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ABSTRACT 

Background: The use of long-term non-invasive ventilation (NIV), defined as the provision of 

respiratory support from the upper airway through a mask interface, has increased in infants and older 

children over the past two decades. A number of studies have been published on NIV use in the overall 

pediatric population, but there appears to be fewer studies exclusively on the infant population. This 

finding suggests that the treatment approach to NIV therapy is similar between infants and older 

children. However, differences in the underlying disorders necessitating NIV, along with differences in 

sleep and breathing across infancy and childhood suggest that a distinct treatment strategy for these two 

groups may be appropriate. The aims of this thesis are: (1) to perform a comprehensive review of the 

literature to establish the data currently available on the use of long-term NIV in infants; and to 

compare (2) baseline clinical characteristics, (3) technology use, and (4) outcomes of infants and older 

children on long-term NIV, to determine if infants represent a distinct group with respect to NIV 

therapy compared to older children. 

 

Methods: Aim (1): A systematic review of the literature on the use of long-term NIV in infants was 

conducted. Articles were searched for in Ovid Medline, Ovid Embase, CINAHL (via EbscoHOST), 

PubMed, and Wiley Cochrane Library. The inclusion criteria was studies presenting distinct data on 

infants (0 to ≤2 years) using long-term NIV (> 3 months of use) outside an acute care setting. Aims 

(2,3, and 4): A 10-year retrospective chart review of all children using long-term NIV at two pediatric 

NIV clinics in Alberta, Canada was also performed. Medical charts and sleep laboratory records were 

reviewed, and demographic, clinical characteristic and health outcome data were extracted. Infants 

were matched to older children in a 1:2 ratio with respect to sex and the date of NIV start.   
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Results: Aim (1): A total of 52 studies on infants using long-term NIV were included and analyzed in 

the systematic review. There were studies on a diverse group of upper airway conditions such as 

obstructive sleep apnea, laryngo-tracheomalacia, and Pierre Robin sequence. However, studies on 

neuromuscular and central nervous system disorders looked almost exclusively at spinal muscular 

atrophy type 1 and central hypoventilation syndrome respectively. While studies on upper airway 

disorders presented changes in respiratory parameters and discontinuation outcomes, studies on 

neuromuscular disease reported on hospitalizations and survival outcomes. 

Aims (2, 3, and 4): Data for the retrospective review were collected for 622 children, of which 122 

(20%) were infants. After matching, 120 infants were paired with 240 older children. There were some 

similarities between infants and older children, including improvements in respiratory parameters and 

adherence rates. Differences between the two groups included the underlying condition necessitating 

NIV, with older children having more upper airway disorders and infants having more 

cardiopulmonary disease. Infants had more co-morbidities and required more additional technology 

compared to older children. Reasons for clinic discharge also differed between groups, with infants 

discharging because of either improvements in the underlying condition or switch to invasive 

ventilation, while older children were transferred to adult services. 

 

Conclusions: Overall, NIV appears to be a viable method of providing long-term breathing support in 

infants. Differences in baseline clinical characteristics, sleep and respiratory parameters, technology 

use, and outcomes such as reasons for clinic discharge were different between infants and older 

children, supporting the idea that infants represent a distinct population within the overall pediatric 

NIV population.  
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PREFACE 

The systematic review on the use of long-term non-invasive ventilation (NIV) in infants (Chapter 2) 

has been submitted as a manuscript for publication. Prabhjot K. Bedi designed the review, read articles 

for inclusion/exclusion, performed data extraction and analysis, interpreted the data, wrote the initial 

draft of the manuscript, and completed all revisions until submission. Maria Castro-Codesal designed 

the review, read articles for inclusion/exclusion, verified the data extraction, and critically reviewed the 

manuscript. Robin Featherstone developed the search strategy, performed all literature searches, and 

critically reviewed the manuscript. Mohammed AlBalawi and Bashar Alkaledi read articles for 

inclusion/exclusion and critically reviewed the manuscript. Anita Kozyrskyj provided guidance on 

study design and critically reviewed the manuscript. Carlos Flores-Mir provided guidance on study 

design and review methodology, and critically reviewed the manuscript. Joanna E. MacLean designed 

the review, read articles for inclusion/exclusion, verified the data extraction, helped with data 

interpretation, and critically reviewed the manuscript. All authors approved the final manuscript for 

submission. 

 

The retrospective study comparing the use of NIV for infants and older children (Chapter 3) is being 

prepared for submission for publication. An abstract for this study has been published as "The Use and 

Outcomes of Long-term Non-invasive Ventilation in Infants," American Journal of Respiratory and 

Critical Care Medicine 2017, Volume 195;A4105. The abstract was written by Prabhjot K. Bedi and 

was critically reviewed by Kristie Dehaan, Maria Castro-Codesal, and Joanna E. MacLean.  

 

Research ethics approval was obtained for the retrospective chart review (Chapter 3) from the Health 

Research Ethics Board at the University of Alberta and University of Calgary, AB, Canada.  
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CHAPTER 1: REVIEW OF THE LITERATURE, AIMS, AND HYPOTHESES 

Non-invasive ventilation (NIV) has become a standard of care for the treatment of a range of 

sleep and breathing disorders in infants and older children. These disorders may be caused by 

underlying conditions such as upper airway obstruction, neuromuscular disease, and central 

nervous system disease, each with different impacts on sleep and breathing. The development of 

sleep and breathing physiologically from infancy through childhood can also alter the impact that 

these disorders have on breathing during sleep and, potentially, the response to treatment. The 

interaction between underlying conditions, the development of sleep and breathing, and the 

technology used for NIV may impact the success infants and children have on NIV therapy. 

 

SECTION 1: SLEEP AND BREATHING DISORDERS IN INFANTS AND OLDER 

CHILDREN 

There are a range of sleep and breathing disorders that can present in the pediatric population. 

Children with certain underlying disease conditions, including upper airway obstruction, 

neuromuscular disorders (NMD), and central nervous system disease (CNS), are at a higher risk 

of developing sleep and breathing disorders compared to otherwise healthy children. Some 

underlying conditions may be more prevalent in infants, while others more common in older 

children, making it difficult to understand how these children will respond to treatment for their 

breathing impairment. The relationship between some common pediatric conditions and the 

development of sleep and breathing disorders will be discussed in the following section.  

 

1.1 Upper airway obstruction 
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The most common sleep and breathing disorder in any age group is obstructive sleep apnea. 

There are a number of upper airway conditions presenting in infancy and childhood that can 

produce compromise of the upper airway and increase the risk of obstructive sleep apnea. These 

conditions include craniofacial disorders, laryngo-tracheomalacia, adenotonsillar hypertrophy, 

and obesity (Table 1.1). 

 

Obstructive sleep apnea (OSA) is a breathing disorder that occurs during sleep, and is 

characterized by intermittent periods of complete or partial obstruction of the upper airway (i.e. 

apneas and hypopneas respectively).
1,2

 The prevalence of OSA is 1-5% in the pediatric 

population, although there is less data to support this value in the infant population.
3
 OSA is 

typically classified based on the apnea-hypopnea index (AHI) which measures the total number 

of apneas and hypopneas per hour of sleep. In children, OSA is defined by an AHI ≥2 events/hr 

or an obstructive apnea index (OAI) ≥ 1 event/hr.
4
 There are currently no standards to define the 

presence of OSA in infancy.  Guidelines on the diagnosis and treatment of OSA in the pediatric 

population exclude children under 1 year of age
5
, making it difficult to determine treatment 

strategies for this age group. Proper management of OSA is important in order to prevent adverse 

outcomes such as cardiovascular morbidity, metabolic problems, neurocognitive impairment, and 

behavioural impairment.
1,6,7

   

 

1.1.1 Craniofacial disorders 

Craniofacial disorders, defined as abnormalities of the soft tissue and bones of the face and skull, 

are one of the most common disorders that present congenitally.
6,8,9

 They are organized 

according to the Whitaker classification into clefts, craniosynostoses, atrophy (hypoplasia), and 
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neoplasia (hyperplasia), with clefts and synostoses being the most commonly presenting types. 

Craniofacial disorders result in narrowing of the upper airway, making infants and children with 

these disorders at a higher risk of developing OSA.
6,9

 The prevalence of OSA in craniofacial 

disorders has been shown to range from 7-67%, depending on the definition of OSA used and the 

underlying conditions examined.
10

 There are a number of craniofacial syndromes that can 

present in the pediatric population (Table 1.1), with the most commonly studied syndromes 

being cleft lip and/or palate, Pierre Robin sequence, and craniosynostosis. 

 

Cleft lip and/or palate, one of the most common congenital malformations (1 in 700 live births), 

occurs due to failure of the fusion of the medial and lateral nasal processes with the maxillary 

processes.
8
 It can occur unilaterally or bilaterally, and can affect both the soft and hard palate. 

Although the majority of clefts occur in isolation, there are over 200 syndromes that can also 

present with cleft lip and/or palate, including Pierre Robin sequence and Treacher Collins 

syndrome (Table 1.1).
8,9,11

 Infants and children with cleft lip and/or palate are at a higher risk of 

developing OSA because the presence of a cleft results in a small midface and posteriorly placed 

jaw, leading to narrowing of the airway passages. A prospective study on 50 infants with cleft lip 

and/or palate either in isolation, as part of a syndrome, or with Pierre Robin sequence showed 

that 69%, 100%, and 86% of these infants respectively had an obstructive-mixed AHI > 3 

events/hr, which was the cut-off for clinically significant OSA.
12

 

 

Pierre Robin Sequence consists of a triad of findings including a small sized jaw (micrognathia), 

enlarged tongue (glossoptosis), and resultant airway obstruction.
13 

It is the most common cause 

of syndromic micrognathia
8
, and can also present with cleft lip and/or palate.

6,8
 The craniofacial 
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abnormalities seen in Pierre Robin sequence, and subsequent airway obstruction, can increase the 

risk of OSA in these infants.
13-15

 A retrospective study on 13 infants with Pierre Robin sequence 

showed that 11/13 (92%) had OSA, with a mean obstructive AHI of 33.5 events/hr (range 0 to 

85.7 events/hr).
16

  

 

Craniosynostosis is characterized by the premature fusion of one or more sutures of the skull, 

and is present in about 1 in 2500 births.
6
 About 40% cases of craniosynostosis occur in 

conjunction with another syndrome, and the majority of cases occur because of a mutation in the 

fibroblast growth factor receptor gene.
17

 The premature fusion of the skull results in restricted 

growth of the midface region, resulting in midface hypoplasia. A prospective study of 97 infants 

and children with craniosynostosis showed that the prevalence of OSA ranged from 60-75%. The 

same study also showed that infants and children less than three years of age had the highest risk 

of OSA.
18

 

 

The airway compromise seen in infants and children with craniofacial disorders predispose them 

to a higher risk for OSA. The majority of craniofacial disorders are congenital and are therefore 

more likely to present with OSA in infancy. These impairments, and the risk of OSA, can 

decrease with age due to growth of the facial bones and airway passages, relieving some of the 

airway obstruction. 

 

1.1.2 Laryngo-tracheomalacia 

Laryngo-tracheomalacia is the most common cause of stridor or noisy breathing in the infant 

population. It occurs due to a laxity of the pharyngeal or tracheal cartilage, which results in 
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involution of the soft tissue, and airway obstruction.
19,20

 This pathophysiology increases the risk 

of OSA in infants and children with this disorder. Laryngo-tracheomalacia most often occurs 

congenitally, and presents with breathing impairment during both wake and sleep. In contrast, 

the late onset of this disorder, which occurs in children > 2 years of age, presents with breathing 

impairment predominantly during wake, and minimally during sleep. Therefore, infants with 

congenital laryngo-tracheomalacia are more vulnerable to OSA than older children because 

breathing impairment occurs for a longer period of time. A review of studies examining OSA in 

infants and children with laryngomalacia showed that the AHI in the congenital group was 

higher than that in the late onset laryngomalacia group (20.4 events/hr vs 14.0 events/hr).
21

 The 

majority of cases of congenital laryngo-tracheomalacia will resolve by two years of age due to 

maturation and growth of the pharyngeal muscles and tracheal cartilage, once again making OSA 

secondary to laryngo-tracheomalacia a disorder primarily of infancy.
20,22,23

   

 

1.1.3 Adenotonsillar hypertrophy 

Adenotonsillar hypertrophy, the overgrowth of adenoid and tonsillar tissue in the back of the 

upper airway, is the most common cause of OSA in older children.
4,24,25

 Overgrowth of the 

adenoid and tonsillar tissue leads to narrowing of the upper airway and difficulty breathing, 

increasing the risk of OSA.
4
 The size of the adenoids and tonsils in children with OSA have been 

shown to be significantly larger than otherwise healthy matched controls. A study of 37 children 

diagnosed with adenotonsillar hypertrophy showed that 20 (54%) had OSA, with a total mean 

AHI of 13.4 ± 9.2.
26

 The typical growth period for adenoids and tonsils is 2-8 years, and 

therefore, OSA as a consequence of adenotonsillar hypertrophy is more likely to affect older 

children than infants.
7
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1.1.4 Obesity 

The link between obesity and breathing impairment has been well established, and shows that 

obese children are at a higher risk of developing OSA.
1,27,28

 Children who are obese have fatty 

infiltrates within the compartments of their upper airway structure and neck, which contributes to 

narrowing and collapsibility of the upper airway, and an increased risk of OSA. A study of 151 

overweight children showed mild OSA in 27.1% of the population and moderate/severe OSA in 

61.5% of the population on a polysomnograpy.
29

 OSA is more common in older children than 

infants, and with the prevalence of childhood obesity increasing
30

, the number of older children 

presenting with OSA secondary to obesity is also likely to increase.  

 

1.1.5 Summary of sleep and breathing disorders in upper airway obstruction 

Infants more commonly present with OSA secondary to congenital or developmental 

abnormalities of the upper airway, including craniofacial disorders and laryngo-tracheomalacia. 

On the other hand, older children present with upper airway obstruction and subsequent OSA as 

a result of adenotonsillar hypertrophy or obesity. The risk of OSA secondary to upper airway 

obstruction appears to be higher in infancy, and decreases with age due to the growth of bony 

structures that may open up the airway. The predisposition of smaller airways to collapse, along 

with differing underlying conditions resulting in OSA, may affect how infants respond to 

breathing support used to treat upper airway obstruction, compared to older children.  

 

1.2 Neuromuscular disorders 
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NMD impact respiratory muscles, and the weakness of these muscles result in impaired 

ventilation. Common types of sleep and breathing disorders seen in NMD include OSA, and 

hypoventilation. The presence of OSA and hypoventilation are related to the underlying disease 

condition and the age of the child. Commonly studied NMD that are known to increase the risk 

of OSA and hypoventilation in infants and older children include spinal muscular atrophy, 

myotonic dystrophy, Duchenne muscular dystrophy, and kyphosis and scoliosis (Table 1.1).  

 

Hypoventilation is characterized by insufficient ventilation to maintain a normal carbon dioxide 

level, resulting in an increase in the carbon dioxide level in the blood. Hypoventilation can be the 

result of a decrease in tidal volume because of low respiratory muscle strength or a decrease in 

the number of breaths because of impairment in breathing control. Central sleep apnea, while 

more common in central nervous system disorders, is also seen in the context of NMD. It is 

characterized by exclusive, or a predominance of, complete or partial pauses in breathing without 

evidence of respiratory effort (i.e. central apneas and hypopneas) during sleep. Depending on the 

severity of central sleep apnea, it may or may not result in hypoventilation.    

 

1.2.1 Spinal muscular atrophy 

Spinal muscular atrophy (SMA) is an autosomal recessive disorder that affects motor neurons in 

the spinal cord and brainstem. It is the most common genetic neuromuscular disorder causing 

death in the infancy period.
31,32

 SMA results in a generalized, progressive weakness of all 

muscles, leading to respiratory impairment and sleep and OSA and hypoventilation. SMA is 

classically divided into three types according to the time of onset and disease severity. Type 1 

SMA (SMA1) is the most severe type with infants incapable of sitting, and usually results in 



8 
 

death before the age of two. Type 2 SMA (SMA2) is a milder form of muscular atrophy in both 

infants and older children where children are able to sit but not walk. Type 3 SMA (SMA3) is 

the mildest form where children are able to stand and walk but may lose these function in later 

life.
31-34

 OSA and hypoventilation are seen in all types of SMA. A study on 9 infants with SMA1 

and SMA2 ages 2-33 months showed a mean AHI of 2.1 events/hr (range 0.5 - 55.8 events/hr), 

oxygen desaturations, and high levels of transcutaneous carbon dioxide.
35

 Another study on 12 

older children with SMA1 and SMA1 ages 7.8 ± 1.9 years showed that 7 (58%) children had 

respiratory events and oxygen desaturations secondary to hypoventilation.
36

 Sleep and breathing 

disturbances secondary to OSA and hypoventilation occur in both infants and older children with 

SMA. SMA1 has a more rapidly deteriorating course compared to children with SMA2 and 

SMA3 and, therefore, require early respiratory support and may eventually succumb to 

respiratory failure.   

 

1.2.2 Myotonic dystrophy 

Myotonic dystrophy is the most common inherited muscle disorder in children, and can occur 

congenitally or have a late onset.
37

 In addition to causing muscle weakness, it also affects 

multiple organs including the brain and heart, and can present with some craniofacial anomalies. 

Myotonic dystrophy can cause diaphragmatic weakness, upper airway obstruction, and 

impairments in central ventilatory drive, increasing the risk of hypoventilation, OSA, and central 

sleep apnea. It is also associated with increased periodic limb movements during sleep.
38

 A study 

of 21 older children with myotonic dystrophy showed disturbances in sleep on PSG caused by 

apneas, periodic limb movements or both in 29%, 38%, and 5% of children respectively.
39

 There 

is little data on the link between congenital myotonic dystrophy and sleep and breathing 
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disorders in infants; however, a case study of one infant showed the presence mixed central and 

obstructive apneas resulting in respiratory distress.
40

 With little data from infants with myotonic 

dystrophy, it is unclear whether sleep and breathing impairments are similar in infants compared 

to older children and how treatment may differ.  

 

1.2.3 Duchenne muscular dystrophy 

The majority of data on sleep and breathing disorders in children with NMD comes from studies 

on Duchenne muscular dystrophy. This disorder is an x-linked dystrophy due a defect in the 

dystrophin gene, which leads to progressive muscle deterioration. The generalized muscle 

weakness that occurs in this dystrophy increases the risk of OSA and hypoventilation as the 

diseases progresses through childhood. A study on 44 children with Duchenne muscular 

dystrophy showed that these children had a higher number of obstructive respiratory events, 

including apneas and hypopneas, compared to otherwise healthy children.
41

 Another study on 32 

children with Duchenne muscular dystrophy found that 31% had OSA and 32% had 

hypoventilation. It also showed that OSA was more prevalent in the first decade of life, whereas 

hypoventilation was more common at the beginning of the second decade.
42

 Duchenne muscular 

dystrophy is a disorder that progresses with age, and therefore the OSA and hypoventilation seen 

this group occurs almost exclusively in older children.  

 

1.2.4 Kyphosis and scoliosis 

Kyphosis and scoliosis are characterized by an abnormal curvature of the spine in the sagittal and 

coronal plane respectively. They can be congenital or acquired and can occur together. Scoliosis 

is the most common musculoskeletal complication of NMD seen in children.
37

 It can lead to 
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decreased chest wall and lung compliance, ultimately increasing the work of breathing and 

leading to hypoventilation. There are limited studies in infants and children on the relationship 

between kyphosis and scoliosis and hypoventilation. A review of the available studies, however, 

shows that scoliosis is a reported predictor for nocturnal hypoventilation.
43

  

 

1.2.5 Summary of sleep and breathing disorders in neuromuscular disease 

NMD are a diverse group of conditions that can produce muscular weakness, including the 

muscles involved in respiration. The most common sleep and breathing disorder that occurs in 

the NMD population is hypoventilation, but underlying disease characteristics such as 

craniofacial anomalies or involvement of the CNS can also increase the risk for OSA and central 

sleep apnea. The most commonly studied NMD in infants and in older children is SMA1 and 

Duchenne muscular dystrophy respectively. Differences in the type of sleep and breathing 

disorders seen in different conditions, in addition to differences in the progression of muscular 

weakness seen with NMD, means that a different approach to respiratory support may be needed 

for infants and older children with NMD.   

 

1.3 Central nervous system disease  

CNS disorders can cause impairments in the central control of breathing, resulting in central 

sleep apnea and hypoventilation. A number of CNS disorders presenting in infancy and 

childhood can cause central hypoventilation (Table 1.1). The relationship between CNS 

disorders, central sleep apnea, and hypoventilation has not been well characterized, but there is 

some data in the context of congenital central hypoventilation syndrome (CCHS), rapid onset 
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obesity with hypothalamic dysfunction, hypoventilation and autonomic dysregulation 

(ROHHAD) syndrome, and myelomeningocele with Arnold-Chiari type 2 malformation.  

 

1.3.1 Congenital central hypoventilation syndrome  

CCHS is a rare disorder in which there is impaired central control of breathing due to an 

abnormality in the PHOX2B gene, which is involved in the development of the autonomic 

nervous system.
44,45

 CCHS is associated with hypoventilation, and while the mechanism behind 

this hypoventilation is not well understood, it is hypothesized that a deficit in the central 

integration of chemoreceptor inputs may be responsible for autonomic dysfunction and 

decreased central respiratory drive.
46

 CCHS presents with periods of central apnea and 

hypoventilation, which worsen during sleep. A study of 9 infants with CCHS during sleep 

showed significantly worsened hypoventilation throughout their sleep.
47

 Most cases of CCHS 

were thought to present at birth, with diagnosis within the first six months of life; however, it is 

now clear that CCHS has a broad spectrum of disease, with the more severe cases presenting in 

early life and milder forms potentially not detected until adulthood.  

 

 

1.3.2 Rapid-onset obesity with hypothalamic dysfunction, hypoventilation, and autonomic 

dysregulation syndrome 

ROHHAD syndrome has similar respiratory impairment compared to CCHS, but differs in that 

the age of presentation is later (typically after 1.5 years of age) and it is associated with rapid 

onset obesity and hypothalamic dysfunction. 
46,48

 It has only recently been distinguished as a 

separate disorder from CCHS.
46

 The first clinical symptom typically seen in ROHHAD 
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syndrome is rapid weight gain, which can be an excess of 15kg per year. It is also associated 

with the development of hypoventilation due to autonomic nervous system dysregulation, 

although the PHOX2B gene mutation is characteristically not present in this group.
46

 A study of 

23 children with ROHHAD syndrome showed an onset of alveolar hypoventilation in all 

children at a median age of 6.2 years.   

