, anteriorly, and the oesophagus, posteriorly, do not compress the airway [101]. Nevertheless, the evidence base for aortopexy is scant [102] with limited long term follow up data [103]. The approach may be a small left anterior thoracotomy, a partial upper sternotomy, or thoracoscopy [104, 105]. If bronchial collapse persists despite aortopexy, pulmonary artery suspension may be performed. Tracheal traction sutures can allow a more effective TM correction (anterior tracheopexy) [106-108]. A recent retrospective report [98] showed that partial upper sternotomy and open thoracotomy had the highest rate of symptom resolution. Reported overall effectiveness of aortopexy for TM, whatever surgical approach performed, is above 80% [101, 102]. 
More recently there has been interest in posterior tracheopexy, because in many cases the major contributor to airway collapse is the posterior tracheal membrane protruding into the tracheal lumen during exhalation [106, 109]. In this procedure the posterior tracheal membrane is sutured to the anterior longitudinal ligament of the spine through a posterior right thoracotomy. Preliminary results are encouraging [109]. Anterior and posterior tracheopexy may be combined but this approach is not used widely [110].
Tracheal resection
Tracheal resection is sometimes considered in highly selected patients with short segment TM in whom other surgical or endoscopic techniques have failed. Severe suprastomal collapse in tracheostomized patients, also called peristomal TM, can also be an indication for a limited tracheal resection with end to end anastomosis [99, 111].
 Internal stenting for tracheobronchomalacia

Internal stenting is an attractive concept, but several practical problems limit the use of this technique in children [112]. The indications vary considerably, but in general a multidisciplinary team and an individualised approach to each patient are emphasised [113, 114].  Most centres reserve the use of internal stents for children who have no curative surgical options and where tracheostomy is not appropriate [113-116].  Other centres consider stent implantation to be a valid alternative to tracheostomy [117]. Stent insertion is usually followed by an immediate improvement in the patient’s clinical condition [118], although this may be transient.
Various stent types with different physical characteristics are available (Table 3) [114].  Silicone stents [119] and self-expanding plastic stents [120] have rarely been used in children with TBM.  Encrustation with mucus, migration, and the development of granulation tissue or mucosal hyperplasia at the ends of the stent are problems [112, 116, 117, 119, 121].  Balloon-expandable metals stents may be difficult to retrieve after being in situ for longer than a few weeks, and may fracture or (rarely) cause vascular erosion [112-115, 117]. They may be dilated as the child grows [112, 114] (Figure 4).  Uncovered self-expanding metal stents are less likely to fracture or cause vascular erosion, but cannot be dilated and are very difficult to remove [114, 116]. Covered self-expanding metal stents are retrievable, but suffer from the same problems as silicone stents [112, 114]. Recently, bioabsorbable airway stents have been used in selected children with malacia [117, 122]  (Figure 5). Realistic goals for the use of absorbable stents include “proof of principle” that restoration of patency improves clinical status (for example by making the patient independent of invasive ventilation) before attempting surgery or permanent stenting [112, 113, 115], and stabilization of the airway to allow spontaneous resolution of malacia [115].
Extensive tracheobronchial stenting for diffuse TBM is not appropriate [112, 114] and it has been previously recommended to avoid a combination of stenting and tracheostomy  [112, 113, 118].  Aortopexy is almost universally preferred over stenting for TM associated with oesophageal atresia [116, 123].  Metal stents [124], or serial stenting with absorbable stents [115], could be used as an alternative to aortopexy, but this concept has not been widely accepted. 
Complications of metal stents include airway obstruction due to granulation tissue and mucus plugging, which is aggravated by the variable degree of impairment of mucociliary clearance caused by the stent [112, 116, 125].  Granulation tissue is usually managed by repeat bronchoscopic laser treatment, endoscopic removal or crushing with balloons [112, 126]. Fatal complications, including severe airway haemorrhage and pneumonia, may occur, but are uncommon when stents are used appropriately [118, 127]. Fully epithelialized metal stents are usually considered permanent, as they are difficult to remove safely and the long term results of permanent stenting are acceptable [112, 115, 117, 128].
External Splinting and tracheal reinforcement 
Extraluminal splinting may offer effective airway support in highly selected, very severe and/or diffuse TM/TBM as an alternative to endoluminal stenting. Biocompatible ceramic rings, resorbable plates, or even 3D-printed biodegradable splints have all been used [129-131]. Possible erosion into surrounding structures, a strangulation effect after somatic growth in a small child, infection, and long-term tissue tolerance are concerns.