 

1.3.3 Myelomeningocele and Arnold-Chiari malformation type 2 

Myelomeningocele is a congenital birth defect in which the spine and spinal canal do not close 

before birth.
37,49

 It can be associated with Arnold-Chiari malformation type 2, where a part of the 

cerebellum, brainstem, and fourth ventricle in the brain herniate through an opening in the skull 

and into the spinal canal.
50

 Infants and children with myelomeningocele and Arnold-Chiari 

malformation type 2 are at a higher risk for both central sleep apnea and OSA secondary to 

spinal lesions, brainstem abnormalities, and disorders of upper airway control.
37,46

 A study of 83 

children with myelomeningocele and Arnold-Chiari malformation type 2 showed that breathing 

was moderately/severely impaired in 17 (20%) of children, who had a median AHI of 16.6 

events/hr (range 8.1-105 events/hr). In addition, 12 (71%) children had central apneas, 5 (29%) 

had primarily obstructive apneas, and two-thirds of these patients also presented with 

hypoventilation.
51

      

 

1.3.4 Summary of sleep and breathing disorders in central nervous system disease 

CNS disorders presenting in infancy and childhood can increase the risk of central 

hypoventilation and central sleep apnea. These disorders may present in different age groups, 

such as CCHS which occurs congenitally in infants, and ROHHAD syndrome which presents in 
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older children. Despite a similar pathophysiology, CCHS causes predominantly central sleep 

apneas and hypoventilation in infants, while ROHHAD can cause OSA in addition to central 

sleep apnea and hypoventilation in older children.  Given the differences in disorders presenting 

by age, strategies to support breathing during sleep may differ in infants and children with CNS 

disorders.  

 

1.4 Summary of sleep and breathing disorders in infants and older children 

There are a number of upper airway, NMD, and CNS disorders in the pediatric population that 

can increase the risk of sleep and breathing disorders like OSA, central sleep apnea, and 

hypoventilation. While some conditions may begin in infancy and continue on into childhood 

and adolescence, there are a number of conditions that occur predominantly in either the infant or 

child population. These include congenital syndromes, laryngo-tracheomalacia, and SMA1 in the 

infant population, and adenotonsillar hypertrophy, obesity, and Duchenne muscular dystrophy in 

the older child population. It is unclear whether the differences in disorders by age necessitate a 

difference in treatment approach to the use of long-term NIV. 
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SECTION 2: THE PHYSIOLOGY OF SLEEP AND BREATHING THROUGH INFANCY 

AND CHILDHOOD 

Sleep and breathing are consistently evolving from birth through childhood. These changes in 

normal physiology add to the challenge of identifying how sleep and breathing disorders, such as 

OSA, central sleep apnea, and hypoventilation, may affect treatment response in those who get 

treatment. This means that understanding whether infants and children have differences in how 

they respond to treatment requires an understanding of the normal physiological progress of 

sleep and breathing with age. The following section will describe the physiological changes in 

sleep and breathing across infancy and childhood.  

 

1.5 The physiology of sleep through infancy and childhood 

Sleep is a dynamic, physiological process that is critical for developmental progress. Sleep starts 

before birth but is not fully developed, with changes in the predominant sleep stages, duration 

and timing of sleep, as well as arousal responses over the first years of life. The maturation of 

sleep is a marker of brain development and, hence, sleep disruption is associated with the 

disruption of physical and neurocognitive development.   

 

1.5.1 Sleep stages and sleep stage distribution 

To understand the physiology of sleep and breathing, knowledge of commonly used sleep 

terminology is important. Infant sleep is classified into two distinguishable patterns, active sleep 

and quiet sleep. Active sleep in newborn infants is characterized by sucking motions, twitching, 

facial expressions, limb movement, and irregular breathing. Quiet sleep is characterized by 

muscle paralysis.
52

 A third stage, called indeterminate sleep, is used when features of both active 

sleep and quiet sleep are present.
53

 The onset of sleep in infants initially occurs through active 
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sleep, but then transitions to during non-rapid eye movement (NREM) sleep by about 6 months 

of age. All the features of adult sleep should be identifiable between 2 and 6 months of age with 

the term rapid eye movement (REM) sleep used to describe deeper sleep with characteristics of 

muscle paralysis, and NREM sleep applied to light sleep (including stage N1 and N2) as well as 

slow wave sleep (stage N3).
54

 This means that the terms used to describe sleep change between 

infancy and childhood. 

 

The proportion of time spent in each sleep stage also differs with age. A term-born infant will 

spend approximately equal time in active sleep and quiet sleep, whereas by 6 months of age, the 

proportion of REM sleep decreases to about 25% of the total sleep time, as seen in adults. The 

greater amount of time young infants spend in REM sleep predisposes them to developing 

breathing impairments, as respiratory events such as OSA are more predominant during REM 

sleep. This characteristic of REM sleep occurs because of a reduction of muscle tone in skeletal 

muscles during REM sleep, causing narrowing of the airway.
55

 Changes in sleep stage 

distribution over the first year of life contribute to improvements in breathing disorders. 

 

1.5.2 Timing of sleep 

Timing of sleep and circadian rhythm also differ across infancy and childhood. Infants are born 

without an established circadian rhythm of sleep, which means that their sleep does not yet 

follow the 24h sleep-wake pattern seen in older children and adults.
52,56

 Development of 

circadian patterns of sleep begin after one month of age, and are influenced by light exposure 

and feeding patterns.
57,58

 The circadian rhythm for wake develops before the circadian rhythm 

for sleep, at about 45 days and 2 months respectively.
58-60

 Also around 2 months of age, sleep 
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becomes more consolidated during the night, similar to the pattern seen in older children and 

adults. Diurnal patterns of sleep, with longer periods of sleep during the night and shorter periods 

during the day, are established by 3 months of age. By 6 months, infants have a circadian rhythm 

that is physiologically similar to that of adults with sleep occurring predominantly at night and 

shorter amounts of sleep during the day.
52,59,61,62

 The immature circadian rhythm patterns seen in 

infants may impact the treatment strategies required for sleep and breathing disorders in this age 

group, as they are constantly waking up and sleeping throughout the day, as opposed to a single 

sleep period during the night seen in older children. 

 

1.5.3 Sleep duration 

Infants spend more time in sleep than older children and, therefore, may have greater effects 

from the problems arising with breathing during sleep. The total amount of time spent in sleep is 

inversely related to age, with the greatest decrease over the first six months of life.
62

 While a 

newborn infant spends 16-18 h/day in sleep
59,63

, sleep duration decreases to 13.6 h/day by age 

three months; 12.9h/day by age six months; 12.6h/day from one to two years of age; 11.9h/day 

from ages two to five years; and 9.2h/day for ages six to twelve years.
62

 Afterwards, the total 

sleep duration remains relatively unchanged through childhood and adolescence.
64

 The American 

Academy of Sleep Medicine recently published consensus for sleep duration in children for 

optimal health highlights the decrease in sleep duration requirements with increasing with age 

(Table 1.2).
65

 It is unclear, however, whether higher amounts of sleep in infants may also impact 

treatment strategies with respect to breathing support from therapies such NIV.  

 

1.5.4 Arousals 
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The physiology of arousals, defined as transient changes in sleep state or stage, also differ 

between infants and older children. Arousal act as a protective mechanism against respiratory 

events that occur during sleep by lightening sleep or causing an awakening, resulting in 

termination of the respiratory event.
7,59

 Arousal thresholds are inversely related to age, with 

infants having the highest threshold. Infants have a higher number of arousals compared to older 

children, meaning they are more likely to arouse from sleep to terminate a respiratory event 

when compared to older children
7,59

  

 

1.5.5 Summary of the physiology of sleep through infancy and childhood 

There are distinct differences in normal sleep physiology across infancy and childhood. This 

includes a higher proportion of REM sleep, greater sleep duration, a developing circadian 

rhythm, and a higher arousal threshold in infants compared to older children. The greatest change 

in sleep physiology occurs across the first 6 months of life, making it difficult to determine how 

infants may respond to treatment therapy compared to older children.   

 

1.6 The physiology of breathing through infancy and childhood 

Similar to the changes in sleep, the physiology of breathing also changes across infancy and 

childhood. Breathing begins before birth and continues to mature in early life, making the control 

and stability of breathing lower in early life. This makes infants susceptible to impairments and 

breathing and it is unclear how they may respond to respiratory support compared to older 

children. 

 

1.6.1 Control of breathing 
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Central and peripheral control of breathing is immature and variable at birth, and matures with 

increasing age. An example of this is the change in the hypoxic ventilatory response (HVR), 

defined as the response of ventilation to exposure to low oxygen. Older children have a HVR 

similar to adults, and experience a period of prolonged hyperventilation in response to hypoxia, 

which declines after about half an hour to values above baseline.
66

 Term-born infants, on the 

other hand, have a distinct, biphasic HVR, with an initial period of sustained hyperventilation, 

followed by a decrease in ventilation at or below baseline values.
67-70

 The biphasic response seen 

in infants may last anywhere from a few weeks up to the first 6 months of life, after which the 

response becoming similar to that in adults.
70

  

 

1.6.2 Changes in breathing patterns  

Respiratory rate, defined as the number of breaths per minute, decreases from infancy to early 

adolescence.
59,71

 Respiratory rate changes from about 44 beats per minute at birth to 26 breaths 

per minute by two years of age
72

, and reaches adult values of 18 breaths per minute by early 

adolescence.
71

 The greatest decline in respiratory frequency occurs within the first two years of 

life.
72

 Respiratory rate also varies with sleep state and sex, with higher rates and variability seen 

during REM sleep and in boys respectively.
71,73,74

  

 

Patterns of breathing, such as periodic breathing, also change with increased age and maturation 

of breathing control. Periodic breathing is a normal respiratory pattern seen in pre-term and 

newborn infants, characterized by regular cycles of central apnea followed by rapid, shallow 

breathing.
75-77

  Periodic breathing is highest at birth and continues decreasing through the first 

two years of life.
76,77

 The higher prevalence of periodic breathing in pre-term infants compared 
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to term-born infants suggests a relationship with the immaturity of the ventilatory control system. 

This pattern of breathing, which is considered normal in most infants, is more common during 

sleep than wake.
71

 Normal infants 12-18 months of age may have periodic breathing for 1-2.5% 

of their total sleep time
78,79

, after which the presence of periodic breathing is considered 

abnormal.
77

 Periodic breathing has been associated with prolonged apneas
80

 and a risk of sudden 

infant death syndrome. The presence of periodic breathing may change the approach to treatment 

including the use of long-term NIV.  

 

1.6.3 Oxygen desaturations 

There is a higher variability in oxygen saturations in infants compared to older children. While 

baseline oxygen saturations do not change with age, infants normally have more oxygen 

desaturations compared to older children. In fact, the majority of infants have acute decreases in 

oxygen saturations, and these transient decreases improve with age and the reduction of periodic 

breathing.
81

 With increasing age, control of breathing stabilizes and it is uncommon to see 

oxygen desaturations in older children without the presence of sleep and breathing disorders.
59,71

  

 

1.6.4 Respiratory events during sleep 

Respiratory events, including obstructive, mixed, and/or central apneas and hypopneas, occur at 

low frequency after birth. In the early months of life, central respiratory events are common with 

decrease in the frequency to 3 events/h by 9 months of age. Obstructive respiratory events up to 

3 events/h are common in infants under 6 months of age and decrease to 1 event/h by 9 months 

of age.
59

 An AHI of greater than 1 event/h of sleep are considered abnormal in infants more than 

one year of age. There are no current guidelines to define normal cut-off AHI values for infants 
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less than one years of age. Greater instability in both sleep and breathing parameters make it 

more challenging to distinguish normal and abnormal breathing patterns in infants; with less 

variability, this distinction is easier in older children.
59,71

  

 

1.6.5 Summary of the physiology of breathing through infancy and childhood 

There were differences in breathing across infancy and childhood, including increased 

respiratory rates in infants, more periodic breathing, more oxygen desaturations, and increased 

respiratory events. Respiratory events including periodic breathing, oxygen desaturations apnea, 

and hypopnea are part of the normal pattern of breathing development in infants making it 

challenging to determine which infants may require treatment to support breathing during sleep. 

1.7 Summary of the physiology of sleep and breathing through infancy and childhood 

Both sleep and breathing are processes that continue to mature and develop with age. 

Characteristics of sleep in infants, such as increased sleep duration and a higher proportion of 

REM sleep, predispose them to more respiratory events that occur during sleep such as apneas 

and hypopneas, compared to older children. In addition, the immaturity of breathing patterns and 

control of ventilation in infants also makes them more susceptible to respiratory events occurring 

secondary to sleep and breathing disorders, such as OSA. The distinct characteristics of sleep and 

breathing in infants make it difficult to determine how they might respond to breathing support, 

such as NIV, for the treatment of these disorders.   
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SECTION 3: NON-INVASIVE VENTILATION TECHNOLOGY 

Non-invasive ventilation (NIV) is a method of providing breathing support through an interface 

outside the airway. Over the past two decades, there has been a shift from hospital-based to 

home-based ventilation strategies. This shift has resulted in NIV emerging as a standard of care 

for treating many sleep and breathing disorders in infants and older children. NIV technology 

and the changes in its use over time in infants and older children is described below. 

 

1.8 Definition of long-term non-invasive ventilation 

NIV is used to provide breathing support from outside the airway through an interface.
82-84

 The 

interface is commonly a nasal or full face mask, which is attached to a ventilator via tubing.
85

 

NIV is an alternative to invasive mechanical ventilation where the interface is inside the body, 

either through the nose, mouth, or inserted directed into the throat through a hole in the neck.
86,87

 

Long-term NIV is defined as continuous NIV use for greater than 3 months.  

 

1.8.1 Common types of non-invasive ventilation 

The two most commonly used modes of NIV are continuous positive airway pressure (CPAP) 

and bi-level positive airway pressure (BPAP).
82,84

 CPAP is a process where a fixed, continuous 

pressure of air flows into the airway, helping to keep the airway patent. It has been shown to 

increase lung volume
88

, decrease the work of breathing
22,89,90

, and may facilitate gas exchange.
91

 

BPAP is a method where dual pressures are delivered by the ventilator, and there is a higher 

inspiratory pressure and a lower expiratory pressure.
85,92

 The lower pressure phase allows for 

easier expiration for infants and children who require higher levels of inspiratory pressure. The 

provision of dual, alternating pressures by the BPAP machine means a back-up rate can be set 
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up. Since the machine is triggered by breathing, if the back-up rate for ventilation is not being 

met, the machine will deliver a breath to the patient. BPAP also decreases the work of breathing, 

and improves tidal volume and minute ventilation, thereby facilitating gas exchange.
90,93

 

 

The decision to use CPAP or BPAP depends on a number of factors, including primary 

underlying disease conditions, NIV pressures, and the age group being ventilated. Since CPAP 

pneumatically stents the airway, it is ideal in conditions where there is an obstruction of the 

upper airway, as it helps keep the airway patent.
85

 BPAP is effective in disorders causing 

neuromuscular and skeletal weakness, as it helps to unload respiratory muscles and decrease 

ventilatory effort.
22

 It is also effective in disorders that result in impairment of central ventilatory 

control, as the ventilator can deliver a breath if a back-up ventilation rate is not maintained.  

 

1.9 Factors contributing to the increased use of non-invasive ventilation over time 

Over the past two decades, there has been a shift from hospital-based ventilation towards long-

term home ventilation. This shift has allowed for an increasing number of infants and older 

children to use long-term NIV at home. There are a number of drivers that have allowed for this 

change to take place.  

 

1.9.1 Advancements in medicine and critical care  

Improvements in medicine have led to an increasing number of medically complex infants and 

older children surviving formerly fatal conditions.
94-96

 The survival rate of infants born 

prematurely with chronic lung disease, or with congenital anomalies has increased over the past 

two decades.
97,98

 The longevity of survival has also increased for older children with chronic 

pulmonary conditions such as cystic fibrosis
99,100

 and neuromuscular disorders like Duchenne 
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muscular dystrophy.
101,102

 Improvements in survival, along with the development of chronic 

respiratory sequelae that requires ventilatory support, have caused NIV use to increase in infants 

and older children.
94,103,104

  

 

1.9.2 Improvements in NIV technology  

Improvements in NIV ventilator technology, including mask interfaces, have also led to the 

increased expansion of infants and children using NIV.
103,105,106

  The production of light-weight, 

portable, and easy-to-use ventilators have allowed NIV to be delivered from a home-based 

setting.
85,103

 The development of well-fitting nasal and full-face masks for older children, 

including customized nasal masks, have increased the use of NIV technology by reducing mask 

complications such as air leak and skin breakdown.
107-111

  The development of NIV masks for 

older children has increased; however, despite an increasing number of infants using NIV 

therapy, there appears to be minimal research into the development of nasal masks in infants.
111

  

 

1.9.3 Avoiding the complications of invasive mechanical ventilation  

The use of long-term NIV has also increased because of the ability to avoid complications 

associated with invasive ventilation.
86,87,112

 These include surgical complications such as 

inflammation and infection at the site of tracheostomy insertion. There are also long-term 

complications of invasive mechanical ventilation, such as longer hospital stay, upper airway 

infections, swallowing dysfunction, and delayed speech and language development.
5,6

 These 

morbidities have resulted in clinicians, parents, and caregivers opting for less invasive modes of 

long-term respiratory support, driving up the rates of NIV use in both infants and older children.  
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1.9.4 Recognition by clinicians and families of NIV as a feasible option for providing long-

term respiratory support  

The use of home NIV has gained popularity because of the increasing recognition of the 

importance of home-based care for infants and children.
113

  For clinicians, one of the goals of 

long-term ventilation is to provide safe, effective respiratory support in a comfortable 

environment. The pressure to decrease the length of hospitalizations, in addition to the increased 

understanding that an acute care setting is both a socially and developmentally inappropriate 

environment for children, has contributed to the rise in domiciliary NIV.
106,114,115

  

 

1.9.5 Summary of factors contributing to the increased use of non-invasive ventilation over 

time 

There has been a shift from invasive to non-invasive modes of long-term ventilation, and this 

shift has primarily been driven by advancements in medicine and technology, avoidance of 

complications associated with invasive mechanical ventilation, and an increased recognition by 

clinicians and caregivers of NIV as a viable method of providing long-term ventilatory support.   

 

1.10 Summary of non-invasive ventilation technology 

NIV is a method of providing breathing support from an interface outside the airway. The use of 

NIV in both infants and older children has increased due to advancements in medicine and 

technology, the need to avoid complications associated with invasive mechanical ventilation, and 

increased recognition of clinicians and caregivers of NIV as a viable respiratory therapy. It has 

emerged as the standard of care for treating infants and older children with SDB. While our 

understanding of NIV in older children with SDB has increased, there is less evidence for its use 
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and outcomes in infants. Fundamental differences in sleep and breathing pathophysiology 

suggest that infants and older children may respond differently to NIV treatment.  
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 SECTION 4: AIMS AND HYPOTHESES 

The increase in the use of long-term NIV to treat sleep and breathing disorders in infants and 

children has likely been driven by advancements in medicine and NIV technology, and an 

increased recognition by clinicians and caregivers of NIV as a feasible option for providing long-

term respiratory support. Despite the fact that more infants and children are being ventilated with 

NIV, there appears to be less data around the use of this therapy in infants. Without evidence to 

say otherwise, it appears that the approach to NIV therapy is likely similar between infants and 

older children. However, it is clear that underlying disease conditions, as well as the physiology 

of sleep and breathing, differ between infants and older children. These differences suggest that 

infants may face separate challenges when using NIV therapy, and may require a different 

approach to treatment.  

 

The overall aim of this study is to compare the use of long-term NIV in infants and older 

children to determine whether infants represent a distinct group within the overall pediatric NIV 

population. The specific aims of this study are: 

 

Aim 1: To perform a comprehensive review of the evidence currently available around the use of 

long-term NIV in the infant population.  

 

Aim 2: To compare the population characteristics of infants and older children using long-term 

NIV. Population characteristics will include age, sex, ethnicity, primary underlying condition, 

co-morbidities, and baseline respiratory parameters.  
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Aim 3: To compare the treatment strategies for infants and older children using long-term NIV. 

These include history of prior airway surgery, NIV type, mask type, and use of any additional 

technology (ex. supplemental oxygen).  

 

Aim 4: To compare the outcomes for infants and children using long-term NIV. Outcomes will 

include changes in respiratory parameters from a diagnostic to titration PSG, physician reported 

improvements, adherence rates, and reasons for clinic discharge.  

 

Hypothesis: Underlying disease categories will differ between infants and older children 

because infants have more congenital conditions, such as craniofacial malformations, SMA1, and 

CCHS. Baseline sleep and respiratory parameters will also differ between infants and older 

children because of changes in sleep and breathing physiology with age. Older children will 

likely have a greater history of prior airway surgery, such as removal of the adenoids and tonsils, 

as the growth of this tissue occurs in older children. Given the manual dexterity of infants, it is 

likely that adherence rates will be higher in infants compared to older children because they 

cannot remove the NIV masks. Outcomes such as reasons for clinic discharge will also differ 

between infants and older children. 
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Table 1.1: Disease conditions in infants and older children that may be associated with sleep and breathing disorders. 

Underlying disorder Disease conditions predominantly in infants Disease conditions predominantly in older children 

Upper airway  Craniofacial disorders 

 Clefts 

 Isolated cleft lip and/or palate 

 Syndromic cleft lip and/or palate (Pierre 

Robin sequence, Treacher Collins syndrome, 

Stickler syndrome, Goldenhar syndrome, 

Nager syndrome) 

 

 Craniosynostoses 

 Isolated 

 Syndromic (Apert syndrome, Pfeiffer 

syndrome, Crouzon syndrome, Muenke 

syndrome, Saethre-Chotzen, Carpenter 

syndrome) 

 

 Laryngeal/tracheal disorders 

 Laryngo-tracheomalacia 

 Vocal cord palsy 

 Subglottic stenosis 

 Laryngeal webs/cysts 

 Adenotonsillar hypertrophy 

 Obesity 

 Syndromic (Prader-Willi syndrome, Down synrome) 

 Achondroplasia 

 

Neuromuscular/Skeletal  Motor neuron disease (spinal muscular atrophy 1, 2) 

 Congenital myotonic dystrophy 

 Congenital myopathies (Nemaline, central core, 

centronuclear, multicore, minicore) 

 Mitochondrial myopathies  

 Neuromuscular junction (congenital myasthenia) 

 Spinal cord injury 

 Skeletal - kyphoscoliosis, Achondroplasia 

 

 Motor neuron disease (spinal muscular atrophy 2, 3) 

 Dystrophinpathies (Duchenne muscular dystrophy, 

Becker muscular dystrophy) 

 Non-dystrophinpathies (Limb girdle muscular 

dystrophy, Fascioscapulohumer, Emery Dreifuss) 

 Myotonic dystrophy 

 Peripheral nerve (Hereditary motor and sensory 

neuropathies, hereditary sensory autonomic 

neuropathy, phrenic nerve injury, polyneuropathy, 

Guillain Barre syndrome) 

 Neuromuscular junction (Myasthenia gravis) 

 Spinal cord injury 
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 Skeletal - kyphoscoliosis, Achondroplasia 

 

Central nervous system 

 

 

 Congenital central hypoventilation syndrome 

 Myelomeningocele/Arnold Chiari 2 malformation  

 Apnea of prematurity 

 Cerebral palsy 

 Achondroplasia 

 Mitochondrial disorders (Leigh syndrome, Kearns-

Sayre syndrome, inherited mitochondrial 

myopathies) 

 

 

 Central hypoventilation syndrome 

 Obesity hypoventilation syndrome 

 Rapid-onset obesity hypothalmic dysfunction and 

autonomic dysregulation (ROHHAD) syndrome 

 Prader-Willi syndrome 

 Acquired brain injury (infarctions, ischemia, 

encephalitis, tumors) 

 Achondroplasia 

 Familial dysautonomia 
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Table 1.2: American Academy of Sleep Medicine consensus for recommended duration of sleep 

in the pediatric population.
116

  

Age Recommended sleep duration (h/day) 

0-4 months Not available* 

4-12 months 12-16 

1-2 years 11-14 

3-5 years 10-13 

6-12 years 9-12 

13-18 years 8-10 

*sleep recommendations for infants less than 4 months of age are not provided because of a 

normal wide variation in duration and patterns of sleep and insufficient evidence of association 

with health outcomes.  
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CHAPTER 2: LONG-TERM NON-INVASIVE VENTILATION IN INFANTS: A 

SYSTEMATIC REVIEW AND META-ANALYSIS  

 

 

2.1  ABSTRACT  

Context: The use of long-term non-invasive ventilation (NIV) for treating sleep and breathing 

disorders in the pediatric population has increased over the past decade; however, there is less 

data on NIV outcomes in infants. 

 

Objective: To systematically review the use and outcomes of long-term NIV in infants. 

 

Data Sources: Ovid Medline, Ovid Embase, CINAHL (via EbscoHOST), PubMed, Wiley 

Cochrane Library. 

 

Study Selection: Infants using long-term NIV outside an acute care setting.  

 

Data Extraction: Study design, population characteristics, and NIV outcomes.  

 

Results: A total of 289 studies were reviewed, with final inclusion of 52. Of these, 67% were 

retrospective; 98% quantitative; 92% single-center; and 48% were observational studies. Studies 

were distributed across upper airway (42%), neuromuscular (31%), central nervous system (8%), 

cardio-respiratory (2%), and multiple (17%) disease categories. While studies on upper airway 

disorders primarily reported changes in respiratory parameters (64%), studies on neuromuscular 

disease reported mortality (63%) and hospitalization (38%) outcomes.  

 



39 
 

Limitations: Most studies had an observational design with no control group, limiting the 

potential for a meta-analysis.  

 

Conclusions: The outcomes reported in studies were reflective of the disease category being 

studied. Studies on upper airway conditions demonstrated improvements in respiratory 

parameters for infants using NIV. Studies on neuromuscular disease, which were almost 

exclusively on spinal muscular atrophy type 1, reported decreased hospitalizations and prolonged 

survival for infants. Overall, NIV is an effective long-term respiratory therapy for infants; 

however, the quality of the available evidence was low to very-low for all outcomes, limiting any 

strong conclusions. 
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2.2  INTRODUCTION 

Long-term non-invasive ventilation (NIV), defined as respiratory support delivered through an 

interface outside the airway, has become the treatment of choice for a number of chronic 

conditions resulting in respiratory insufficiency or sleep disordered breathing in infants and 

children.
1-3

 These conditions include upper airway disorders, neuromuscular disorders (NMD), 

and disorders of the central nervous system (CNS).
3-6

 This shift towards NIV may be driven by 

improvements in NIV technology, a greater emphasis being placed on home-based care, and a 

growing acceptance of NIV as a viable therapy for long-term respiratory support.
1,6,7 

With 

increasing numbers of infants and children living at home using NIV, understanding the benefits 

and risks of NIV is becoming important not only for specialists involved in starting this therapy 

but also for pediatricians and primary care physicians providing care to these children in the 

community. 

 

While there is a considerable body of work describing the use of long-term NIV in a broad range 

of pediatric populations, less is known about its use in infants.
8-10

 Without sufficient data to 

suggest otherwise, similar NIV treatment approaches are likely followed in both infants and 

older children,
 
despite key physiological differences in sleep and breathing patterns in infancy. 

Both sleep and breathing processes are immature at birth and continue to develop through 

infancy, resulting in change in sleep patterns and breathing control that continue to change in 

early life.
11

 Sleep occupies a greater proportion of time in infants compared to older children,
12

 

which makes infants more vulnerable to respiratory disorders that disrupt sleep. Immaturity of 

central respiratory centers in infants contributes to increased respiratory events (including central 

apneas and oxygen desaturations), and a greater variability in oxygen saturation,
 
both of which 
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may be important for the normal development of respiratory control.
11,13

  Since sleep and 

breathing processes differ by age, especially in early life, the type of respiratory and sleep 

disorders treated with NIV, the response to NIV treatment, and the outcomes for NIV may also 

differ in infants as compared to older children. 

 

Most data available on long-term NIV use in infants is limited to single-center observational 

studies with relatively small sample sizes.
8
 Aggregation of the available data for combined data 

analysis will improve our understanding of the risks and benefits of NIV therapy in the infant 

population. Therefore, the aim of this systematic review is to synthesize the characteristics, 

technology, and outcomes for infants using long-term NIV. The results of this systematic review 

will help inform clinicians and caregivers of the current level of evidence to support the use of 

NIV in the infant population, as well as identify gaps in knowledge to help guide future study. 

 

2.3  METHODS 

2.3.1 Protocol and Registration 

The protocol for this systematic review was developed according to the Preferred Reporting 

Items for Systematic Review and Meta-Analyses (PRISMA) guidelines.
14

 The full protocol has 

been registered in the PROSPERO database for international prospective reviews.
15

  

 

2.3.2 Eligibility Criteria 

The inclusion criteria for this systematic review were: (1) infants, defined by the Public Health 

Agency of Canada as ages 0-24 months inclusive;
16

 (2) NIV use, defined as breathing support 

delivered from outside the airway; (3) long-term NIV use, defined as greater than three months 
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outside of an acute care setting. For studies that examined a broader age range, the mean age of 

NIV initiation had to be less than 24 months in order to be included in this review, or data had to 

be presented separately for infants. We did not place any study design or outcome level 

restrictions on eligibility. 

 

2.3.3 Information Sources and Search 

This systematic review is an extension of a prior scoping review on long-term NIV in children.
8
 

The scoping review search strategy, using Medical Subject Headings (MeSH) and free-text terms 

for “child” and “non-invasive ventilation,” was developed for MEDLINE (Ovid) and adapted for 

subsequent electronic databases with the full protocol published elsewhere
17 

(see Table 2.8 in 

Appendix I for original MEDLINE (Ovid) search strategy). Human studies published from 1990 

onwards were searched in MEDLINE (Ovid), Embase (Ovid), CINAHL (Ebsco), Cochrane 

Library (Wiley), and PubMed between November 17-28, 2014, with no restriction on study 

design. Grey literature, in the form of conference abstracts on respiratory and sleep medicine, 

was identified from 2012-2014. The literature search was re-run on April 29, 2016 using the 

same search strategy in Ovid MEDLINE, Ovid Embase, CINAHL, PubMed and Wiley Cochrane 

Library to identify additional studies.  

 

2.3.4 Study Selection 

The titles and abstracts of English, French, Spanish, and Portuguese studies identified by the 

literature search were screened by two reviewers (JEM and MCC) to determine eligibility for full 

text retrieval. Studies that were considered eligible were full-text reviewed for inclusion by two 

reviewers (JEM and MCC). The final included studies pertaining to children 0-18 years were 
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then full-text screened by two reviewers (PKB and MMA) to identify studies relevant to infants 

for inclusion in this systematic review. Any disagreement at the screening, eligibility, and 

inclusion levels were discussed until a consensus was reached. The reference lists of studies 

meeting inclusion were also reviewed to identify any additional relevant literature. 

 

2.3.5 Data Collection and Data Items 

Data were entered into a pre-established data collection form in Microsoft Excel (version 

14.0.4760, Microsoft Corporation, 2010). These data included author’s name, year of 

publication, country of publication, study design, sample size, age of NIV initiation, NIV type, 

primary underlying disease conditions, co-morbidities, and primary and secondary outcome 

measures. One reviewer (PKB) extracted the data and 20% of data extraction was verified by a 

second reviewer (MCC).  

 

Studies were grouped under one of the following primary underlying disease categories: upper 

airway disorders, NMD, CNS disorders, cardiorespiratory disorders, or multiple disorders. 

Within each disease category, we grouped studies based on individual disease conditions. We 

included studies with infants who had multiple disease conditions under one disease heading if 

>75% of the infant cohort had the same disease condition; otherwise these studies were included 

in the multiple disorders category. 

 

2.3.6 Risk of Bias in Individual Studies 

The Cochrane Risk of Bias In Non-Randomized Studies of Interventions (ROBINS-I) tool
18

 was 

used to assess the risk of bias in individual studies. Risk of bias in individual studies was 



44 
 

assessed by one reviewer (PKB) with 20% of the assessments verified by a second reviewer 

(JEM). 

 

2.3.7 Quality Assessment 

The Grading of Recommendations Assessment, Development and Evaluation (GRADE) tool
19

 

was used to determine the quality of studies at an outcome level by one reviewer (PKB). Meta-

analysis was performed to calculate risk ratios for appropriate outcomes using Review Manager 

(version 5.3., Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014).  

 

2.3.8 Synthesis of Results 

Primary and secondary outcomes were established during synthesis of the data based on 

outcomes reported in two or more studies for the same disease condition. Primary outcomes were 

objective changes in respiratory parameters, hospitalizations, discontinuation of NIV, and 

mortality. Secondary outcomes were adherence to respiratory support, improvements in 

underlying disease conditions, improvements in growth parameters, NIV facilitation of 

extubation, predictors of NIV requirement, and mask complications. Studies were included in the 

analysis if they reported on a primary and/or secondary outcome. Continuous infant data were 

presented as a weighted mean (standard deviation) or median (interquartile range) where 

appropriate. Results were grouped and reported based on the primary underlying disease 

category being studied. Primary outcomes were reported in tabular format if two or more studies 

reported on a primary outcome; otherwise they were reported narratively. Secondary outcomes 

were reported narratively if two or more studies examined the same secondary outcome.  
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2.4  RESULTS 

2.4.1 Study Selection 

The search strategy, after removal of duplicates, identified 11,581 studies and additional records 

(Figure 2.1). After screening of the titles and abstracts, 937 studies met eligibility for review. 

After full-text review, 289 studies on children ages 0-18 years were included in the scoping 

review. Full-text review of these 289 articles identified 56 studies meeting the infant inclusion 

criteria.  Four conference proceedings met inclusion criteria, but were excluded because of 

insufficient data reporting, leaving 52 articles for inclusion in this systematic review (see Table 

2.9 in Appendix I for characteristics and outcomes of all studies). 

 

2.4.2 Study Characteristics and Outcomes 

The majority of studies were retrospective (35/52, 67%), quantitative (51/52, 98%), and single-

centre studies (48/52, 92%).  The most common study design was observational, which included 

cohort studies (25/52, 48%), case series (13/52, 25%), and cross-sectional studies (6/52, 12%). 

Half of the studies (26/52, 50%) were exclusively on the infant population. 

 

Based on primary underlying disease categories, the studies were distributed across upper airway 

disorders (21/52, 42%), NMD (16/52, 31%), CNS (4/52, 8%), cardiorespiratory diseases (1/52, 

2%) and multiple disease categories (9/52, 17%; Table 2.1).  

 

The reporting of primary outcomes in studies was as follows: changes in respiratory parameters 

(20/52, 38%), hospitalizations (8/52, 15%), NIV discontinuation (15/52, 29%) and mortality 

(13/52, 25%). Secondary outcomes reported by studies included improvements in growth 
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parameters (8/52, 15%), adherence (6/52, 12%), facilitation of extubation (5/52, 10%), predictors 

of NIV requirements (3/52, 6%), mask complications (2/52, 4%), and improvements in 

underlying conditions (1/52, 2%). Ten studies (10/52, 19%) only reported the number of infants 

using NIV, and did not report any infant NIV outcomes
7,20-28

; these studies were excluded from 

systematic review synthesis. 

 

2.4.3 Obstructive Sleep Apnea 

Obstructive sleep apnea (OSA) was the most common upper airway disorder studied in the infant 

population, with 12 studies (12/52, 23%) reporting on this condition (Table 2.1). Of these, 10 

studies reported on infant NIV outcomes and were synthesized in the review (Table 2.2).
10,29-37

 

The studies reviewed included infants with multiple underlying conditions, the most common 

being a history of acute life-threatening events (ALTE), a family history of sudden infant death 

syndrome (SIDS), and craniofacial malformations. Eight studies (8/10, 80%) reported on 

changes in respiratory parameters,
10,29,31-36

 with seven of these studies (7/10, 70%) reporting 

improvements in central, obstructive, and/or mixed apneas from a diagnostic to titration 

polysomnography.
10,29,31,32,34-36

 Only one study (1/10, 10%) included diagnostic 

polysomnography results after long-term NIV use (weighted mean of 12 months), which showed 

overall decreased respiratory events, normalization of respiratory gases, and increased arousals 

during REM sleep.
36

  Five studies (5/10, 50%) reported discontinuation of NIV in infants 

because of improvements in respiratory parameters, with discontinuation rates ranging from 14-

100% (weighted mean 70±26%).
29,30,34,36,37

 Only one study (1/10, 10%) on five infants using 

NIV reported mortality outcomes, with all infants alive at the time of study publication.
34

 No 

studies reported on hospitalization outcomes.  
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2.4.4 Pierre Robin Sequence 

The search strategy identified five studies (5/52, 10%) reporting on infants with Pierre Robin 

sequence (PRS) using long-term NIV (Table 2.1). Three studies (3/5, 60%) reported on primary 

and/or secondary outcomes and were synthesized for this review (Table 2.3).
38-40

 A case series 

reported a decrease in respiratory rates, statistically significant improvements in respiratory 

effort, and normalization of respiratory gases after administration of NIV therapy in infants with 

PRS.
40

 A cohort study reported normalization of polygraphy parameters and gas exchange post-

NIV initiation.
38

 Two studies on PRS reported on discontinuation from NIV in infants, with a 

combined 69% (11/16) of infants discontinuing NIV because of improvements in respiratory 

parameters.
38,40

 Two studies comparing infants on NIV and invasive mechanical ventilation 

showed that the length of hospitalization were shorter for infants on NIV than for those receiving 

invasive mechanical ventilation via a tracheostomy.
38,39

 Adherence of infants to NIV was 

reported as excellent, showing more than eight hours of NIV use per day in two studies,
38,40

 with 

only a 1-2 week period required to  adjust to the mask ventilation.
38,39

 No studies addressed 

survival outcomes in infants with PRS using long-term NIV.   

 

2.4.5 Laryngo-tracheomalacia 

All four studies (4/52, 8%) on infants with laryngo-tracheomalacia (LTM) using long-term NIV 

were synthesized in the review (Table 2.4).
41-44

 Three studies (3/4, 75%) reported on changes in 

respiratory parameters. A case-control study of 10 infants with LTM showed improvements in 

respiratory frequency and respiratory effort in infants using continuous positive airway pressure 

(CPAP) or bi-level ventilation (BPAP) compared to spontaneous breathing.
41

 Normalization of 

arterial oxygen saturations after NIV use was seen in two studies.
44,45

 NIV discontinuation due to 
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improvements in respiratory parameters was reported in two studies, with a combined 

discontinuation rate of 81% (13/16 infants).
43,45

 Improvement in chest wall deformity after NIV 

use in three patients and normalization of growth parameters such as weight in four patients was 

seen in one case-control study.
45

 The same study also reported an average NIV use per day of 

10.2 hours/day in 7 infants. 
46

a 

 

2.4.6 Spinal Muscular Atrophy Type 1 

There were 14 studies (14/52, 27%) of infants with spinal muscular atrophy type 1 (SMA1) using 

long-term NIV (Table 2.1). Twelve of these studies reported on primary and/or secondary 

outcomes and were synthesized (Table 2.5).
47-58

 Nine studies (9/12, 75%) reported on mortality 

outcomes
47,49-52,54-56,58

;  four of these studies compared infants on supportive care with those 

using NIV, showing prolonged survival in the NIV group.
47,50,54,55

 Six studies (6/12, 50%) 

reported outcomes on hospitalization outcomes.
47,49,50,54-56

 Of these, two studies reported that 

hospitalizations per patient per year were significantly higher in infants on NIV than infants with 

a tracheostomy until after three years of age.
47,50

 Three studies (3/12, 25%) reported 

improvements in growth parameters, seen by resolution of chest wall deformity (pectus 

excavatum) after the initiation of NIV therapy.
48,49,52

 Another three studies showed that NIV 

helped facilitate extubation in infants with SMA1.
49,51,53

 Only one study (1/12, 8%) reported on 

changes in respiratory parameters and showed improvements in respiratory effort and 

normalization of respiratory gases in SMA1 patients using NIV therapy.
50 

  

    
7
 

2.4.7 Central Hypoventilation Syndrome 
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There were four studies (4/52, 8%) on NIV use for infants with central hypoventilation syndrome 

(CHS), and all four were summarized (Table 2.6).
59-62

 The diagnosis of CHS was confirmed 

clinically in two studies
58,60

 and via PHOX2B gene mutation analysis in one study.
59 

NIV was 

used in conjunction with negative extra-thoracic pressure ventilation (VNEP) therapy in two 

studies
58-60

: in one study it was used as the primary therapy, and in the second study, CPAP was 

used to relieve upper airway obstruction not resolved with VNEP. Improvements in respiratory 

parameters were reported in two studies: one showed the normalization of the partial pressure of 

carbon dioxide and resolution of pulmonary hypertension following the use of NIV
62

 and the 

other study showed improvements in hypoventilation of 50% (3/6) of infants.
59

 One study with 

six infants reported NIV discontinuation in two infants (33%) because of improvements in 

respiratory parameters; the remaining four infants were using NIV only during sleep.
58 

Two 

studies showed parent-reported improvements in growth and development after NIV initiation 

using the results of a parent questionnaire.
59,60

 An additional two studies reported pressure 

related effects of mask use, which were predominantly skin breakdown and mid-face 

hypoplasia.
61,62

 One cross-sectional study showed that it took less than a week for 5 of 6 infants 

to adjust to NIV.
59

   
63  9,20,28,64,65

 

 

2.4.8 Synthesis of results 

The results of meta-analysis on the effect of NIV on mortality rates in infants with SMA1 

showed that there was a statistically significant decrease in the relative risk of mortality in the 

NIV group compared to the supportive care group (Figure 2.2). This decrease may be attributed 

to prolonged survival in infants using NIV. 
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2.4.9 Risk of bias and quality assessment of outcomes 

Risk of bias, determined by the Cochrane ROBINS-I tool, ranged from moderate to severe in all 

studies included in this review (see Table 2.10 in Appendix I). Study design was the main 

contributor to the low quality assessment of the studies. Almost all the included studies had an 

observational study design, which contributed to confounding bias in participant selection and 

selected reporting of results. Grading of the quality of the evidence for outcomes such as changes 

in respiratory parameters, hospitalization, survival, and adherence using GRADE methodology 

showed that the quality of evidence ranged from low to very-low for all studies (Table 2.7).  

 

2.5  DISCUSSION 

2.5.1 Summary of evidence 

To our knowledge, this is the first systematic review on the use of NIV in infants. We identified 

studies on a diverse range of upper airway conditions in which NIV therapy improved the results 

of polysomnographic and respiratory parameters. With data available for NMD and CNS 

disorders limited to SMA1 and CHS, extrapolation of NIV benefits to other NMD and CNS 

disorders in infants is challenging. Not all outcomes were studied in all disease categories, with 

hospitalizations and mortality the focus in studies of SMA, respiratory events, and length of 

hospitalization in studies of PRS, and respiratory events and discontinuation in the remaining 

groups. The overall quality of evidence to support appropriate conclusions was low to very-low 

for all studies in this review. 

 

There is a diverse range of upper airway disorders that may benefit from NIV therapy. Previous 

studies have identified a number of conditions that can predispose infants to upper airway 
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obstruction, including craniofacial disorders, laryngeal disorders, and nasal obstruction.
66

 

Similarly in this review, we identified NIV use in a wide variety of diseases associated with 

compromised upper airway function, the most common being OSA, PRS, ALTE, infants at risk 

for SIDS, and LTM. The improvement in respiratory parameters and NIV discontinuation with 

respect to disease condition reflected an overall benefit from NIV therapy in infants with UA 

disorders. Extrapolating these results to conditions with a similar pathophysiology, but for which 

there is no evidence for NIV use in the literature, may be reasonable given the diversity of 

disorders represented in the available evidence.   

 

By contrast, extrapolation of outcomes for long-term NIV use in NMD and CNS disorders may 

be more challenging. The data relevant to long-term NIV use for NMD and CNS disorders is 

almost exclusively from two conditions: SMA1 and CHS. SMA1 is a progressively deteriorating 

disorder that is usually fatal in infancy. This is in contrast to other NMD disorders presenting in 

infancy, such as congenital myopathy and congenital muscular dystrophy, which may have a 

better prognosis or steadier course.
7,66

 The difference in prognoses of these conditions makes 

generalizing outcomes for NIV use in SMA1 to other NMD less appropriate. Similarly, CHS was 

the only CNS disorder for which data on long-term NIV use was available. NIV may be useful 

for other CNS disorders with accompanying respiratory compromise, such as congenital or 

acquired brain injury. Given the potentially unique physiology of CHS extrapolating the 

outcomes of NIV use for infants with CHS to other CNS conditions with different underlying 

respiratory pathophysiology may not be appropriate. Creation of national disease registries for 

infants and children using NIV will provide the opportunity to aggregate data on rare or 
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minimally studied diseases and examine the use and outcomes of long-term NIV in these 

populations. 