Ventilatory pressure support in TBM: 
There is a pathophysiological rationale for pressure support in paediatric TBM. The variable dynamic deformity throughout the airway results in variable airflow velocities and time constants of respiration.  Pressure support must overcome these forces and concomitantly allow enough downstream expiratory gas flow to ensure respiratory stability.  Computer modeling reveals a complex relationship between length of malacia, diameter of the tracheal ring, site of malacia, and tissue type generally to predict the tipping point to airway collapse/closure or snap point[132-134]. These mathematical modeling studies provide some insight to the use of pressure support but greater insight might come from 3D modeling of the airway lesions[135]. 
TBM has been managed with all forms of non-invasive pressure support (CPAP, Bilevel airway pressure (BiPAP), high flow drivers, and full ventilation)[21, 136-140].  CPAP is the most widely used.  BiPAP is rarely used because there is no advantage in the vast majority of patients (other perhaps than in those who require a very high distending CPAP pressure) and poor synchronization may be a problem[137]. Our literature search found no prospective or randomized studies that help inform decisions regarding when and how to use these approaches.  Co-morbidities also may affect decision making. 
Clinical studies[47, 141] have shown that CPAP  improved gas flows at FRC without changing the appearance of the flow volume loop and most importantly flows were also still appreciably decreased compared to controls, particularly at lower lung volumes.  Bronchoscopy or imaging can help titrate CPAP levels[138].  
Currently there are no proven management algorithms.   Pressure support should be considered in acute severe life threatening events though maintaining a child on NIV 24 hours a day without a tracheostomy is likely to prove impractical.  Pressure support is usually considered in any patient with recurrent acute or chronic respiratory failure and sleep disordered breathing.  Speculatively, it may also play a role in some patients with TBM associated with recurrent persistent bacterial bronchitis or recurrent pneumonia and poor growth where alternative surgical or medical therapies have failed[142]. 
Application of non-invasive pressures support is dependent on informed parental agreement for the intervention, the type of device, the interface interaction between device and patient, the operator experience and availability of sleep monitoring systems. These interventions may need to be established over a number of monitoring sessions with careful follow up. Protocols are usually determined on an individual basis. Weaning protocols take into account the possible natural history of improvement[2, 21, 47, 139, 140]. Just how long these modes of pressure support are required for on a daily basis or cumulatively over a longer time period is also not known and likely to be individualised.
A tracheostomy for the delivery of positive pressure is reserved for more severe cases in whom other approaches have failed or where pressure support is required for most of the 24 day[21, 43, 139, 140, 143].

Parent and patient perspective: 
There are few published studies that specifically address this topic [144-146]. Grey literature searches identified discussion forums, blogs and news articles where parents, carers and patients shared experiences and sought advice. Key concerns for parents and carers are described below with selected illustrative quotes from parents and carers in Box 1.
Getting a diagnosis
Parents express frustration at the length of time to get a diagnosis and a lack of understanding from health professionals. While some parents feel relief to have a diagnosis they have concerns about how to best support their child (Quote 1).
Specific symptoms and knowing when it’s ‘bad’
Parents and carers have concerns about specific symptoms, including laboured and noisy breathing, feeding, weaning and weight-loss (Quote 2). They seek advice to identify when symptoms are ‘bad’.
Risk of interacting with other children and social impact
Some families express concern about their child with TM/BM catching colds and they avoid exposure (Quote 3). Families may experience the stigma associated with having a ‘sick’ or perceived contagious child (Quote 4). 
Information and support
Parents and carers recognise the importance of being well-informed. The need for timely, high quality information, delivered in a variety of formats is well recognised [144-146].
Families also seek support and reassurance from peers both face-to-face and online [146] to gain practical information about their child’s condition and likely outcomes.
Information should be timed carefully and sensitively, particularly in severe cases. Some parents find it difficult to handle too much information in the early stages or find stories of other children’s treatment frightening [146].
Long-term outcomes 
Parents and carers express concern about long-term TM/BM outcomes but reassure each other that improvement can occur in certain cases. Nevertheless, some parents note that their child has not fully recovered or improved as quickly as expected, making it difficult to reconcile their expectations (Quote 5). Parents also have concerns about the impact of long-term treatment. Understanding which symptoms require intervention and the long -term outcomes for their child are key concerns for families.  


	Box:    Illustrative quotes from parents and carers

	1. “I am glad that he has been diagnosed after seeing 3 doctors who all fobbed me off with ‘it's wind, give him infacol’... but feel disappointed that there is nothing I can do for him!” (Mumsnet thread “floppy windpipe”, 2005)
1. “I was so worried about all the noises she was making especially at night. I used to be up and down all night checking up on her as she sounded like she was choking.” (Mumsnet thread “floppy windpipe”, 2005)
1. “I have always visited friends even when they had kids with a cold but feel now I may be a bit more cautious” (Mumsnet thread “My 4 month old diagnosed with laryngeal or trachea malacia - anyone got any experience?”, 2009 - 2011)
1. “I know what it’s like to feel the glares and hear the negative comments from others who think I’ve brought a sick child to a public place when I know nothing about him is contagious” (Horwath, 2015). 
1. “My son is now 6 years old the condition has not gone away as they said it would […]. We were told he would grow out of the condition by the age of two” (Mumsnet thread “My 4 month old diagnosed with laryngeal or trachea malacia - anyone got any experience?”, 2009 - 2011)