 

The outcomes that were reported in studies differed depending on the primary underlying disease 

category that was being examined. Studies of upper airway conditions predominantly reported on 

changes in respiratory parameters reported via polysomnography results and discontinuation of 

NIV. In addition, most studies reported short-term overnight polysomnography results; only one 

study had data on polysomnography results after long-term follow-up periods of NIV use in 

infants.
33

 Only one upper airway study reported on mortality outcomes and none on 

hospitalization outcomes. Long-term outcomes, such as hospitalizations, intercurrent illness, 

growth and development, and quality of life, which may be of interest to parents and caregivers 

warrant further studying. Interestingly, studies on SMA1 predominantly reported on mortality 

and hospitalization outcomes, with only one study reporting on changes in respiratory 

parameters.  

 

While the overall quality of the evidence available for the use of long-term NIV in infants may 

be low to very low, there is a body of evidence that may help guide clinical practice. In the 

absence of clear strong evidence, it is reasonable to use the information available where 

appropriate, even if it is limited. The reason for the low quality of the evidence included the 

study design and a high risk of bias due to the lack of blinding and randomization, and control 

for confounding variables. While these findings highlight the need for future studies of strong 

design and lower risk of bias, such as prospective studies with a larger sample size and 
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controlled for confounding variables, the data which is currently available may still be useful to 

inform treatment decisions for conditions where long-term NIV is being considered.  

 

2.5.2 Limitations of the Included Studies 

We identified a number of research gaps present in the studies included within this review. There 

was only one study that compared the efficacy of CPAP and BPAP ventilation in a cohort of 

infants.
41

 Similarly, while some studies reported mask complications
9,30

, only one compared the 

efficacy and practicality of different infant NIV masks.
27

 Additionally, there were no studies on 

the clinical support networks necessary for infants to be placed on NIV. It is important to know 

whether infants receive consultation and support from physicians, registered nurses, home care 

support, or a combination thereof, in order to determine whether a multidisciplinary NIV care 

plan is necessary for this population. The lack of comparison groups and/or homogeneity of 

outcomes reported precluded meta-analysis for most topics.  

 

2.5.3 Limitations of the Review 

Our review relied on the search methods and primary-level screening decisions of a scoping 

review on NIV in children with subsequent development of the research questions on NIV in 

infants. The methods to identify studies for the scoping review, however, were sufficiently 

inclusive to capture all relevant evidence on NIV in infants. We defined NIV for the scoping 

review on long-term NIV as breathing support outside the airway via an interface, consistent 

with the MeSH terminology for NIV and, therefore, included CPAP as well as BPAP. Some 

investigators, however, do not consider CPAP as a mode of NIV because it requires spontaneous 

breathing from the patient.
1,67

 To address this concern, we reported the different ventilation types 
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used by infants in the tables included in this review. Finally, we defined infants as ages 0-2 years 

based on the Public Health Agency of Canada definition.
16

 Some investigators may not agree 

with this definition, as the Centre for Disease Control defines infants as less than one year of age. 

Regardless of the definition used, it is still unclear whether there are differences in the outcomes 

of infants on NIV with respect to age. Future work should consider whether infants represent a 

distinct group within children using long-term NIV.  

 

2.6  CONCLUSIONS 

This systematic review examines the use and outcomes of long-term NIV in infants with a range 

of respiratory and sleep disorders. Improvements in respiratory parameters and discontinuation 

from NIV due to improvement in underlying conditions have been shown for a broad range of 

upper airway disorders, such as OSA, PRS, and LTM, in infants.  Long-term NIV use in infants 

with SMA1 decreased hospitalizations and prolonged survival compared to infants on supportive 

care. Infants with CHS may also show improvements in respiratory parameters after using NIV, 

and may potentially avoid tracheostomy. NIV appears to be a feasible method of providing long-

term respiratory support for infants with a wide range of underlying conditions; however, several 

methodological weaknesses limit any strong categorical conclusions. The findings of this 

systematic review are relevant to a broad range of stakeholders and can be used to help guide 

clinicians on the use of long-term NIV in infants. 
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Figure 2.1: Flow diagram outlining the study selection process for the systematic review, 

following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

guidelines.
10 
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Figure 2.2: A meta-analysis on the effect of non-invasive ventilation (NIV) on the relative risk of mortality in infants with spinal 

muscular atrophy. The meta-analysis shows that the relative risk of mortality is significantly lower in infants using NIV compared 

infants on supportive care. This decrease may be attributed to prolonged survival in infants using long-term NIV compared to no 

therapy. 
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Table 2.1: Summary of characteristics and outcomes of studies on infants using long-term non-invasive ventilation by disease 

category. 
 

Primary underlying 

disease category 

Specific disease/condition studied # of 

articles 

Reference 

number(s) 

Infant outcome measures reported by number of articles (n)
 

Upper airway  

 

 

 

 

 

 

 

 

Obstructive Sleep Apnea 

 

 

 

 

 

Pierre Robin Sequence 

 

 

 

 

 

Laryngo-tracheomalacia 

 

 

 

 

 

Breath holding spells 

12 

 

 

 

 

 

5 

 

 

 

 

 

4 

 

 

 

 

 

1 

[10, 25-26, 

29-37] 

 

 

 

 

[22-23,  

38-40] 

 

 

 

 

[41-44] 

 

 

 

 

 

[68] 

 Changes in respiratory parameters (n=8)  

 Discontinuation of NIV (n=5)  

 Benefit of NIV – improvement in growth parameters (n=1)  

 Survival/mortality (n=1)  

 No outcome (only number of infants using NIV, n=2) 

 

 Changes  in respiratory parameters (n=2)  

 Hospitalization (n=2)  

 Discontinuation of NIV (n=2)  

 Adherence to NIV (n=2) 

 No outcome (only number of infants using NIV, n=2) 

 

 Changes in respiratory parameters (n=3)  

 Discontinuation of NIV (n=2)  

 Benefit of NIV – improvement in growth parameters (n=1)   

 Benefit of NIV – improvement in underlying condition (n=1) 

 Adherence to NIV (n=1) 

 

 Changes in respiratory parameters (n=1) 

Neuromuscular  

 

 

 

 

 

 

Spinal Muscular Atrophy 

 

 

 

 

 

 

Multiple neuromuscular conditions 

 

Achondroplasia 

14 

 

 

 

 

 

 

1 

 

1 

[21, 24,  

47-58] 

 

 

 

 

 

[66] 

 

[20] 

 Survival/mortality (n=9)  

 Hospitalization (n=6)  

 Benefit of NIV – improvement in growth parameters (n=3)  

 Benefit of NIV – extubation (n=3) 

 Changes in respiratory parameters (n=1) 

 No outcome (only number of infants using NIV, n=2) 

 

 Survival/mortality (n=1) 

 

 No outcome (only number of infants using NIV, n=1) 
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Central Nervous System  Central Hypoventilation Syndrome 4 [59-62]  Changes in respiratory parameters (n=2) 

 Discontinuation of NIV (n=2) 

 Benefit of NIV – improvements in growth parameters (n=2) 

 Benefit of NIV – extubation (n=2) 

 Mask complications (n=2) 

 Adherence to NIV (n=1) 

Cardiorespiratory  Congenital Heart Disease 1 [63]  Changes in respiratory parameters, discontinuation of NIV (n=1) 

Multiple  Multiple 9 [3, 7, 9, 27-

28, 64-65, 

69] 

 Discontinuation of ventilation (n=3) 

 Changes in respiratory parameters (n=2) 

 Survival/mortality (n=2) 

 Adherence to NIV (n=2) 

 No outcome (only number of infants using NIV, n=3) 
NIV - non-invasive ventilation; QOL – quality of life  
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Table 2.2: Summary of studies on infants with obstructive sleep apnea using long-term non-invasive ventilation.  

  

First author  

Year  

Country 

Study 

design 

OSA 

definition; 

Diagnosis 

 

Infants 

using 

NIV 

 

Age  Medical history 

of conditions/ 

syndromes 

NIV 

type 

Improvement in respiratory parameters 

(events/hour unless otherwise specified) 

Infants who 

discontinued 

NIV (n, %) 
Variables Pre-NIVa  

mean±SD 
Post-NIV 

mean±SD 

Harrington31 

2003 

Australia, 

Finland 

 

P, Obs: 

Case- 

control 

n/a 

Apnea: 

cessation of 

airflow > 2 

respiratory 

cycles 

 

Diagnosis: 

PSG 

n=6 13±4 wk 

 

 

ALTE (n=4); 

FHx SIDS (n=2) 

CPAP Obstructive indexb* 

Oxygen desaturations (%)** 

Arousal in NREM sleep (%) 

Arousal in REM sleep (%)** 

HR in NREM sleep (bpm)*  

HR in REM sleep (bpm)* 

HRV in NREM sleep (%)* 

HRV in REM sleep (%) 

17±6 

12±3 

20±23 

19±19 

131±9 

137±9 

2.4±0.8 

3.0±1.2 

1±1 

2±1  

19±19 

68±11  

118±5 

124±5 

4.5±1.7 

4.1±1.6 

n/a 

Downey29  

2000 

USA 

R, Obs: 

Cohort 

> 1 

obstructive 

apnea 

events/hour 

of sleep 

 

Diagnosis: 

PSG 

n=18c < 2 yr ALTE (n=1); 

DS (n=1);  

LTM (n=3);  

PRS (n=1);  

BPD (n=1); 

CHF (n=1); 

Post T&A 

(n=2)c 

CPAP Total apnea index┼  

Obstructive apnea index┼ 

Hypopnea apnea index*  

Oxygen saturation  < 90% (min)* 

 

 

 

12.8±20.0  

4.7±13.4 

6.7±12.7 

22.2±25.5 

 

 

 

4.5±13.4 

2.0±7.3  

2.0±5.7 

6.4±14.9 

 

 

 

(n=9, 90%) 

discontinued 

because of 

improvement 

in respiratory 

parameters. 

McNamara34 

1995 

Australia 

 

P, 

Control 

before-

after 

n/a  

Apnea: 

cessation of 

airflow > 2 

sec 

 

Diagnosis: 

PSG 

n=5d 

 

 

8-12 wk ALTE (n=1); 

FHx SIDS (n=4) 

CPAP Total apnea index in NREM sleep** 

Total apnea index in REM sleep** 

Central index in NREM sleep** 

Central index in REM sleep 

Obstructive indexe in NREM sleep** 

Obstructive indexe in REM sleep** 

 

REM sleep per total sleep time (%)** 

65.6±14.6 

106.1±13.9 

36.5±6.6 

25.6±4.5 

29.3±9.4 

80.8±16.8 

 

14.2±1.2 

10.5±14.6 

26.6±13.9 

10.3±6.6 

24.6±4.5 

0.3±9.4 

2.0±16.8 

 

27.1±1.2 

(n=3, 100%) 

discontinued 

after 2-5 mo 

because of 

improvement 

in respiratory 

parameters. 

McNamara36 

1999 

Australia 

 

 

P, Obs: 

Cohort 

> 5 mixed & 

obstructive 

apneas 

events/hour 

of sleep 

 

Diagnosis: 

PSG (n=21); 

overnight 

ambulatory 

study (n=3) 

n=24f 

 

 

1-51 wk 

 

 

 

ALTE (n = 8);  

FHx SIDS(n=5);  

CF anomalies 

(n=7); 

LTM (n=1); 

Syndromes 

(n=3) 

 

CPAP 

 

 

Total apnea index in NREM sleep* 

Total apnea index in REM sleep* 

Central apneas in NREM sleep* 

Central apneas in REM sleep 

Obstructive apneas in NREM sleep* 

Obstructive apneas in REM sleep* 

Desaturation index in NREM sleep* 

Desaturation index in REM sleep* 

 

REM sleep per total sleep time (%)* 

 

44.4±9.3 

68.6±8.9 

29.8±7.6 

25.0±4.3 

14.6±3.9 

43.6±8.3 

37.8±8.9 

63.4±8.5 

 

16.0±1.2 

9.5±1.2 

22.7±2.3 

9.4±1.2 

22.3±2.2 

0.1±0.1 

0.4±0.1 

4.1±0.9 

9.8±1.4 

 

28.8±0.9 

 

(n=13, 72%) 

discontinued 

because of 

improvements 

in respiratory 

parameters.g 
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McNamara35 

1999 

Australia 

 

P, Obs: 

Case- 

control 

> 5 

obstructive 

events/hour 

of sleep 

 

Diagnosis: 

PSG 

n=8 10.8±1.3 

wk 

ALTE;  

FHx SIDS 

CPAP 

 

 

NREM Sleep 

Central apneas in NREM sleep 

Obstructive apneas in NREM sleep*  

    

Central apneas in REM sleep 

Obstructive apneas in REM sleep*  

 

 

36.1±8.6 

22.2±8.8 

 

 

32.9±8.1 

54.8±16.3 

 

26.3±7.4 

10.6±2.6 

 

 

38.2±8.2 

25.7±7.2 

n/a 

 

 

Leonardis32 

2013 

USA 

 

R, Obs: 

Cohort 

AHI ≥ 1.5 

events/hour 

of sleep 

 

Diagnosis: 

PSG 

n=18 

 

 

Mean:  

16.0 mo 

Multiple 

conditions/ 

syndromesh 

CPAP  

BPAP 

 

Mean percent decrease in AHI (%)i 

Subjective efficacy (-1 to 3 scale)j 

 

67.2  

2.2 

n/a 

Robison10 

2013 

USA 

  

R, Obs: 

Cohort 

AHI ≥ 1.5 

events/hour 

of sleep 

 

Diagnosis: 

PSG 

n=18 Mean: 

15.6 mo 

(3-29mo) 

 

Multiple 

conditions/ 

syndromesk 

CPAP  

BPAP 

 

Mean percent decrease in AHI (%)i 

Subjective efficacy (-1 to 3 scale)j 

 

84.1 

2.5 

n/a 

Liu33 

2012 

China 

R; Obs: 

Case 

series 

 n=2 1 – 7 mo PRS (n=1); 

LTM (n=1) 

CPAP 

(n=1) 
 

BPAP 

 (n=1) 

Normalization of respiratory gases  

Guilleminault30 

1995 

USA 

 

P, Obs: 

Case- 

control 

AHI > 1 to 5 

events/hour 

of sleep 

(use SDB in 

text) 

Diagnosis: 

PSG 

n=72 Mean: 

24±9 wk 

(4-43mo) 

  

ALTE (n=14);  

DS (n=7);  

CF anomalies 

(n=17); 

neurological 

disorders (n=14) 

 

CPAP 

 

 

n/a 

 

(n=10, 14%) 

discontinued 

ventilation 

because of 

improvements 

in respiratory 

parameters.l 

Rosen37 

2010 

United States 

R, Obs: 

Cohort 

AHI > 1 

event/hour 

 

Diagnosis: 

PSG 

n=6 < 2 yr Down syndrome 

(n=6) 

CPAP n/a 

 

(n=3, 50%) 

discontinued 

after 5-10 mo 

because of 

improvements 

in respiratory 

parameters. 

AHI - apnea-hypopnea index; ALTE - apparent life-threatening event; BPAP – bi-level positive airway pressure; BPD - bronchopulmonary dysplasia; bpm – beats per minute; CF 

- craniofacial; CHF - congestive heart failure; CPAP - continuous positive airway pressure; DS - Down Syndrome; FHx – Family history; f/up - follow-up; HR – heart rate; HRV – 

heart rate variability; LTM - laryngo-tracheomalacia; mo – months; n/a – data not reported; NIV - non-invasive ventilation; NREM - non-rapid eye movement; obs - observational; 

OSA - obstructive sleep apnea; P - prospective; PRS - Pierre Robin Sequence; PSG - polysomnography; R - retrospective; REM - rapid eye movement; SIDS - sudden infant death 

syndrome; T&A - tonsillectomy and adenoidectomy; wk – weeks; yr - years 
*p<0.05, **p<0.01, ┼p<0.001 
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a Pre-NIV refers to results on a diagnostic PSG; post-NIV refers to a next-day f/up titration study. 
b Reported in the study as the obstructive respiratory disturbance index, and was defined as the sum of the obstructive apneas, mixed apneas, and obstructive hypopneas per hour of 

sleep.  
c Only 10/18 used NIV long-term (1 – 5 yr). 
d Only 3/5 used NIV long-term (from 2 – 5 mo). 
e Refers to both obstructive and mixed apneas. 
f Only 18/24 used NIV long-term (from 1 mo to 4 yr). 
g Of the 13 infants who discontinued NIV, 11 had a history of ALTE or family history of SIDS, 1 had choanal atresia, and 1 had a vascular ring that was corrected surgically. The 5 

infants who still require NIV all have an upper airway anatomical abnormality as part of their primary underlying diagnosis. 
h Multiple syndromes/conditions reported are reported for entire population; not specific to NIV population. These include Down syndrome (n=10), cleft palate (n=9), Pierre Robin 

sequence (n=6), achondroplasia (n=6), Skeletal dysplasia (n=3), and other syndromes (n=9). 
i Mean percent decrease in AHI (%) shown from pre- to post-NIV therapy. 
j Subjective improvement defined as: -1 worsening of symptoms;  0 no improvement; +1 mild improvement; +2 moderate improvement; +3 significant improvements/resolution. 
k Multiple syndromes/conditions reported are reported for entire population; not specific to NIV population.  These include Down syndrome (n=14), Prader-Willi syndrome (n=5), 

Di-George syndrome (n=3), VACTERL (n=3), and other syndromes (n=13). 
l A total of 28 infants discontinued long-term NIV: 10 infants discontinued because of improvements in respiratory parameters; 18 required T&A or were referred to orthodontics. 

The mean f/up duration was 35±21 mo. 
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Table 2.3: Summary of studies of infants with Pierre Robin sequence using long-term non-invasive ventilation. 
 

First author 

Year 

Country 

Study 

design 

Infants 

using 

NIV  

Age  NIV 

type 

Improvement in respiratory parameters 

(events/hour unless otherwise stated) 

Infants who 

discontinued 

ventilation 

 (n, %) 

Length of hospital stay  

(mean±SD or median (range)) 

Variable(s)  Pre-NIV 

mean±SD 

Post-NIV 

mean±SD 

Supportive 

Care Group 

NIV  

Group 

IMV  

Groupa 

Leboulanger40 

2010 

France 

 

P; Obs: 

Case 

Series 

 

n=7 

 

 

Median:  

2 mo 

(1-10mo) 

CPAP  

(n=5)  

 

BPAP 

(n=2) 

RR (breaths/min) 

TI/TTOT(%)* 

Pes swing (cm H2O)* 

Pdi swing (cm H2O)* 

% time SpO2 < 90%* 

% time PtcCO2 >50mmHg┼ 

Mean PtcCO2*  

55±9 

59±9 

29±13 

31±12 

14±10 

88±12 

57±7 

37±7 

40±7 

9±4 

12±5 

1±2 

0±0 

31±7 

(n=5, 71%) 

discontinued 

NIV after a 

mean 16.7±12.2 

mo due to 

improvements in 

respiratory 

parameters. 

n/a n/a 

 

n/a 

Amaddeo28  

2016 

France 

 

 

R; Obs: 

Cohort 

n=9 0-2 mo 

 

 

CPAP Apnea-hypopnea index 

Oxygen desaturation index 

Minimum SpO2 (%) 

% time SpO2 < 90% 

Maximum PtcCO2 (%) 

19-42 

18-137 

78-90 

0-16 

41-55 

Normal 

PG and/or 

gas 

exchangeb 

(n=6, 66%) 

discontinued 

due to 

improvements in 

respiratory 

parameters. 

n/a 1 mo 

(20-40d) 

2 mo 

(6wk - 4mo) 

Kam39 

2015 

Canada 

 

R; Obs: 

Cohort 

n=20 

 

Mean:  

23 mo 

(5d - 8yr) 

CPAP n/a n/a 

 

n/a 28±24 d 

 

 

66±46 d  

 

 

138±76 d┼ 

 
 

BPAP – bi-level positive airway pressure; CPAP – continuous positive airway pressure; d – days; IMV – invasive mechanical ventilation; mo – months; n/a – data not reported or 

applicable;  NIV- non-invasive ventilation; Obs – observational; P- prospective; PtcCO2 – partial pressure of transcutaneous carbon dioxide; Pdi –diaphragmatic pressure; Pes –

esophageal pressure; PG – polygraphy; R- retrospective; RR – respiratory rate; SpO2 – partial pressure of oxygen; TI/TTOT –inspiratory time (TI)/total respiratory cycle time(TTOT); 

wk – weeks; yr - years 

 

*p<0.05; **p<0.01; ┼p<0.001 

 
a Invasive mechanical ventilation (IMV) delivered via tracheostomy. 
b Study reports that criteria for CPAP withdrawl in 6 infants was “normal polygraphy” (n=2) and/or “normal gas exchange” (n=6), but actual respiratory values are not provided. 
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Table 2.4: Summary of studies on infants with laryno-tracheomalacia using long-term non-invasive ventilation.   

 

BPAP – bi-level positive airway pressure; CPAP - continuous positive airway pressure; HR – heart rate; LTM – laryngo-tracheomalacia; mo – months;  n/a – data not reported or 

applicable;  NIV - non-invasive ventilation; NREM – non-rapid eye movement; Obs – observational; P – prospective; Pdi – diaphragmatic pressure; Pes – esophageal pressure; 

PTPdi diaphragmatic pressure-time product; PTPes esophageal pressure-time product; R- retrospective; REM – rapid eye movement; RR – respiratory rate; SaO2 – partial pressure 

of oxygen; TI/TTOT – inspiratory time (TI)/total respiratory cycle time(TTOT); TST – total sleep time; wk - weeks 

 

*p<0.05; **p<0.01 
 

a 8 of 10 (80%) infants had LTM. 
b All 10 infants were put on both CPAP and BPAP ventilation to compare the two types of ventilation. 
c Reporting of significant difference is between spontaneous breathing and CPAP or BPAP group respectively. No significant differences between CPAP group and BPAP group.  
d Cohort had 12 subjects split into group 1 (n=5) and group 2 (n=7). Since data were reported separately for each group, only group 2 data are presented in the table because it is 

more representative of the infant population (mean age < 24 months for group 2).  
e Statistics not  reported; a significant decrease in heart rate and respiratory rate, self-regulating respiratory patterns, and normalization of respiratory gases is mentioned in the text.  
f Entire cohort consisted of 50 infants. 39/50 (78%) of infants had LTM; 18/50 (36%) of infants had tracheomalacia. The number of infants with combined laryngomalacia and 

tracheomalacia was not reported.  

First author 

Year 

Country 

Study 

design 

Infants 

using 

NIV  

Age  NIV 

type 

Improvement in respiratory parameters 

 (mean±SD or median (range)) 

Infants who 

discontinued NIV 

(n, %) Variables Supportive Care CPAP Bi-level 

Essouri41 

2005, 

France 

 

P; Obs: 

Case-

control 

n=10a  

 

 

Median:  

9.5 mo 

(3-18 mo) 

 

CPAP 

(n=10) 

 

BPAP 

(n=10) b 

 

RR (breaths/min) 

TI/TTOT (%) 

Pes swing (cm H2O) 

Pdi swing (cm H2O) 

PTPes/min (cmH2O s-1 min-1) 

PTPdi/min (cmH2O s-1 min-1) 

45 (24-84) 

63 (35-86) 

28 (13-76) 

30 (16-75) 

695 (364-1417) 

845 (159-1183) 

29 (18-60) 

41 (34-60)** 

10 (7-28)** 

12 (8-32)** 

143 (98-469)** 

195 (115-434)** 

25 (14-50)**c 

48 (28-55)** 

13 (6-33)** 

14 (7-33)** 

211 (73-588)** 

248 (45-784)** 

n/a 

Fauroux42 

2001, 

France, UK 

 

P; Obs: 

Case-

control 

n=5 Overall:  

32.9±25.8 mo d 

Infants: 8-19 mo  

CPAP SaO2 (%)* 

SaO2 nadir (%)* 

% sleep with  SaO2 < 90%* 

91.7±2.3 

74.7±7.5 

29.5±19.6 

96.2±2.0 

88.0±2.5 

0.5±0.8 

n/a (n=3, 60%) 

discontinued NIV after 

6 – 30 mo due to 

improvements in 

respiratory parameters.  

Zwacka44 

1997, 

Germany 

 

R: Obs: 

Cohort 

n=7 3 wk – 3 mo CPAP HR (beats/min)e 

RR (breaths/min) 

SaO2 in REM sleep (%)    

SaO2 in NREM sleep (%)    

135-160 

34-42 

60-95 

85-98 

110-130 

22-28 

88-100 

92-100 

n/a n/a 

Shatz43  

2004, 

Israel 

 

R; Obs: 

Cohort 

n=14f 

 

 

Mean: 

6.5±3.5 mo 

(1-18 mo)g 

 

CPAP 

(n=5)  
 

BPAP 

(n=9) 

n/a (n=9, 100%) on bi-

level discontinued by 

3 years of age due to 

improvement in 

respiratory 

parameters.h 
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g Age for overall infant group, not just those on NIV.  
h Discontinuation of infants on CPAP was not reported. 
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Table 2.5: Summary of studies on long-term non-invasive ventilation in infants with spinal muscular atrophy (SMA) type 1.  
 

BPAP – bi-level positive airway pressure; d – days; IMV – invasive mechanical ventilation; mo – months; N – number; NA – not applicable; n/a – data not reported or applicable;  

NIV – non-invasive ventilation; Obs – observational study; P – prospective; R – retrospective; SMA – spinal muscular atrophy; Tx – treatment; yr - years 

*p<0.05; **p<0.01; ┼p<0.001 
a Reported for only one centre.  
b Infants died 1-3.5 mo after severe aspirations due to complications of the underlying disease condition. 
c 2/13 infants had borderline type I/II spinal muscular atrophy. 
d 5/7 infants died 1-15 mo after starting NIV therapy due to complications of the underlying disease condition. 

First Author 

Year  

Country 

Study 

Design 

 

 

Age 

 

 

 

Infants 

on 

NIV 

 

NIV 

type 

 

 

Mortality 

(n/group N, % unless otherwise specified) 

Hospitalization 

(per patient/year unless otherwise specified) 

Variable(s) 

 

Supportive 

care group 

NIV 

group 

IMV 

group 

Variables 

 

Supportive 

care group 

NIV 

group 

IMV 

group 

Bach46 

2002 

USA 

R; Obs: 

Case 

series 

11.2±5.7 mo n=33 

 

BPAP Number of deaths 7/7, 100 

 

2/33, 6 

 

1/16, 6 

 

 

Ages 0-3 yr* 

Ages > 3 yr 

n/a 

n/a 

1.53 

0.20 

0.58 

0.21 

Bach49 

2007 

USA  

R; Obs: 

Cohort 

10.6±5.7 mo   n=47 BPAP Number of deaths 18/18, 100  8/47, 17 

 

5/27, 19 

 

Ages 0-3 yr┼ 

Ages > 5 yr* 

n/a 

n/a 

1.58 

0.04 

0.37 

0.13 

Gregoretti53 

2013  

Italy 

R; Obs: 

Case 

series 

12.6±14.4 

mo   

n=31 BPAP Number of deaths  

% survival at 24 mo┼ 

% survival at 48 mo┼ 

113/121, 93 

n/a 

n/a 

14/31, 45 

89.43 

45 

7/42, 17 

95 

67.7 

Hospitalization n/a 0.023 0.006 

Lemoine54 

2012  

USA 

R; Obs: 

Cohort 

Mean: 136db  

(54 –196) 

n=26 BPAP Number of deaths NIV group had statistically longer 

survival compared to the 

supportive care group (log rank 

0.047). 

Hospitalization 

rate (%) 

46 83 n/a 

Ottonello55  

2011  

Italy 

R; Obs: 

Cohort 

10.4±6.2 mo   n=16 BPAP Number of deaths  n/a 2/16, 13 n/a Hospitalization   n/a 0.15 n/a 

  NIV Group 
 

NIV Group 

Bach48 

2000 

USA 

R; Obs: 

Case 

series 

3-28 mo n=8 BPAP Number of deaths  1/8, 13 Hospitalization 

duration (d)a  

16.6±7.8 

 

Birnkrant50 

1998 

USA 

R; Obs: 

Case 

series 

4 – 9mo 

 

 

n=3 BPAP Number of deaths 4/4, 100b 

 

Hospitalization n/a 

Chatwin51  

2011 

UK 

R; Obs: 

Cohort 

Median: 

11 mo 

(4-24 mo) 

n=13c BPAP Number of deaths   5/13, 38 Hospitalization n/a 

Vasconcelos57 

2005 

Portugal 

R; Obs: 

Cohort 

13 mo  

(3mo-3yr) 

 

n=7 BPAP Number of deaths 5/7, 71d Hospitalization n/a 
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Table 2.6: Summary of studies on infants with central hypoventilation syndrome using long-term non-invasive ventilation.   
 

First Author 

Year 

Country 

Study design Diagnosis of CHS Infants 

on 

NIV 
 

Age  NIV  

type 

Improvement in respiratory 

parameters  

Infants who 

discontinued NIV 

(n, %) 

Tibballs
61

  

2003
 

Australia 

 

 

R; Obs: 

Case series 

Clinical via 

polysomnography 

n=2 

 

6 wk and 9 mo 

 

BPAP (n=2) 

VNEP
a 
(n=2)

 

 

Decrease in PaCO2 to  

40-50mmHg (n=1) 

 

Normalization of pulmonary 

hypertension (n=1) 

n/a 

Hartmann
58 

1994 

UK 

 

 

P; Obs: 

Case series 

Clinical via 

respiratory gases and 

plethysmography 

 

n=6 

 

Overall:  

22 d – 57 mo  

 

Infants:  

22d – 5 mo 

VNEP (n=6) 

CPAP (n=2)
b
 

Improvements in 

hypoventilation (n=3)
c 

(n=2, 33%) 

discontinued 

because of 

improvements in 

respiratory 

parameters. 

Noyes
59 

1999 

P; Obs: 

Cross-

sectional 

(with content 

analysis) 

n/a n=5 66d – 59 mo VNEP (n=5) 

CPAP (n=1)
d 

 

 discontinuation 

Ramesh
60

 

2008
 

UK 

 

 

P; Obs: 

Cross-

sectional 

 

Genetic via  

PHOX2B gene  

mutation 

and clinical via 

polysomnography 

n=6 

 

Median: 8 wk 

(5 – 26 wk) 

 

 

n/a
 

 

n/a (n=0, 0%) 

discontinued 

ventilation at the 

conclusion of the 

study. 

BPAP – bi-level positive airway pressure; CHS – central hypoventilation syndrome; CPAP – continuous positive airway pressure; d – days; mo – months;NIV – 

non-invasive ventilation; n/a – data not reported; Obs – observational study; P – prospective; PaCO2 – partial pressure of carbon dioxide; PHT – pulmonary 

hypertension; R – retrospective; VNEP – negative extrathoracic pressure ventilation; wk - weeks 

 
a
 VNEP was used in conjunction with BPAP to relieve mask complications. 

b
 CPAP was used in conjunction with VNEP in two infants to relieve upper airway obstruction. 

c
 Study reported that three infants had improvements in hypoventilation, but did not report respiratory values. 

d
 CPAP used in conjunction with VNEP in one infant. 
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Table 2.7: Quality assessment of outcomes of infants using long-term non-invasive ventilation using the GRADE criteria.
19 

 

Quality assessment Number of patients Effect  
Quality 

 
Importance 

No. of 

studies 

Study design Risk of 

biasa 

Inconsistency Indirectness Imprecision Other 

considerations 

Intervention Control Relative 

(95% CI) 

Absolute 

(95% CI) 
 

Obstructive sleep apnea 
 

Changes in respiratory parameters: (respiratory gases pre-NIV to post-NIV) 

5 

 
 

3c 

observational 

studies 
 

observational 

studies 
 

serious 

 
 

serious 

not serious 

 
 

not serious 

not serious 

 
 

not serious 

not serious 

 
 

not serious 

none 

 
 

none 

53 

 
 

- 

53 

 
 

- 

  ⨁⨁◯◯ 

LOW  

 
⨁◯◯◯ 

VERY LOW 

Important 

 
 

Important 

Discontinuation of NIV:  

5d observational 

studies 

serious not serious not serious not serious none - -   ⨁⨁◯◯ 

LOW 

Important 

\\ 

Pierre Robin Sequence 
 

Changes in respiratory parameters: (respiratory gases pre-NIV to post-NIV) 

2e observational 
study 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

Discontinuation of NIV: 

2f observational 

studies 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

Length of hospitalization: 

2g observational 

studies 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

Adherence: 

2h observational 

studies 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 
Important 

 

Laryngo-tracheomalacia 
 

Changes in respiratory parameters: (respiratory gases: supportive care vs. NIV) 

3i observational 

studies 

serious not serious not serious not serious none 24 24   ⨁⨁◯◯ 

LOW 

Important 

Discontinuation of NIV: 

2j observational 
studies 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

Benefit of NIV - improvement in growth parameter(s): 

1k observational 

study 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

Benefit of NIV - improvement in underlying condition(s): 

1l observational 

study 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 
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Adherence: 

1m observational 

study 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

 

Spinal muscular atrophy type 1 
 

Mortality: (NIV vs. supportive care) 

3n 

 

 

 

6o 

observational 

studies 
 

 

observational 
studies 

serious  

 
 

 

serious 

not serious 

 
 

 

not serious 

not serious 

 
 

 

not serious 

not serious 

 
 

 

not serious 

none 

 
 

 

none 

24/111 

(21.6%) 

138/146 

(94.5%) 
RR 0.37 

(0.25 to 0.54) 
z=5.16 

p<0.0001 

595 fewer per 

1000 (from 
435 fewer to 

709 fewer) 

⨁⨁◯◯ 

LOW 
 

 

⨁⨁◯◯ 

LOW 

Very 

important 

 
 

Very 
important 

Hospitalization: (per patient/per year) 

3p 

 

 

3q 

observational 
studies 

 

observational 
studies 

serious  

 

 

serious 

not serious 
 

 

not serious 

not serious 
 

 

not serious 

not serious 
 

 

not serious 

none 
 

 

none 

n/a 
 

 

- 

n/a 
 

 

- 

  ⨁⨁◯◯ 

LOW 
 

⨁◯◯◯ 

VERY LOW 

Very 
important 

 
Important 

Benefit of NIV - improvement in growth parameter(s):  

3r observational 

studies 

serious not serious not serious not serious none - -   ⨁⨁◯◯ 

LOW 
Important 

Benefit of NIV – NIV facilitated extubation: 

3s observational 
study 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 
Important 

Changes in respiratory parameters: (respiratory gases) 

1t observational 

study 

moderate not serious not serious not serious none - -   ⨁⨁◯◯ 

LOW 
Important 

 

Central congenital hypoventilation syndrome 
 

Changes in respiratory parameters: (changes in respiratory gases post-NIV initiation) 

2u observational 

study 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

Discontinuation of NIV: 

2v observational 

studies 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

Benefit of NIV – improvement in growth parameter(s): 

2w observational 
studies 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 
Important 

Mask complication(s): 

2x observational 

studies 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 
Important 

Adherence: 

1 observational 

study 

serious not serious not serious not serious none - -   ⨁◯◯◯ 

VERY LOW 

Important 

CI: Confidence interval; n/a – data not available; NIV – non-invasive ventilation; RR: Risk ratio 
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a. Refer to Table 2.10 in Appendix I for risk of bias assessment of individual studies. 

b. Two cohort studies (Downey 2000 and McNamara 1999), two case-control studies (Harrington 2003 and McNamara 1999), one control before-after (McNamara 1995). 

c. Two cohort studies (Leonardis 2013 and Robison 2013), and one case series (Liu 2012); reported separately because no control group was present. 

d. Three cohort studies (Downey 2000, McNamara 1999, Rosen 2010), one control before-after (McNamara 1995), and one case-control study (Guilleminault 1995). 

e. One case series (Leboulanger 2010) and one cohort study (Amaddeo 2016). 

f. One case series (Leboulanger 2010) and one cohort study (Amaddeo 2016). 

g. Two cohort studies (Amaddeo 2016 and Kam 2015). 

h. One case series (Leboulanger 2010) and one cohort study (Amaddeo 2016). 

i. One bench study (Essouri 2005), one case-control study (Fauroux 2001), and one cohort study (Zwacka 1997). 

j. One case-control study (Fauroux 2001) and one cohort study (Shatz 2004). 

k. One case-control study (Fauroux 2001). 

l. One cohort study (Shatz 2004). 

m. One case-control study (Fauroux 2001). 

n. Consist of two case series (Bach 2002 and Gregoretti 2012) and one cohort study (Bach 2007). 

o. Consist of 4 cohort studies (Lemoine 2012, Otonello 2011, Chatwin 2011, and Vasconcelos 2005) and 2 case series (Bach 2000 and Birnkrant 1998); reported separately because they only reported 

results of NIV group as comparison group was not present.  

p. Consist of two case series (Bach 2002 and Gregoretti 2012) and one cohort study (Bach 2007). 

q. Consist of 2 cohort studies (Otonello 2011 and Lemoine 2012) and one case series (Bach 2000); reported separately because hospitalizations were compared to a supportive care group (Lemoine 

2012) or there was no comparison group (Otonello 2011 and Bach 2000). 

r. Two cohort studies (Bach 2007 and Ottonello 2011) and one case series (Bach 2002). 

s. Two case series(Bach 2000 and Birnkrant 1998) and one cohort study (Ednick 2008). 

t. One control before-after study (Petrone 2007). 

u. Two case series (Tibballs 2003, Hartmann 1994). 

v. One case series (Hartmann 1994) and one cross-sectional study (Ramesh 2008). 

w. One case series (Hartmann 1994) and one content analysis (Noyes 1999). 

x. One case series (Tibballs 2003) and one cross-sectional study (Ramesh 2008). 

y. One case series (Hartmann 1994). 
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CHAPTER 3: THE USE AND OUTCOMES OF LONG-TERM NON-INVASIVE 

VENTILATION IN INFANTS 

 

3.1 ABSTRACT  

Background: Non-invasive ventilation (NIV) is increasingly used to treat sleep and respiratory 

disorders in children; however, there are no treatment approaches specific for infants. The aim of 

this study is to compare NIV use between infants and older children to determine whether infants 

represent a distinct group within the pediatric NIV population, and may require separate 

treatment strategies. 

 

Methods: This is a 10 year retrospective cohort study of all infants and children using long-term 

NIV. Infants were matched to older children in a 1:2 ratio based on sex and closest date of NIV 

initiation. Medical charts and sleep laboratory records were reviewed to extract demographic, 

clinical characteristic, and health outcome data. 

 

Results: The most common underlying condition necessitating NIV in infants and older children 

was upper airway disorders; however, infants had more cardiopulmonary disease (16% vs 6%, 

p=0.002). Infants had more co-morbidities (98% vs 88%, p=0.003) and required more additional 

technology (36% vs 16%, p<0.001). CPAP was the most commonly used mode of NIV in both 

groups. Both infants and older children had similar improvements in sleep and respiratory 

parameters from a diagnostic to titration polysomnography. Clinic discharge rates from NIV 

clinic were similar for both groups; however, infants primarily ceased NIV due to improvements 

in underlying disease conditions (42% vs 30%, p=0.038), while older children transferred to 

other services (9% vs 35%, p<0.001).   
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Conclusions: Differences in primary underlying disease conditions, co-morbidities, NIV 

technology, and NIV outcomes support infants as a distinct group with respect to NIV therapy 

within the pediatric NIV population. These findings suggest a distinct approach to long-term 

NIV use in infants is warranted. 
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3.2 INTRODUCTION 

The number of children requiring long-term respiratory support in the outpatient setting is 

increasing,
1-7

 at least in part, due to improvements in the survival of children with complex 

medical illness
8-11

. Over the past two decades, there has been a shift from using long-term 

invasive mechanical ventilation (IMV) to non-invasive therapies.
12,13

 The use of non-invasive 

ventilation (NIV), a method of delivering positive pressure breathing support via an interface 

outside the airway, has become the standard of care for providing long-term respiratory support 

for infants and older children with sleep and breathing disorders.
13,14

 Reasons for the shift 

towards non-invasive therapies (such as continuous positive airway pressure (CPAP) and bi-level 

ventilation (BPAP)), include improvements in ventilator technology
8,12,14

, avoidance of 

complications associated with IMV
9,15,16

, and a growing recognition by clinicians and families of 

NIV as a viable alternative respiratory therapy.
8,12-14

 

 

Although the use of NIV for all children with sleep and breathing disorders has been increasing, 

there is less data on the use and outcomes of NIV in infants.
17-19

 The available data suggests that 

the current treatment approach to NIV therapy is similar in both infants and older children. 

However, there are key differences in the sleep and breathing physiology in infants when 

compared to older children
20,21 

that may impact response to NIV. For example, both total sleep 

duration and the proportion of total sleep time spent in rapid eye movement (REM) sleep is 

higher in early life and decreases across infancy and childhood.
20-23

 Arousals, defined as 

temporary changes in sleep stage or sleep stage, are common after birth and decrease across the 

first year of life.
21,24

  The central control of breathing is immature at birth and matures in the 

following months, resulting in an increased variability with respect to ventilation in infants.
21,25

 

Respiratory events, including both central and obstructive events, commonly occur even in 
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otherwise healthy infants and decrease with age.
26,27

 The increased time spent sleeping, higher 

proportion of time spent in REM sleep, and increased predisposition to respiratory events that 

occur during sleep demonstrate an increase in the risk for consequences of breathing problems, 

and potential differences in response to respiratory support in infants compared to older children.  

 

To date, there are no studies comparing NIV therapy between infants and older children. 

Comparing the use and outcomes of NIV between these two groups will help us understand 

whether infants may require a separate treatment approach from older children. Therefore, the 

aim of our study is to compare the clinical characteristics, technology, and outcomes of infants 

and older children using long-term NIV to determine whether infants represent a distinct cohort 

in the pediatric NIV population. The results of our study will help clinicians determine whether 

similar or separate treatment strategies are required when starting infants and older children on 

long-term NIV therapy.  

 

3.3 METHODS 

3.3.1 Study design and participants 

This is a 10-year retrospective cohort study with the comparing of long-term NIV use for infants 

and older children. It is part of a larger retrospective review of all children using long-term NIV 

in the province of Alberta from January 2005 through December 2014. Infants were defined as 

age ≤ 2 years and older children as age 2-18 years based on age guidelines used by the Public 

Health Agency of Canada.
28

 Long-term NIV use was defined as use for a minimum of three 

months outside of an acute care setting. Infants were matched to older children in a 1:2 ratio 

based on sex and the closest date of NIV initiation to ensure contemporary comparisons.  
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3.3.2 Data Collection 

Data were collected from the medical charts and sleep laboratory records of all children using 

long-term NIV at the Stollery Children’s Hospital and Alberta Children’s Hospital, Alberta. 

These two participating institutions are the only two publicly funded pediatric sleep labs in 

Alberta, and therefore represent the majority of, if not all, children using long-term NIV in 

Alberta.  The Health Research Ethics Board for both institutions approved the study.  

 

Data were collected at baseline and two follow-up times from medical charts and sleep study 

charts.  Sleep studies could be diagnostic polysomnography (PSG) studies, split-night studies 

(including a diagnostic and titration component), or titration studies, and were performed using 

standard infant and child procedures. Data collection and scoring of PSGs were completed by an 

experienced technician following the guidelines of the American Academy of Sleep Medicine.
29

  

 

Population characteristics that were collected from charts included age, sex, ethnicity, primary 

underlying disease category, co-morbidities (defined as any diagnosis aside from the primary 

underlying diagnosis), history of previous upper airway surgery, and baseline sleep and 

respiratory parameters. Data collected on NIV technology included location of NIV initiation, 

NIV type, NIV pressures, mask type, and use of any additional technology. Longitudinal 

outcome measures included physician reported improvements, and adherence rates from machine 

downloads (average hours of NIV used per night and % of days with NIV use for > 4 hours). 

Additional outcomes included number of infants discharging from clinic, , reasons for clinic 

discharge, and mortality outcomes. NIV clinic discharge reason was also identified and classified 
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as improvements in the underlying condition, NIV refusal (parents/children that declined 

continuing on NIV), or transfer of services (to adult services, another NIV provider, or out-of-

province care) To compare changes in sleep and respiratory parameters over time, parameters 

were compared between a baseline diagnostic and titration PSG (full or split night studies) or 

between a baseline diagnostic and the first titration PSG after 3 months of NIV use. Data were 

entered and stored in an electronic REDCap research database.
30

 

 

3.3.3 Analysis 

Analysis was performed using IBM SPSS Statistics version 24.0 (SPSS, Inc., Chicago, IL). 