Areas for future endeavour:  
For any future research into this topic of malacia, it is important to have a working definition of TM, BM and TBM. All TF members perform flexible bronchoscopy under carefully regulated anaesthetic conditions with airways undistorted by endotracheal tubes or laryngeal masks, where ever possible, in order to get the best anatomical assessment of malacia during free breathing and forced expiratory manoeuvres such as coughing. In experienced hands, tracheobronchography provides invaluable information. 
Taskforce members grade the degree of malacia as:
1 Normal: collapse up to 50% of the lumen 
2. Mild: loss of cross sectional area (which may be asymmetrical) between 50 and 75% 
3. Moderate: loss of cross sectional area between 75 and 90%
4. Severe: Greater than 90% loss of cross sectional area.
The reliance of subjective visualisation may be replaced by enhanced digital quantification in the future.
The site and length of the affected area can also be assessed bronchoscopically. Contrast enhanced trachea-bronchography provides useful dynamic information. 
Using these defined criteria, standardised data collection in a prospective manner by a network of interested parties could establish much needed information on a number of key areas:
0. The natural history of this condition from premature infancy to mature adolescents;
0. The role and impact of current surgical interventions such as the anterior and posterior pexy procedures and the impact of these procedures on long term growth and outcomes;
0. Studies into the use of antibiotic therapy in the prevention and treatment of infection in TBM;
0. Increasing awareness and establishing markers for the role of malacia in refractory respiratory illness thereby reducing delay in the diagnosis and unnecessary therapies;
0. Registry data to establish the role of biodegradable stents in the management of TBM and the histological changes that may happen in the tracheal wall as part of the reabsorption process;
0. Clarity on the apparent disconnect between the extent and degree of malacia and the clinical presentation;
0. Long term outcomes, including the management of realistic expectations around full recovery.
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Table 1: Summary of causes of TM and BM and TBM

PRIMARY or CONGENITAL

CONGENITAL IDIOPATHIC
Idiopathic TM/BM (may be genetic factors) 

CONGENITAL ABNORMALITIES OF THE CARTILAGE
Dyschondroplasia/chondromalacia/achondroplasia
Ehlers-Danlos syndrome
Marfan syndrome
Left bronchial isomerism with normal atrial arrangement

CONGENITAL ANOMALIES OF AERODIGESTIVE TRACT
Tracheoesophageal fistula
Esophageal atresia (with or without laryngeal cleft)

ANOMALIES OF RESPIRATORY TRACT DEVELOPMENT  
Prematurity 
Bronchopulmonary dysplasia

CONGENITAL SYNDROMES ASSOCIATED WITH TM/TBM
Mucopolysaccharidosis (Hurler syndrome, Hunter syndrome)
CHARGE syndrome
VATER anomaly
Trisomy 9 
Trisomy 21
Cri du chat syndrome
Smith’s syndrome
Opitz syndrome
Goldenhaar syndrome
Cotello’s syndrome
Neurofibromatosis
Allagille’s syndrome
Arthrogryposis
Atelosteogenesis type 1
Antley-Bixler syndrome; 11p13 deletion; 16p13.3 deletion; 22q11 deletion
18–22 translocation
Partial trisomy of long arms of chromosomes 11 and 22
Hallermann-Streiff syndrome
Pfeiffer syndrome
Blackfan-Diamond syndrome
Williams-Campbell syndrome
Kniest dysplasia
Diastrophic dysplasia
DiGeorge syndrome
Deletion of 12 q
Larsen syndrome and Larsen-like syndromes
Fryn’s syndrome
Brachmann-de Lange syndrome
Camptomelic dysplasia
De la Chapelle dysplasia
Pierre-Robin syndrome
Crouzon syndrome
Noonans syndrome
Chitayat syndrome
Spondyloepiphyseal dysplasia congenital
Spondylocostal dysostosis
Late onset Pompe’s disease
Loeys-Dietz syndrome
Filamin A mutation
Osteogenesis imperfect
Cariofaciocutaneous syndrome


Table 2. Common symptoms and signs of TM/BM in children.

	Brassy or barking cough

	Stridor

	Wheezing

	Noisy breathing

	Recurrent and/or prolonged respiratory infections

	Dying spells

	Feeding difficulties

	Dyspnoea






Table 3: Internal airway stents commonly used in children
	Stent type
	Characteristics
	Advantages
	Disadvantages
	Typical indications

	Silicone (DumonTM)
	Semi-rigid
	Easier to remove
	Prone to migration and/or blockage
	Short duration use
Palliative care

	Silicone (PolyflexTM) self-expanding
	Flexible
	Relatively easier to remove
	Large delivery device
Difficult to insert
Prone to migration
	Rarely used

	Metal balloon-expandable
	Rigid
	Easy to insert
Can be dilated with growth
Much less prone to migration
	Difficult to remove
Prone to granulation
May cause vascular erosion 
	Malacia secondary to tracheal surgery
Isolated segment of malacia

	Metal self-expanding
	Flexible
	Easy to insert 
May be safer if vascular compression is present

	Very difficult to remove 
Cannot be dilated with growth
	In nearly fully- grown child 
Vascular compression

	Bioabsorbable self-expanding stent
	Will reabsorb over 3 – 4 months
	Can be custom-made for individual child
Offers a temporary treatment option

	May require serial stenting
Expensive 

	“Proof of principle” before more definitive treatment 
Short-term support following tracheal surgery
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