Summary statistics were reported as median (IQR) or frequencies (n, %) as appropriate. Chi-

square test or Fisher’s exact test were used to analyze categorical variables and Mann-Whitney U 

test was used to compare continuous variables between groups. Wilcoxon Signed Ranks test was 

used to compare sleep and respiratory parameters between paired diagnostic and titration PSG 

studies. Kruskall-Wallis test was used to compare median adherence between age groups <1 

year, 1-2 years, and >2 year. Odds ratios with 95% CI or difference in medians with estimated 

Hodges-Lehman 95% CI were calculated to determine a measure of association for two 

dichotomous or continuous variables respectively. Logistic regression was used for multi-

variable analysis of outcomes such as improvement of the underlying condition, NIV refusal, 

continuation of ventilation, and mortality. To determine variables for inclusion in multi-variable 

analysis, demographic, sleep and respiratory parameters, NIV technology, and adherence 

variables that had a p<0.20 on univariate analysis were tested in a logistic regression model. The 

10-year study period was divided into three equal epochs to assess timing of NIV start in the 

regression model. Since our study is a comparison between infants and older children, age at 
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NIV initiation was included in all models. A p-value of <0.05 on analysis was considered to be 

statistically significant, and a post-hoc Bonferroni correction was applied for multiple 

comparisons. As an example, the logistic regression procedure for determining independent 

predictors of mortality is described in detail in Appendix II of this thesis. 

 

3.4 RESULTS 

Data were collected on 622 children, of which 122 (20%) were infants; 120 infants were matched 

to 240 older children for this study with insufficient appropriate matches for 2 infants. The 

median age of NIV initiation in infants and older children was 9.0 (12.0) months and 108.5 

(91.8) months respectively (Table 3.1). Fifty-seven percent of infants and older children were 

male, and ethnicity was similar between both groups. The primary underlying disease category 

necessitating NIV differed between groups, with older children having more upper airway 

conditions and infants having more cardiopulmonary disease. Infants also had a higher number 

of underlying co-morbidities compared to older children. 

 

Baseline sleep and respiratory parameters also differed between infants and older children (Table 

3.1). Infants had a lower median total sleep time compared to older children. As expected, 

infants spent a higher proportion of total sleep time in REM sleep, and had a higher total apnea-

hypopnea index (AHI), obstructive AHI, and central AHI compared to older children. Infants 

also spent a higher amount of total sleep time with oxygen saturations < 90%.  

 

There were differences between both groups with respect to NIV technology use. Older children 

were more likely to start NIV in a home-based setting compared to infants (46% vs 84%, 
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p<0.001, Table 3.2). Infants were more likely to use a nasal interface, BPAP ventilation and 

require additional technology compared to older children. Recommended CPAP pressures were 

slightly higher in older children, but BPAP pressures were comparable between both groups at a 

baseline visit. Infants received more home-care support compared to older children (67% vs 

26%, p<0.001). 

 

Treatment response and outcomes after starting NIV therapy showed both similarities and 

differences between groups. Data for sleep and respiratory parameters from a diagnostic to 

titration PSG showed that older children had a greater decrease in their total sleep time post-NIV 

therapy compared to infants, and infants had a greater decrease in the total sleep time with 

oxygen saturations < 90% (Table 3.3). The change from diagnostic to titration PSG for all other 

sleep and respiratory parameters was similar between infants and older children. These included 

a significant decrease in the total and obstructive AHI from diagnostic to titration study in both 

groups (Figure 3.1). The average hours of NIV used per night was similar between groups for the 

first follow-up visit, but differed in the second visit, with infants using NIV for more hours than 

older children (Table 3.3). The percent of days with NIV use for >4 hours/24h was similar for 

infants and older children at both of the two follow-up visits. After splitting the infants into two 

<1 year and 1-2 years of age, the average hours of NIV use per night was similar between the <1 

year, 1-2 year, and >2 year groups at both the follow-up visits (4.2 hrs vs 6.3 hrs vs 6.2 hrs, 

p=0.19) and (7.1 hrs vs 8.4 hrs vs 6.3 hrs, p=0.06) respectively. Likewise, the percent of days 

with NIV use >4 hours was also similar between the three groups at both follow-up visits (43% 

vs 81% vs 71%, p=0.20) and (80% vs 83% vs 67%, p=0.60) respectively.  
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While clinic discharge rates were similar between infants and older children, the reasons for 

discharge differed between both groups (Table 3.3). Infants predominantly discontinued because 

of improvements in the underlying condition or switch to IMV. By contrast, older children were 

primarily discharged from clinic because of transfer to other services.  

 

Binomial logistic regression was performed to understand the strongest determinants of 

outcomes including clinic discharge due to improvements in the underlying condition, clinic 

discharge because of NIV refusal, continuation of NIV ventilation, and mortality. There were no 

significant independent predictors of improvement in the underlying condition and NIV refusal. 

Increasing age and a higher adherence rate (% of days with NIV use >4 hrs during the second 

follow-up visit) were the strongest predictors of continuing on NIV (Table 3.4). The requirement 

of additional technology was the only predictor of mortality.   

 

 

3.5 DISCUSSION 

To our knowledge, this is the first study comparing the use, technology, and outcomes of long-

term NIV for infants and older children. Infants had more co-morbidities and required more 

additional technology than older children, potentially making them a more complex group. 

Despite similar incidence of central nervous system disease and neuromuscular disease, the use 

of BPAP was more common in the infant population. Changes in the majority of sleep and 

respiratory parameters were similar between both groups, highlighting the efficacy and viability 

of NIV as a method of providing long-term breathing support across childhood. Reasons for 

clinic discharge differed, demonstrating that infants may have a wider spectrum of outcomes, 

including improvement or switch to invasive ventilation, whereas older children predominantly 
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continued on long-term NIV. Somewhat surprisingly, adherence to NIV was similar for both 

infants and older children. 

 

Differences in underlying clinical characteristics and technology use between infants and older 

children support the idea that infants represent a more medically complex group and may require 

separate treatment approaches. Medically complex children have been defined as those having 

multisystem disease, functional impairment of daily living, complex medical regiments, and/or 

technology dependence.
10,31

 While our full cohort could be considered medically complex 

children because of the need for long-term NIV, our results have shown that infants have a 

significantly higher number of co-morbidities and require more additional technology than older 

children. Reasons for increased medical complexity in infants may include improvements in the 

survival of infants born premature and those with congenital conditions.
10,32

 The treatment 

strategies  for medically complex children are not well understood, especially in infancy.
10,31,32

 

However, the use of a clinical multidisciplinary approach to treat infants with multiple co-

morbidities and technology use may help streamline medical care and improve adherence and 

outcomes for infants requiring long-term NIV.  

 

Although the most common type of NIV used in both groups was CPAP, more infants were 

using BPAP compared to older children. CPAP is used in conditions where upper airway 

obstruction is present, while BPAP is beneficial for disorders resulting in abnormal central 

ventilatory drive or resulting in muscle weakness, as it can help unload respiratory muscles and 

improve alveolar ventilation.
6,33,34

 Since upper airway disorders occurred most frequently for 

both groups in our population, the higher rates of CPAP use in both groups seems appropriate. 
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With the incidence of CNS and NMD being similar for both infants and older children, it is 

interesting that the rates of BPAP use were significantly higher in infants. Lack of infant-specific 

guidelines around the use of long-term NIV may be a factor for clinicians deciding whether to 

initiate an infant on CPAP or BPAP. More infants start NIV in an acute care setting without a 

prior PSG, and, therefore, may be initiated and subsequently continued on BPAP therapy after 

being transferred home. Additionally, BPAP is funded by the provincial health system in Alberta 

while CPAP is not, which may be another factor influencing clinicians when deciding between 

the two technologies. Infant-specific guidelines around the use of long-term NIV would provide 

a standard for decision making, and the pattern of technology used described here support a need 

to re-evaluate government funding protocols.  

 

Improvements in sleep and respiratory parameters post-NIV initiation emphasize the importance 

of NIV therapy for normalizing sleep and breathing parameters in both infants and older 

children. Complications of disrupted sleep and breathing have been linked to abnormal growth, 

failure to thrive, and cognitive impairment in infants
35,36

, and cardiovascular
37-39

, metabolic
40,41

, 

and adverse neurobehavioural
42,43

 outcomes in older children. Our analyses demonstrated 

improvements in sleep and respiratory parameters after starting NIV therapy, such as a higher % 

of REM sleep, decrease in the total and obstructive AHI, and less TST with oxygen saturations 

below 90%.  These results are similar to those reported in other infant studies reporting on 

improvement in PSG parameter with NIV for infants with upper airway disorders.
1,2,5,19,33,44-50

  

The results further highlight that NIV is a viable and alternative method of providing long-term 

respiratory support in infants with disorders of sleep and breathing. Future research should 



87 
 

include studies on infants sub-grouped by disease categories to help determine the impact of 

clinical characteristics on sleep and respiratory parameters.  

 

Contrary to expectations, adherence to NIV therapy was similar between infants and older 

children. Previous studies have established that adherence is a common problem with children 

using NIV therapy
51-53

; however, there are few studies focusing on challenges to NIV adherence 

in infants.
54

 Removal of NIV masks during sleep has remained a problem in the older child 

population; however, this problem is likely minimal in most infants as they lack the manual 

dexterity remove the NIV mask. This should, theoretically, improve the total time infants are 

using NIV, and therefore adherence. The comparable adherence in our infant and older child 

groups suggests that parents/caregivers may be removing the mask in infants, which can impact 

adherence in the infant population. It is important moving forward to work with 

parents/caregivers and children to understand barriers to adherence to help improve outcomes in 

both the infant and older child population.  

 

There were several limitations to our study. As this was a retrospective chart review, information 

collected from the medical notes in the charts may have been missing. Not all infants and 

children had follow-up clinic visits or sleep studies; infants and children who started on NIV 

near the end of our data collection period had a shorter length of follow-up. However, missing 

clinical and PSG data were similar between infants and older children and therefore, are unlikely 

to explain differences identified between infants and older children. In addition, infants were 

defined as age 0-2 years based on a previously established definition. This cut-off is not 
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reflective of an important physiological marker, therefore, may not represent the ideal cut-point 

to define important changes for long-term NIV use. 

 

3.6 CONCLUSIONS 

Our results highlight that infants represent a distinct group within the overall pediatric NIV 

population in Alberta. Infants differed from older children with respect to the underlying disease 

category necessitating NIV. Infants had more co-morbidities, required more additional 

technology, and used more BPAP than older children. Improvements in sleep and respiratory 

parameters, such as % REM sleep, and total and obstructive AHI were similar for both groups. 

While infants primarily discharged from NIV clinic because of improvements in underlying 

conditions, older children were mostly transferred to other services. Based on differences in 

underlying population characteristics, NIV technology, and outcomes on NIV therapy, it is 

reasonable to conclude that infants represent a distinct group within the overall pediatric NIV 

cohort. These differences highlight the need for infant-specific treatment strategies and 

guidelines around the use of long-term NIV.  
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Table 3.1: Comparison of baseline clinical characteristics including respiratory parameters for infants and older children using long-term non-

invasive ventilation. 

Characteristics Infants (n=120) Older children (n=240) Odds ratio (95% CI) or difference 

in median (estimated 95% CI) 

Age (months), median (IQR)  9.0 (12.0) 108.5 (91.8)   

Males, n (%) 68 (57) 136 (57)  

Underlying disease category, n (%)  

Upper Airway 

Central Nervous System 

Neuromuscular 

Cardiopulmonary 

 

55 (47) 

26 (22) 

18 (15) 

19 (16) 

 

144 (61) 

38 (16) 

40 (17) 

14 (6) 

 

0.56 (0.36 to 0.87) * 

1.47 (0.84 to 2.57) 

0.88 (0.48 to 1.62) 

3.04 (1.47 to 6.31) ** 

Co-morbidities, n (%) 117 (98) 212 (88) 5.15 (1.53 to 17.31)
†
 

Co-morbidity distribution, n (%) 

0 co-morbidities 

1-2 co-morbidities 

3-4 co-morbidities 

5+ co-morbidities 

 

3 (3) 

46 (38) 

35 (29) 

36 (30) 

 

28 (12) 

117 (49) 

62 (26) 

33 (14) 

 

0.19 (0.06 to 0.65) ** 

0.65 (0.42 to 1.02) 

1.18 (0.73 to 1.93) 

2.69 (1.57 to 4.60)
 †

 

Prior adenoidectomy and/or tonsillectomy, n (%) 31 (27) 125 (54) 0.31 (1.19 to 0.51)
 †

 

Baseline diagnostic PSG data, median (IQR)
 
 

TST (min) 

Sleep efficiency (%) 

REM sleep (% of TST)
 
 

Arousal index (events/hr) 

Total AHI (events/hr)
 
 

Obstructive AHI (events/hr)
 
 

Central AHI (events/hr) 

% TST with SpO2 < 90% 

% TST with TcCO2 > 50mmHg 

 

234 (168) 

83 (14) 

23 (17) 

10 (10) 

23 (28) 

16 (27) 

2 (6) 

4 (18) 

1 (36) 

 

308 (222) 

86 (14) 

15 (10) 

8 (10) 

10 (17) 

8 (14) 

1 (3) 

0.3 (5) 

0.0 (18) 

 

74 (19.70 to 87.10) ** 

3 (-0.40 to 4.40) 

-8 (-11.10 to -5.80)
 †

 

-2 (-1.80 to 2.20)  

-13 (-13.20 to -5.00)
†
 

-8 (-9.20 to -3.00)
 †

 

-1 (-1.20 to 0.00) * 

-3.7 (-4.00 to -0.70)
 †

 

-1(-1.00 to 0.00) 
 

AHI – apnea-hypopnea index; Auto-PAP – automatic positive airway pressure; BPAP – bi-level positive airway pressure; CI – confidence 

interval; CPAP – continuous positive airway pressure; IQR – interquartile range; OR – odds ratio; PSG – polysomnography; SpO2 – arterial oxygen 

saturation; TcCO2 – transcutaneous carbon dioxide saturation; A/T – adenoidectomy and/or tonsillectomy; TST – total sleep time 

 

*p<0.05, **p<0.01, 
†
p<0.001 
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Table 3.2: Comparison of NIV technology use for infants and older children using long-term non-

invasive ventilation. 

NIV technology  Infants  

(n=120) 

Older children 

(n=240) 

Odds ratio (95% CI) or difference 

in median (estimated 95% CI) 

Location to start NIV, n (%) 

Home (pre-titration) 

Home (post-titration) 

Hospital ward 

NICU/PICU 

 

20 (17) 

45 (38) 

27 (23) 

27 (23) 

 

64 (27) 

137 (57) 

17 (7) 

21 (9) 

 

0.55 (0.32 to 0.97) * 

0.45 (0.29 to 0.71) ** 

3.83 (1.99 to 7.37)
 †

 

3.05 (1.64 to 5.66)
 †

 

Interface type, n (%) 

Nasal  

Full face 

 

97 (95) 

5 (5) 

 

132 (61) 

86 (39) 

 

12.64 (4.94 to 32.32)
 †

 

0.08 (0.03 to 0.20)
 †

 

NIV type , n (%) 

CPAP or Auto-PAP 

BPAP 

 

76 (65) 

41 (35) 

 

194 (81) 

46 (19) 

 

0.44 (0.27 to 0.72) ** 

2.28 (1.38 to 3.74) ** 

NIV pressures (cmH2O), median (IQR) 

CPAP or Auto-PAP 

BPAP (IPAP) 

BPAP (EPAP) 

 

8 (2) 

13 (5) 

6 (4) 

 

9 (3) 

16 (4) 

6 (2) 

 

1.00 (1.00 to 2.00) * 
3.00 (0.00 to 4.00) 

0.00 (-1.00 to 2.00) 

Additional technology, n (%) 

Gastrostomy tube 

Nasogastric tube 

Supplemental oxygen 

Oral appliance 

Cough assist 

 

33 (28) 

7 (6) 

6 (5) 

0 (0) 

0 (0) 

 

32 (13) 

4 (2) 

1 (0.4) 

2 (1) 

1 (0.4) 

 

2.47 (1.43 to 4.26) ** 

3.66 (1.05 to 12.74) * 

12.58 (1.50 to 105.72) ** 

1.50 (1.40 to 1.62) 

1.50 (1.40 to 1.62) 
 

Auto-PAP – automatic positive airway pressure; BPAP – bi-level positive airway pressure; CPAP – continuous 

positive airway pressure; EPAP – expiratory positive airway pressure; IPAP – inspiratory positive airway 

pressure; NICU – neonatal intensive care unit; PICU – pediatric intensive care unit 

 

*p<0.05, **p<0.01, 
†
p<0.001 
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Table 3.3: Comparison of treatment response and outcomes for infants and older children using long-term non-invasive ventilation. 
 

 

Treatment response and outcomes 

 

Infants (n=120) Older children (n=240) Odds ratio (95% CI)  

PSG indices
ǂ
, median of differences (IQR) 

Total sleep time (TST) (min)* 

Sleep efficiency (%) 

REM sleep (%) 

Arousal index (events/hr) 

Total AHI (events/hr) 
 

Obstructive AHI (events/hr) 

Central AHI (events/hr) 

% TST with SpO2 < 90%** 

% TST with TcCO2 > 50mmHg 

Change from Dx PSG to Tx PSG Change from Dx PSG to Tx PSG  

 -18 (200) 

-1 (22) 

4 (18) 

-0.5 (6) 

-6 (21) 

-5 (19) 

0.0 (4) 

-2 (11) 

0.0 (12) 

-62 (242) 

-1.5 (21) 

5 (19) 

-2 (8) 

-3 (12) 

-3 (11) 

0.0 (2) 

-0.1 (3) 

0.0 (7) 

Adherence (average hours used/night) 

First follow-up visit, median (IQR) 

 Second follow-up visit, median (IQR) 

 

6.0 (7.2) 

8.1 (8.2) 

 

6.2 (5.1) 

6.3 (5.7) 

 

0.36 (-0.83 to 1.56) 

-2.21 (-3.62 to 0.80)* 

Adherence (% days with NIV use > 4hrs) 

First follow-up visit, median (IQR) 

Second follow-up visit, median (IQR) 

 

59 (70) 

83 (73) 

 

71 (64) 

67 (65) 

 

4.60 (-16.78 to 7.07) 

-5.91(-6.76 to 18.59) 

Physician reported improvements:  

6 to 12 month visit, (n,%) 

Sleep quality/daytime sleepiness 

Breathing during sleep 

Mood/behavior 

School/learning/attention 

Overall general health 

 

 

37 (42)  

32 (36) 

12 (14)  

10 (11) 

39 (44)  

 

 

123 (62) 

72 (36) 

53 (27)  

47 (24) 

90 (45)  

 

 

0.44 (0.26 to 0.73) ** 

0.99 (0.59 to 1.67) 

0.43 (0.22 to 0.85) * 

0.41 (0.20 to 0.85) * 

0.95 (0.57 to 1.56) 

Discharged from clinic, (n,%) 73 (62) 120 (52) 1.51 (0.96 to 2.38) 

Reasons for clinic discharge, (n,%) 

Improvement of underlying condition 

Patient/family decline 

Physician recommendation 

Transfer of services
†
 

Switch to invasive ventilation 

 

25 (42) 

18 (31) 

5 (9) 

5 (9) 

6 (10) 

 

27 (30) 

31 (30) 

3 (3) 

36 (35) 

1 (1) 

 

2.04 (1.04 to 4.03) * 

1.01 (0.50 to 2.02) 

3.06 (0.70 to 13.28) 

0.17 (0.06 to 0.46) 

11.43 (1.34 to 97.47)* 

Mortality, (n,%) 14 (19) 11 (9) 2.351 (1.00 to 5.50) 

AHI – apnea-hypopnea index; Dx – diagnostic; NIV – non-invasive ventilation; PSG – polysomnography; REM – rapid eye movement; SpO2 – 

arterial oxygen saturation; TcCO2 – transcutaneous carbon dioxide saturation; TST – total sleep time; Tx – titration 

*p<0.05; **p<0.01; 
†
p<0.001
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Table 3.4: Results of binomial logistic regression with reasons for clinic discharge as outcome 

variables and population characteristics and technology use as predictors.  

Improvement of the underlying condition 

 B ± SE p Value Exp(B) 95% C.I. for Exp(B) 

Constant -1.940 ± 0.733 0.008 0.144  

 

NIV refusal 

 B ± SE p Value Exp(B) 95% C.I. for Exp(B) 

Constant 2.278 ± 2.05 0.997 8.952  

 

Continuation of NIV 

 B ± SE p Value Exp(B) 95% C.I. for Exp(B) 

Age (months) 0.008 ± 0.004 0.045 1.008 1.000 to 1.016 

Adherence* 0.020 ± 0.007 0.004 1.021 1.007 to 1.035 

Constant -0.420 ± 0.562 0.455 0.657  

 

Mortality 

 B ± SE p Value Exp(B) 95% C.I. for Exp(B) 

Additional technology 3.254 ± 1.201 0.007 25.905 2.460 to 272.849 

Constant -4.546 ± 1.688 0.007 0.011  

 

*% of days with NIV use >4hrs – second follow-up visit 
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PSG - polysomnography 

Figure 3.1: Change from a diagnostic to titration PSG in (a) the total apnea-hypopnea index (AHI) in infants; (b) 

the total AHI in older children; (c) the obstructive AHI in infants; (d) the obstructive AHI in older children. 

There was a similar decrease in total AHI (p=0.23) and obstructive AHI (p=0.36) from a diagnostic to titration 

PSG for both infants and older children.
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CHAPTER 4: SUMMARY AND CONCLUSIONS 

 

The results of this thesis show that infants can effectively use long-term non-invasive ventilation 

(NIV) and likely represent a distinct group within the overall pediatric population using NIV. 

The systematic review demonstrated NIV as an effective method of providing respiratory support 

for infants. The 10-year retrospective review showed differences in baseline clinical 

characteristics, baseline respiratory parameters, technology use, and outcomes of infants and 

older children using long-term NIV, which support the conclusion that infants represent a distinct 

cohort compared to older children. The results and conclusions of both studies highlight the need 

for continuing research on the topic of long-term NIV use in infants.  

 

4.1. Aim 1: To perform a comprehensive review of the evidence currently available 

around the use of long-term non-invasive ventilation in the infant population.  

 

The systematic review demonstrated that NIV is used to provide respiratory support in a range of  

infants. Infants with upper airway disorders, such as laryngomalacia, Pierre Robin sequence, or 

OSA secondary to multiple disorders, showed clinical improvements in respiratory parameters 

on sleep studies after NIV initiation. Studies on infants with neuromuscular disorders (NMD), 

which were almost exclusively limited to infants with spinal muscular atrophy type 1, showed a 

decrease in the number of hospitalizations, duration of hospitalization, and prolonged survival 

post-NIV therapy. Clinical outcomes in infants with central hypoventilation syndrome were 

limited, but also showed improvements in respiratory parameters post-NIV therapy. The weaker 

study design for the majority of studies analyzed in this systematic review limited the strength of 

the conclusions.  
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Overall, NIV appears to be an effective method of providing breathing support in infants with 

upper airway disorders, spinal muscular atrophy type 1, and central hypoventilation syndrome. 

The use of NIV in conditions similar to those that have shown benefit and improvements may be 

appropriate prior to invasive mechanical ventilation for certain groups. Prospective studies with 

stronger methodological design and the collection of NIV data in national disease databases can 

be beneficial moving forward towards increasing the understanding of NIV outcomes in infants 

using this therapy.    

 

 

4.2.  Aims 2, 3, and 4: To compare the clinical characteristics, technology use, and 

outcomes of long-term non-invasive ventilation for infants and older children. 

The 10 year retrospective chart review demonstrated both similarities and differences with 

respect to NIV therapy in infants and older children. Improvements in sleep and respiratory 

parameters were similar between infants and older children, further supporting that NIV is a 

viable option for providing long-term respiratory support in a broad range of children. 

Similarities in adherence between both groups likely mean that parents/caregivers are removing 

the masks from infants, as the majority of infants do not have the manual dexterity to do so. 

Differences in underlying disease conditions, co-morbidities, baseline respiratory parameters, 

type of NIV used, additional technology use, and NIV outcomes support the conclusion that 

infants represent a distinct group within the overall pediatric NIV population.  

 

This study highlights the need for infants to be studied distinctly within the overall population 

using long-term NIV, in order to fully understand the benefits and implications of NIV in infants.  

 

4.3. Limitations 
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There were several limitations for the retrospective chart review comparing NIV use between 

infants and older children. Being retrospective in nature, it is already of a weaker study design as 

there are many possible areas of bias, including in the selection of participants, data collection, 

data analysis, measurement bias, and confounding bias. Methods to decrease bias were used, 

whenever possible, throughout the study.  

 

4.3.1. Selection of participants 

An overall research objective was established prior to study initiation. The establishment of 

proper inclusion and exclusion criteria was also done a priori to decrease selection bias.  

 

4.3.2. Data collection 

An electronic database with standardized data collection forms was created so that data was 

entered systematically. Variables within the data collection form were defined a priori and data 

collectors were educated about the electronic database, the forms, and the variables before data 

collection was initiated. Data collection was limited to 2-3 individuals, to decrease the incidence 

of collection bias. Variables were predominantly limited to check boxes to decrease the 

variability of data entry.  

 

4.3.3. Data analysis 

Data cleaning was performed to identify any outliers and incorrect data entry. To account for 

missing data, variables were only included in the study if < 25% of data was missing. In 

addition, if data for a variable was missing, the type and amount of missing data had to be 
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comparable between both groups for the variable to be included. A statistician was consulted 

after analyzing the data to confirm that the appropriate statistics were performed.  

 

4.3.4. Measurement bias 

Potential sources of measurement bias were also present in the retrospective chart review. 

Physician reported improvements were established based on information from chart notes and 

medical letters. As there were no standardized measurement of improvement, the data collected 

was may reflect any improvements noted during the clinic visit, increasing bias due to positive 

reporting of data. To balance for potential positive reporting, if there was no information for a 

physician reported improvement in the chart notes or letters, improvements were reported as ‘no 

improvement’. 

 

4.3.5. Confounding bias 

There was an increased likelihood of confounding bias due to the retrospective design of the 

chart review. Seeing as all information was collected from charts, there was a high likelihood for 

missing data, thereby making it unfeasible to control all factors that may influence any particular 

outcome. Different methods to account for potential confounders were performed to help 

decrease confounding bias. Infants were matched to older children in a 1:2 ratio based on sex and 

closest date of NIV initiation, in order to decrease variability due to physiological differences 

and changes in NIV therapy over time. In addition, potential confounding variables were 

included in a logistic regression model to help understand the impact different covariates had on 

outcomes such as improvement in the underlying condition, NIV refusal, continuation of NIV, 

and mortality.  
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4.4. Future directions 

Most studies in the systematic review had a retrospective, observational design, as did our 10-

year chart review comparing infants and older children using long-term NIV. Retrospective 

studies are beneficial in that they are cost-effective, require less time, and can provide data for a 

large sample size. Drawbacks to retrospective studies include missing data and lack of outcome 

homogeneity. To overcome these challenges, the creation of online prospective clinic registries 

with systematic data collection tools would be beneficial. Data should be collected at standard 

time points for all children coming through the NIV clinic that meet pre-established inclusion 

criteria. Standardized outcome measures relevant to clinical care would provide clinician with 

improvement outcomes measures for clinical practice, in addition to enable improved analysis of 

the benefits of long-term NIV across clinical cohorts.  

 

The observational nature of the majority of studies examining infants using NIV was also a 

limitation of study design, and highlighted the need for studies with stronger methodology such 

as clinical trials. The results of the systematic review, however, support that NIV appears to be 

an effective method of providing long-term respiratory support. Therefore, it would be unethical 

to perform a clinical trial where infants are randomized to treatment and no treatment arms. The 

development of within-subject clinical trials is an option to help address this limitation. N of 1 

trials examining the impact of treatment in individual patients with before and after comparisons, 

and summation of individual subject results to establish group effects would be beneficial.
1
 For 

example, standardized baseline clinical and respiratory variables could be measured with a 
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questionnaire and polysomnography for an infant in whom it appears respiratory therapy may be 

required. Afterwards, if the infant requires NIV, standardized outcome measures can be collected 

post-NIV initiation and before and after comparisons can be made to determine the effect of NIV 

therapy. The data collected on multiple infants can then be aggregated to determine  the effect of 

long-term NIV for the entire cohort. This approach, with standardize baseline and follow-up 

measures at pre-determined time points, would improve on the methodological limitations of 

prior work. 

 

While our 10-year review was multi-centred, previously published studies were primarily single-

centred. The creation of an online data registry has the benefit of being accessible to multiple 

centres, allowing for collection of data from diverse populations and contributing to the 

generalizability of the findings. A primary research institute could be responsible for the analysis 

of the data, with contributions to data collection from multiple participating centres. Setting up a 

data registry that has relevance to clinical care by, for example, using outcomes measures with 

relevance to clinical practice, and providing this information for upload into patient electronic 

medical records, would provide benefit to the clinical team providing the respiratory support. 

 

Current data on infants using long-term NIV is specific to certain disease conditions, including 

upper airway disorders, spinal muscular atrophy type 1, and congenital central hypoventilation 

syndrome. These are some of the most common conditions necessitating NIV in the infant 

population, which is why they have been predominantly studied. The results and outcomes 

obtained for these conditions, however, may not be applicable to other less commonly studied 
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conditions. The creation of an online, multi-centred data registry collecting data on all children 

coming through the NIV clinic can help to aggregate data on less common conditions.  

 

Differences in the underlying clinical characteristics, technology use, and outcomes on NIV 

therapy support that infants represent a distinct group compared to older children. The higher 

number of infants using BPAP therapy may be, in part, due to CPAP not being provincially 

funded. Different funding models which can impact decision making about the type of NIV 

modality being established. Re-evaluation of government funding protocols may be beneficial to 

ensure that infants are being placed on the post appropriate NIV technology.  In addition, there 

are currently no guidelines around the use of long-term home NIV in the pediatric population. 

The American Thoracic Society has recently released clinical practice guidelines for the 

management of children receiving invasive mechanical ventilation at home. With an increasing 

shift from invasive to non-invasive ventilation, the creation of clinical practice guidelines for 

infants using long-term home NIV will help to standardize care, and support examining how 

aspects of clinical care impact health and well-being outcomes for infants using NIV and their 

families.  

 

 

4.5. Overall conclusions 

 

The use of NIV appears to be an effective and viable method of providing long-term respiratory 

support in the infant population, and may help decrease the need for, and complications 

associated with, invasive ventilation. The creation of a data registry with standardized data 

collection for children using long-term NIV can help develop future multi-centred studies with 
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stronger methodology for infants using this therapy. Differences in the baseline clinical 

characteristics, technology use and outcomes of NIV between infants and older children support 

the idea that infants represent a distinct group within the overall pediatric population using NIV. 

The re-assessment of government funding protocols to include funding for CPAP would help 

ensure that the correct NIV therapy is being given based on underlying disease conditions. 

Furthermore, the development of clinical guidelines around the use of NIV in the infant 

population can help provide specialized care for this group by providing standards for decision 

making.  

  

 

 

  



107 
 

REFERENCES 

1. Vohra S, Shamseer L, Sampson M, Bukutu C, Schmid CH, Tate R, Nikles J, Zucker DR, 

 Kravitz R, Guyatt G, Altman DG, Moher D; CENT group. CONSORT extension 

 forreporting N-of-1 trials (CENT) 2015 Statement. BMJ. 2015 May 14;350:h1738. 

 doi:10. 1136/bmj. h1738. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

 REFFERENCES FOR ALL CHAPTERS 

CHAPTER 1 

1. Katz ES, Mitchell RB, D'Ambrosio CM. Obstructive sleep apnea in infants. American 

Journal of Respiratory and Critical Care Medicine. 2012;185(8):805-816. 

2. Marcus CL, Loughlin GM. Obstructive sleep apnea in children. Seminars in Pediatric 

Neurology. 1996;3(1):23-28. 

3. Marcus CL, Brooks LJ, Ward SD, et al. Diagnosis and management of childhood 

obstructive sleep apnea syndrome. Pediatrics. 2012;130(3):e714-e755. 

4. Marcus CL, Moore RH, Rosen CL, et al. A randomized trial of adenotonsillectomy for 

childhood sleep apnea. New England Journal of Medicine. 2013;368(25):2366-2376. 

5. Marcus CL, Chapman D, Ward SD, et al. Clinical practice guideline: Diagnosis and 

management of childhood obstructive sleep apnea syndrome. Pediatrics. 

2002;109(4):704-712. 

6. Tan HL, Kheirandish-Gozal L, Abel F, Gozal D. Craniofacial syndromes and sleep-

related breathing disorders. Sleep Med Rev. 2016;27:74-88. 

7. Marcus CL. Sleep-disordered breathing in children. American Journal of Respiratory and 

Critical Care Medicine. 2001;164(1):16-30. 

8. Cielo CM, Marcus CL. Obstructive sleep apnoea in children with craniofacial syndromes. 

Paediatric Respiratory Reviews. 2015;16(3):189-196. 

9. Cielo CM, Montalva FM, Taylor JA. Craniofacial disorders associated with airway 

obstruction in the neonate. Seminars in fetal & neonatal medicine. 2016;21(4):254-262. 

10. Caron CJ, Pluijmers BI, Joosten KF, et al. Obstructive sleep apnoea in craniofacial 

microsomia: a systematic review. International journal of oral and maxillofacial surgery. 

2015;44(5):592-598. 

11. Christensen K, Mitchell LE. Familial recurrence-pattern analysis of nonsyndromic 

isolated cleft palate - A Danish registry study. American Journal of Human Genetics. 

1996;58(1):182-190. 

12. MacLean JE, Fitzsimons D, Fitzgerald DA, Awaters K. The spectrum of sleep-disordered 

breathing symptoms and respiratory events in infants with cleft lip and/or palate. 

Archives of Disease in Childhood. 2012;97(12):1058-1063. 

13. Daniel M, Bailey S, Walker K, et al. Airway, feeding and growth in infants with Robin 

sequence and sleep apnoea. Int J Pediatr Otorhinolaryngol. 2013;77(4):499-503. 

14. Kam K, McKay M, MacLean J, Witmans M, Spier S, Mitchell I. Surgical versus 

nonsurgical interventions to relieve upper airway obstruction in children with Pierre 

Robin sequence. Can Respir J. 2015;22(3):171-175. 

15. Leboulanger N, Picard A, Soupre V, et al. Physiologic and clinical benefits of 

noninvasive ventilation in infants with Pierre Robin sequence. Pediatrics. 

2010;126(5):e1056-1063. 

16. Anderson ICW, Sedaghat AR, McGinley BM, Redett RJ, Boss EF, Ishman SL. 

Prevalence and severity of obstructive sleep apnea and snoring in infants with Pierre 

Robin sequence. Cleft Palate-Craniofacial Journal. 2011;48(5):614-618. 

17. Maeda T, Hatakenaka M, Muta H, et al. Clinically mild, atypical, and aged craniofacial 

syndrome is diagnosed as Crouzon syndrome by identification of a point mutation in the 



109 
 

fibroblast growth factor receptor 2 gene (FGFR2). Internal Medicine. 2004;43(5):432-

435. 

18. Driessen C, Joosten KFM, Bannink N, et al. How does obstructive sleep apnoea evolve in 

syndromic craniosynostosis? A prospective cohort study. Archives of Disease in 

Childhood. 2013;98(7):538-543. 

19. Ayari S, Aubertin G, Girschig H, Van Den Abbeele T, Mondain M. Pathophysiology and 

diagnostic approach to laryngomalacia in infants. European Annals of 

Otorhinolaryngology, Head and Neck Diseases. 2012;129(5):257-263. 

20. Dobbie AM, White DR. Laryngomalacia. Pediatric Clinics of North America. 

2013;60(4):893-902. 

21. Camacho M, Dunn B, Torre C, et al. Supraglottoplasty for laryngomalacia with 

obstructive sleep apnea: A systematic review and meta-Analysis. Laryngoscope. 

2016;126(5):1246-1255. 

22. Essouri S, Nicot F, Clement A, et al. Noninvasive positive pressure ventilation in infants 

with upper airway obstruction: comparison of continuous and bilevel positive pressure. 

Intensive Care Med. 2005;31(4):574-580. 

23. Fauroux B, Pigeot J, Polkey MI, et al. Chronic stridor caused by laryngomalacia in 

children: work of breathing and effects of noninvasive ventilatory assistance. Am J Respir 

Crit Care Med. 2001;164(10 Pt 1):1874-1878. 

24. Greenfeld M, Tauman R, DeRowe A, Sivan Y. Obstructive sleep apnea syndrome due to 

adenotonsillar hypertrophy in infants. International Journal of Pediatric 

Otorhinolaryngology. 2003;67(10):1055-1060. 

25. Sanchez-Armengol A, Capote-Gil F, Cano-Gomez S, Ayerbe-Garcia R, Delgado-Moreno 

F, Castillo-Gomez J. Polysomnographic studies in children with adenotonsillar 

hypertrophy and suspected obstructive sleep apnea. Pediatric Pulmonology. 

1996;22(2):101-105. 

26. Zhang XW, Li Y, Zhou F, Guo CK, Huang ZT. Comparison of polygraphic parameters in 

children with adenotonsillar hypertrophy with vs without obstructive sleep apnea. 

Archives of Otolaryngology - Head and Neck Surgery. 2007;133(2):122-126. 

27. Marcus CL. Sleep-disordered breathing in children. Am J Respir Crit Care Med. 

2001;164(1):16-30. 

28. Marcus CL, Curtis S, Koerner CB, Joffe A, Serwint JR, Loughlin GM. Evaluation of 

pulmonary function and polysomnography in obese children and adolescents. Pediatric 

Pulmonology. 1996;21(3):176-183. 

29. Carno M-A, Ellis E, Anson E, et al. Symptoms of Sleep Apnea and Polysomnography as 

Predictors of Poor Quality of Life in Overweight Children and Adolescents. Journal of 

Pediatric Psychology. 2008;33(3):269-278. 

30. Ogden CL, Carroll MD, Kit BK, Flegal KM. Prevalence of obesity and trends in body 

mass index among US children and adolescents, 1999-2010. JAMA - Journal of the 

American Medical Association. 2012;307(5):483-490. 

31. Bach JR, Baird JS, Plosky D, Navado J, Weaver B. Spinal muscular atrophy type 1: 

management and outcomes. Pediatric pulmonology. 2002;34(1):16-22. 

32. Birnkrant DJ, Pope JF, Martin JE, Repucci AH, Eiben RM. Treatment of type I spinal 

muscular atrophy with noninvasive ventilation and gastrostomy feeding. Pediatric 

Neurology. 1998;18(5):407-410. 



110 
 

33. Bach JR, Saltstein K, Sinquee D, Weaver B, Komaroff E. Long-term survival in 

Werdnig-Hoffmann disease. Am J Phys Med Rehabil. 2007;86(5):339-345 quiz 346-338, 

379. 

34. Gregoretti C, Ottonello G, Chiarini Testa MB, et al. Survival of patients with spinal 

muscular atrophy type 1. Pediatrics. 2013;131(5):e1509-1514. 

35. Petrone A, Pavone M, Testa MBC, Petreschi F, Bertini E, Cutrera R. Noninvasive 

ventilation in children with spinal muscular atrophy types 1 and 2. Am J Phys Med 

Rehabil. 2007;86(3):216-221. 

36. Mellies U, Dohna-Schwake C, Stehling F, Voit T. Sleep disordered breathing in spinal 

muscular atrophy. Neuromuscular Disorders. 2004;14(12):797-803. 

37. Arens R, Muzumdar H. Sleep, sleep disordered breathing, and nocturnal hypoventilation 

in children with neuromuscular diseases. Paediatric Respiratory Reviews. 2010;11(1):24-

30. 

38. Ho G, Widger J, Cardamone M, Farrar MA. Quality of life and excessive daytime 

sleepiness in children and adolescents with myotonic dystrophy type 1. Sleep medicine. 

2017;32:92-96. 

39. Quera Salva MA, Blumen M, Jacquette A, et al. Sleep disorders in childhood-onset 

myotonic dystrophy type 1. Neuromuscular Disorders. 2006;16(9-10):564-570. 

40. Avanzini A, Crossignani RM, Colombini A. Sleep apnea and respiratory dysfunction in 

congenital myotonic dystrophy. Minerva Pediatrica. 2001;53(3):221-225. 

41. Nozoe KT, Moreira GA, Tolino JRC, Pradella-Hallinan M, Tufik S, Andersen ML. The 

sleep characteristics in symptomatic patients with Duchenne muscular dystrophy. Sleep 

and Breathing. 2015;19(3):1051-1056. 

42. Suresh S, Wales P, Dakin C, Harris MA, Cooper DM. Sleep-related breathing disorder in 

Duchenne muscular dystrophy: Disease spectrum in the paediatric population. Journal of 

Paediatrics and Child Health. 2005;41(9-10):500-503. 

43. Katz SL, Gaboury I, Keilty K, et al. Nocturnal hypoventilation: predictors and outcomes 

in childhood progressive neuromuscular disease. Archives of Disease in Childhood. 

2010;95(12):998-1003. 

44. Ramesh P, Boit P, Samuels M. Mask ventilation in the early management of congenital 

central hypoventilation syndrome. Arch Dis Child Fetal Neonatal Ed. 2008;93(6):F400-

403. 

45. Tibballs J, Henning RD. Noninvasive Ventilatory Strategies in the Management of a 

Newborn Infant and Three Children with Congenital Central, Hypoventilation Syndrome. 

Pediatric pulmonology. 2003;36(6):544-548. 

46. Cielo CM, Marcus CL. Central Hypoventilation Syndromes. Sleep Medicine Clinics. 

2014;9(1):105-118. 

47. Huang J, Marcus CL, Bandla P, et al. Cortical processing of respiratory occlusion stimuli 

in children with central hypoventilation syndrome. American Journal of Respiratory and 

Critical Care Medicine. 2008;178(7):757-764. 

48. Katz ES, McGrath S, Marcus CL. Late-onset central hypoventilation with hypothalamic 

dysfunction: A distinct clinical syndrome. Pediatric pulmonology. 2000;29(1):62-68. 

49. Date H, Ito C, Numata O. Management of myelomeningocele. Japanese Journal of 

Neurosurgery. 2005;14(7):442-448. 



111 
 

50. Alsaadi MM, Iqbal SM, Elgamal EA, Gozal D. Sleep-disordered breathing in children 

with Chiari malformation type II and myelomeningocele. Pediatrics International. 

2012;54(5):623-626. 

51. Waters KA, Forbes P, Morielli A, et al. Sleep-disordered breathing in children with 

myelomeningocele. Journal of Pediatrics. 1998;132(4):672-681. 

52. Davis KF, Parker KP, Montgomery GL. Sleep in infants and young children - Part one: 

Normal sleep. Journal of Pediatric Health Care. 2004;18(2):65-71. 

53. Anders TF, Emde RN, Parmelee AH. A Manual of Standardized Terminology, 

Techniques and Criteria for Scoring of States of Sleep and Wakefullness in Newborn 

Infants: By Thomas Anders, Robert Emde and Arthur Parmelee, Editors. UCLA Brain 

Information Service; 1971. 

54. Kales A, Rechtschaffen A. A manual of standardized terminology, techniques and 

scoring system for sleep stages of human subjects. US Department of Health, Education 

and Welfare, Public Health Service, National Institutes of Health, National Institute of 

Neurological Diseases and Blindness, Neurological Information Network; 1968. 

55. Marcus CL. Pathophysiology of childhood obstructive sleep apnea: current concepts. 

Respiration Physiology. 2000;119(2):143-154. 

56. Heraghty JL, Hilliard TN, Henderson AJ, Fleming PJ. The physiology of sleep in infants. 

Archives of Disease in Childhood. 2008;93(11):982-985. 

57. Bueno C, Menna-Barreto L. Development of sleep/wake, activity and temperature 

rhythms in newborns maintained in a neonatal intensive care unit and the impact of 

feeding schedules. Infant Behavior and Development. 2016;44:21-28. 

58. McMillen IC, Kok JSM, Adamson TM, Deayton JM, Nowak R. Development of 

orcadian sleep-wake rhythms in preterm and full-term infants. Pediatric research. 

1991;29(4):381-384. 

59. MacLean JE, Fitzgerald DA, Waters KA. Developmental changes in sleep and breathing 

across infancy and childhood. Paediatric Respiratory Reviews. 2015;16(4):276-284. 

60. McGraw K, Hoffmann R, Harker C, Herman JH. The development of circadian rhythms 

in a human infant. Sleep. 1999;22(3):303-310. 

61. Bathory E, Tomopoulos S. Sleep Regulation, Physiology and Development, Sleep 

Duration and Patterns, and Sleep Hygiene in Infants, Toddlers, and Preschool-Age 

Children. Current Problems in Pediatric and Adolescent Health Care. 2017;47(2):29-42. 

62. Galland BC, Taylor BJ, Elder DE, Herbison P. Normal sleep patterns in infants and 

children: A systematic review of observational studies. Sleep Medicine Reviews. 

2012;16(3):213-222. 

63. Primhak R, Kingshott R. Sleep physiology and sleep-disordered breathing: the essentials. 

Archives of Disease in Childhood. 2012;97(1):54-58. 

64. McLaughlin Crabtree V, Williams NA. Normal sleep in children and adolescents. Child 

and adolescent psychiatric clinics of North America. 2009;18(4):799-811. 

65. Hirshkowitz M, Whiton K, Albert SM, et al. National Sleep Foundation’s updated sleep 

duration recommendations: final report. Sleep Health. 2015;1(4):233-243. 

66. Marcus CL, Glomb WB, Basinski DJ, Ward SLD, Keens TG. Developmental pattern of 

hypercapnic and hypoxic ventilatory responses from childhood to adulthood. Journal of 

Applied Physiology. 1994;76(1):314-320. 

67. Carroll JL, Agarwal A. Development of ventilatory control in infants. Paediatr Respir 

Rev. 2010;11(4):199-207. 



112 
 

68. Cross KW, Warner P. The effect of inhalation of high and low oxygen concentrations on 

the respiration of the newborn infant. The Journal of Physiology. 1951;114(3):283-295. 

69. Richardson HL, Parslow PM, Walker AM, Harding R, Horne RS. Variability of the initial 

phase of the ventilatory response to hypoxia in sleeping infants. Pediatric research. 

2006;59(5):700-704. 

70. Richardson HL, Parslow PM, Walker AM, Harding R, Horne RS. Maturation of the 

initial ventilatory response to hypoxia in sleeping infants. Journal of sleep research. 

2007;16(1):117-127. 

71. Ross KR, Rosen CL. Sleep and Respiratory Physiology in Children. Clinics in Chest 

Medicine. 2014;35(3):457-467. 

72. Fleming S, Thompson M, Stevens R, et al. Normal ranges of heart rate and respiratory 

rate in children from birth to 18 years of age: a systematic review of observational 

studies. Lancet (London, England). 2011;377(9770):1011-1018. 

73. Gagliardi L, Rusconi F. Respiratory rate and body mass in the first three years of life. 

Archives of Disease in Childhood. 1997;76(2):151-154. 

74. Carskadon MA, Harvey K, Dement WC, Guilleminault C, Simmons FB, Anders TF. 

Respiration during sleep in children. Western Journal of Medicine. 1978;128(6):477-481. 

75. Kelly DH, Shannon DC. Periodic breathing in infants with near-miss sudden infant death 

syndrome. Pediatrics. 1979;63(3):355-360. 

76. Mohr MA, Fairchild KD, Patel M, et al. Quantification of periodic breathing in premature 

infants. Physiological Measurement. 2015;36(7):1415-1427. 

77. Scholle S, Wiater A, Scholle HC. Normative values of polysomnographic parameters in 

childhood and adolescence: Cardiorespiratory parameters. Sleep medicine. 

2011;12(10):988-996. 

78. Kelly DH, Stellwagen LM, Kaitz E, Shannon DC. Apnea and periodic breathing in 

normal full‐ term infants during the first twelve months. Pediatric pulmonology. 

1985;1(4):215-219. 

79. Kelly DH, Riordan L, Smith MJ. Apnea and periodic breathing in healthy full-term 

infants, 12-18 months of age. Pediatric pulmonology. 1992;13(3):169-171. 

80. Moore SE, Walsh JK, Farrell MK. Periodic Breathing in Infants With Histories of 

Prolonged Apnea. American Journal of Diseases of Children. 1981;135(11):1029-1031. 

81. Hunt CE, Corwin MJ, Lister G, et al. Longitudinal assessment of hemoglobin oxygen 

saturation in healthy infants during the first 6 months of age. Journal of Pediatrics. 

1999;135(5):580-586. 

82. Amin R, Al-Saleh S, Narang I. Domiciliary noninvasive positive airway pressure therapy 

in children. Pediatric pulmonology. 2016;51(4):335-348. 

83. Hull J. The value of non-invasive ventilation. Archives of Disease in Childhood. 

2014;99(11):1050-1054. 

84. Pavone M, Verrillo E, Caldarelli V, Ullmann N, Cutrera R. Non-invasive positive 

pressure ventilation in children. Early Human Development. 2013;89, Supplement 3:S25-

S31. 

85. Nørregaard O. Noninvasive ventilation in children. European Respiratory Journal. 

2002;20(5):1332-1342. 

86. Al-Samri M, Mitchell I, Drummond DS, Bjornson C. Tracheostomy in children: A 

population-based experience over 17 years. Pediatric pulmonology. 2010;45(5):487-493. 



113 
 

87. Brochard L. Mechanical ventilation: invasive <em>versus</em> noninvasive. European 

Respiratory Journal. 2003;22(47 suppl):31s-37s. 

88. Isono S, Shimada A, Utsugi M, Konno A, Nishino T. Comparison of static mechanical 

properties of the passive pharynx between normal children and children with sleep-

disordered breathing. American Journal of Respiratory and Critical Care Medicine. 

1998;157(4 I):1204-1212. 

89. Kissoon N, Adderley R. Noninvasive ventilation in infants and children. Minerva 

Pediatrica. 2008;60(2):211-218. 

90. Fauroux B, Pigeot J, Polkey MI, et al. Chronic stridor caused by laryngomalacia in 

children: Work of breathing and effects of noninvasive ventilatory assistance. American 

Journal of Respiratory and Critical Care Medicine. 2001;164(10 I):1874-1878. 

91. Andersson B, Lundin S, Lindgren S, Stenqvist O, Hergã O. End-expiratory lung volume 

and ventilation distribution with different continuous positive airway pressure systems in 

volunteers. Acta Anaesthesiologica Scandinavica. 2011;55(2):157-164. 

92. Brown KA, Bertolizio G, Leone M, Dain SL. Home noninvasive ventilation: What does 

the anesthesiologist need to know? Anesthesiology. 2012;117(3):657-668. 

93. Padman R, Lawless ST, Kettrick RG. Noninvasive ventilation via bilevel positive airway 

pressure support in pediatric practice. Critical Care Medicine. 1998;26(1):169-173. 

94. Cohen E, Kuo DZ, Agrawal R, et al. Children with medical complexity: An emerging 

population for clinical and research initiatives. Pediatrics. 2011;127(3):529-538. 

95. Newacheck PW, Strickland B, Shonkoff JP, et al. An epidemiologic profile of children 

with special health care needs. Pediatrics. 1998;102(1 I):117-123. 

96. Edwards EA, Hsiao K, Nixon GM. Paediatric home ventilatory support: The Auckland 

experience. Journal of Paediatrics and Child Health. 2005;41(12):652-658. 

97. Msall ME, Tremont MR. Measuring functional outcomes after prematurity: 

Developmental impact of very low birth weight and extremely low birth weight status on 

childhood disability. Mental Retardation and Developmental Disabilities Research 

Reviews. 2002;8(4):258-272. 

98. Tennant PW, Pearce MS, Bythell M, Rankin J. 20-year survival of children born with 

congenital anomalies: a population-based study. The Lancet. 2010;375(9715):649-656. 

99. Kulich M, Rosenfeld M, Goss CH, Wilmott R. Improved survival among young patients 

with cystic fibrosis. Journal of Pediatrics. 2003;142(6):631-636. 

100. MacKenzie T, Gifford AH, Sabadosa KA, et al. Longevity of patients with cystic fibrosis 

in 2000 to 2010 and beyond: Survival analysis of the Cystic Fibrosis Foundation Patient 

Registry. Annals of Internal Medicine. 2014;161(4):233-241. 

101. Eagle M, Baudouin SV, Chandler C, Giddings DR, Bullock R, Bushby K. Survival in 

Duchenne muscular dystrophy: Improvements in life expectancy since 1967 and the 

impact of home nocturnal ventilation. Neuromuscular Disorders. 2002;12(10):926-929. 

102. Kohler M, Fclarenbach C, Bahler C, Brack T, Russi EW, Bloch KE. Disability and 

survival in Duchenne muscular dystrophy. Journal of Neurology, Neurosurgery and 

Psychiatry. 2009;80(3):320-325. 

103. Sahetya S, Allgood S, Gay PC, Lechtzin N. Long-Term Mechanical Ventilation. Clin 

Chest Med. 2016;37(4):753-763. 

104. Fraser J, Henrichsen T, Mok Q, Tasker RC. Prolonged mechanical ventilation as a 

consequence of acute illness. Archives of Disease in Childhood. 1998;78(3):253-256. 



114 
 

105. Haffner JC, Schurman SJ. The technology-dependent child. Pediatric Clinics of North 

America. 2001;48(3):751-764. 

106. Wallis C, Paton JY, Beaton S, Jardine E. Children on long-term ventilatory support: 10 

years of progress. Archives of Disease in Childhood. 2011;96(11):998-1002. 

107. Bakker JP, Neill AM, Campbell AJ. Nasal versus oronasal continuous positive airway 

pressure masks for obstructive sleep apnea: a pilot investigation of pressure requirement, 

residual disease, and leak. Sleep Breath. 2012;16(3):709-716. 

108. Callaghan S, Trapp M. Evaluating two dressings for the prevention of nasal bridge 

pressure sores. Professional Nurse. 1998;13(6):361-364. 

109. Holanda MA, Reis RC, Winkeler GFP, Fortaleza SCB, Lima JWdO, Pereira EDB. 

Influence of total face, facial and nasal masks on short-term adverse effects during 

noninvasive ventilation. J Bras Pneumol. 2009;35(2):164-173. 

110. Limeres J, Diz P, Vilaboa C, Tomas I, Feijoo JF. Individualized nasal mask fabrication 

for positive pressure ventilation using dental methods. Int J Prosthodont. 2004;17(2):247-

250. 

111. Ramirez A, Delord V, Khirani S, et al. Interfaces for long-term noninvasive positive 

pressure ventilation in children. Intensive Care Med. 2012;38(4):655-662. 

112. Girou E, Schortgen F, Delclaux C, et al. Association of noninvasive ventilation with 

nosocomial infections and survival in critically ill patients. Journal of the American 

Medical Association. 2000;284(18):2361-2367. 

113. Murphy J. Medically stable children in PICU: better at home. Paediatric nursing. 

2008;20(1):14-16. 

114. Jardine E, Wallis C. Core guidelines for the discharge home of the child on long term 

assisted ventilation in the United Kingdom. Thorax. 1998;53(9):762-767. 

115. Tibballs J, Henning R, Robertson CF, et al. A home respiratory support programme for 

children by parents and layperson carers. Journal of Paediatrics and Child Health. 

2010;46(1-2):57-62. 

116. Paruthi S, Brooks LJ, D'Ambrosio C, et al. Recommended amount of sleep for pediatric 

populations: A consensus statement of the American Academy of Sleep Medicine. 

Journal of Clinical Sleep Medicine. 2016;12(6):785-786. 

 

CHAPTER 2 

REFERENCES 

1. Amin R, Sayal P, Syed F, Chaves A, Moraes TJ, MacLusky I. Pediatric long-term home 

mechanical ventilation: twenty years of follow-up from one Canadian center. Pediatric 

Pulmonology. Aug 2014;49(8):816-824. 

2. McDougall CM, Adderley RJ, Wensley DF, Seear MD. Long-term ventilation in 

children: longitudinal trends and outcomes. Arch Dis Child. Sep 2013;98(9):660-665. 

3. Amaddeo A, Moreau J, Frapin A, et al. Long term continuous positive airway pressure 

(CPAP) and noninvasive ventilation (NIV) in children: Initiation criteria in real life. 

Pediatric Pulmonology. Apr 25 2016. 

4. Katz S, Selvadurai H, Keilty K, Mitchell M, MacLusky I. Outcome of non-invasive 

positive pressure ventilation in paediatric neuromuscular disease. Arch Dis Child. Feb 

2004;89(2):121-124. 



115 
 

5. Simonds AK, Ward S, Heather S, Bush A, Muntoni F. Outcome of paediatric domiciliary 

mask ventilation in neuromuscular and skeletal disease. Eur Respir J. Sep 

2000;16(3):476-481. 

6. Jardine E, O'Toole M, Paton JY, Wallis C. Current status of long term ventilation of 

children in the United Kingdom: questionnaire survey. Bmj. Jan 30 1999;318(7179):295-

299. 

7. Chatwin M, Tan HL, Bush A, Rosenthal M, Simonds AK. Long term non-invasive 

ventilation in children: impact on survival and transition to adult care. PLoS ONE. 

2015;10(5):e0125839. 

8. Castro-Codesal ML, Dehaan K, Featherstone R, et al. Long-term non-invasive ventilation 

therapies in children: a scoping review. Sleep Medicine Reviews (Accepted March 2, 

2017). 

9. Markstrom A, Sundell K, Stenberg N, Katz-Salamon M. Long-term non-invasive positive 

airway pressure ventilation in infants. Acta Paediatr. Dec 2008;97(12):1658-1662. 

10. Robison JG, Wilson C, Otteson TD, Chakravorty SS, Mehta DK. Analysis of outcomes in 

treatment of obstructive sleep apnea in infants. Laryngoscope. Sep 2013;123(9):2306-

2314. 

11. MacLean JE, Fitzgerald DA, Waters KA. Developmental changes in sleep and breathing 

across infancy and childhood. Paediatric Respiratory Reviews. 9// 2015;16(4):276-284. 

12. Iglowstein I, Jenni OG, Molinari L, Largo RH. Sleep Duration From Infancy to 

Adolescence: Reference Values and Generational Trends. Pediatrics. 2003;111(2):302-

307. 

13. Marcus CL. Sleep-disordered breathing in children. Am. J. Respir. Crit. Care Med. 

2001;164(1):16-30. 

14. Moher D, Liberati A, Tetzlaff J, Altman DG. RESEARCH METHODS & REPORTING-

Preferred reporting items for systematic reviews and meta-analyses: the PRISMA 

statement-David Moher and colleagues introduce PRISMA, an update of the QUOROM 

guidelines for reporting systematic reviews and meta-analyses. BMJ (CR)-print. 

2009;338(7716):332. 

15. Bedi PK,  Castro-Codesal ML,  Featherstone R,  AlBalawi MA, Alkhaledi B,  Kozyrskyj 

A,  Flores-Mir C,  MacLean JE. Long-term non-invasive ventilation in infants: a 

systematic review. PROSPERO 2016:CRD42016051302. Available from 

http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42016051302. 

16. Infancy (Birth - two years of age). Public Health Agency of Canada. 2016. Available 

from http://www.phac-aspc.gc.ca/hp-ps/dca-dea/stages-etapes/childhood-enfance_0-

2/index-eng.php. 

17. Castro Codesal ML, Featherstone R, Martinez Carrasco C, et al. Long-term non-invasive 

ventilation therapies in children: a scoping review protocol. BMJ Open. 2015;5(8). 

18. Sterne JA, Hernán MA, Reeves BC, et al. ROBINS-I: a tool for assessing risk of bias in 

non-randomised studies of interventions. BMJ. 2016;355. 

19. Guyatt GH, Oxman AD, Vist GE, et al. GRADE: an emerging consensus on rating 

quality of evidence and strength of recommendations. BMJ. 2008;336(7650):924-926. 

20. Afsharpaiman S, Sillence DO, Sheikhvatan M, Ault JE, Waters K. Respiratory events and 

obstructive sleep apnea in children with achondroplasia: investigation and treatment 

outcomes. Sleep & breathing = Schlaf & Atmung. Dec 2011;15(4):755-761. 



116 
 

21. Barnerias C, Quijano S, Mayer M, et al. [Multicentric study of medical care and practices 

in spinal muscular atrophy type 1 over two 10-year periods]. Arch Pediatr. Apr 

2014;21(4):347-354. 

22. Cheng ATL, Corke M, Loughran-Fowlds A, Birman C, Hayward P, Waters KA. 

Distraction osteogenesis and glossopexy for Robin sequence with airway obstruction. 

ANZ J Surg. May 2011;81(5):320-325. 

23. Daniel M, Bailey S, Walker K, et al. Airway, feeding and growth in infants with Robin 

sequence and sleep apnoea. International Journal of Pediatric Otorhinolaryngology. Apr 

2013;77(4):499-503. 

24. Ioos C, Leclair-Richard D, Mrad S, Barois A, Estournet-Mathiaud B. Respiratory 

capacity course in patients with infantile spinal muscular atrophy. Chest. Sep 

2004;126(3):831-837. 

25. Marcus CL, Ward SL, Mallory GB, et al. Use of nasal continuous positive airway 

pressure as treatment of childhood obstructive sleep apnea. J Pediatr. Jul 

1995;127(1):88-94. 

26. Massa F, Gonsalez S, Laverty A, Wallis C, Lane R. The use of nasal continuous positive 

airway pressure to treat obstructive sleep apnoea. Arch Dis Child. Nov 2002;87(5):438-

443. 

27. Ramirez A, Delord V, Khirani S, et al. Interfaces for long-term noninvasive positive 

pressure ventilation in children. Intensive Care Med. Apr 2012;38(4):655-662. 

28. Zhou J, Liu DB, Zhong JW, et al. Feasibility of a remote monitoring system for home-

based non-invasive positive pressure ventilation of children and infants (Provisional 

abstract). International Journal of Pediatric Otorhinolaryngology. 2012(12):1737-1740. 

29. Downey R, 3rd, Perkin RM, MacQuarrie J. Nasal continuous positive airway pressure use 

in children with obstructive sleep apnea younger than 2 years of age. Chest. Jun 

2000;117(6):1608-1612. 

30. Guilleminault C, Pelayo R, Clerk A, Leger D, Bocian RC. Home nasal continuous 

positive airway pressure in infants with sleep-disordered breathing. J Pediatr. Dec 

1995;127(6):905-912. 

31. Harrington C, Kirjavainen T, Teng A, Sullivan CE. nCPAP improves abnormal 

autonomic function in at-risk-for-SIDS infants with OSA. J Appl Physiol. Oct 

2003;95(4):1591-1597. 

32. Leonardis RL, Robison JG, Otteson TD. Evaluating the management of obstructive sleep 

apnea in neonates and infants. JAMA Otolaryngol Head Neck Surg. Feb 

2013;139(2):139-146. 

33. Liu D, Zhou J, Liang X, Huang Z, Tan Z, Zhong J. Remote monitoring of home-based 

noninvasive ventilation in children with obstructive sleep apnea-hypopnea syndrome. 

Sleep and Breathing. June 2012;16(2):317-328. 

34. McNamara F, Harris MA, Sullivan CE. Effects of nasal continuous positive airway 

pressure on apnoea index and sleep in infants. J Paediatr Child Health. Apr 

1995;31(2):88-94. 

35. McNamara F, Sullivan CE. Effects of nasal CPAP therapy on respiratory and 

spontaneous arousals in infants with OSA. J Appl Physiol. Sep 1999;87(3):889-896. 

36. McNamara F, Sullivan CE. Obstructive sleep apnea in infants and its management with 

nasal continuous positive airway pressure. Chest. Jul 1999;116(1):10-16. 



117 
 

37. Rosen D. Some infants with Down syndrome spontaneously outgrow their obstructive 

sleep apnea. Clin Pediatr (Phila). Nov 2010;49(11):1068-1071. 

38. Amaddeo A, Abadie V, Chalouhi C, et al. Continuous Positive Airway Pressure for 

Upper Airway Obstruction in Infants with Pierre Robin Sequence. Plast Reconstr Surg. 

Feb 2016;137(2):609-612. 

39. Kam K, McKay M, MacLean J, Witmans M, Spier S, Mitchell I. Surgical versus 

nonsurgical interventions to relieve upper airway obstruction in children with Pierre 

Robin sequence. Can Respir J. May-Jun 2015;22(3):171-175. 

40. Leboulanger N, Picard A, Soupre V, et al. Physiologic and clinical benefits of 

noninvasive ventilation in infants with Pierre Robin sequence. Pediatrics. Nov 

2010;126(5):e1056-1063. 

41. Essouri S, Nicot F, Clement A, et al. Noninvasive positive pressure ventilation in infants 

with upper airway obstruction: comparison of continuous and bilevel positive pressure. 

Intensive Care Med. Apr 2005;31(4):574-580. 

42. Fauroux B, Lavis J-F, Nicot F, et al. Facial side effects during noninvasive positive 

pressure ventilation in children. Intensive Care Med. Jul 2005;31(7):965-969. 

43. Shatz A, Goldberg S, Picard E, Kerem E. Pharyngeal wall collapse and multiple 

synchronous airway lesions. Ann Otol Rhinol Laryngol. Jun 2004;113(6):483-487. 

44. Zwacka G, Scholle S, Kemper G, Rieger B. Nasal CPAP therapy for infants with 

congenital stridor. Sleep & breathing = Schlaf & Atmung. Dec 1997;2(4):85-97. 

45. Fauroux B, Pigeot J, Polkey MI, et al. Chronic stridor caused by laryngomalacia in 

children: work of breathing and effects of noninvasive ventilatory assistance. Am J Respir 

Crit Care Med. Nov 15 2001;164(10 Pt 1):1874-1878. 

46. Lesnik M, Thierry B, Blanchard M, et al. Idiopathic bilateral vocal cord paralysis in 

infants: Case series and literature review. Laryngoscope. Jul 2015;125(7):1724-1728. 

47. Bach JR, Baird JS, Plosky D, Navado J, Weaver B. Spinal muscular atrophy type 1: 

management and outcomes. Pediatric Pulmonology. Jul 2002;34(1):16-22. 

48. Bach JR, Bianchi C. Prevention of pectus excavatum for children with spinal muscular 

atrophy type 1. American Journal of Physical Medicine and Rehabilitation. 01 Oct 

2003;82(10):815-819. 

49. Bach JR, Niranjan V, Weaver B. Spinal muscular atrophy type 1: A noninvasive 

respiratory management approach. Chest. Apr 2000;117(4):1100-1105. 

50. Bach JR, Saltstein K, Sinquee D, Weaver B, Komaroff E. Long-term survival in 

Werdnig-Hoffmann disease. Am J Phys Med Rehabil. May 2007;86(5):339-345 quiz 346-

338, 379. 

51. Birnkrant DJ, Pope JF, Martin JE, Repucci AH, Eiben RM. Treatment of type I spinal 

muscular atrophy with noninvasive ventilation and gastrostomy feeding. Pediatric 

Neurology. May 1998;18(5):407-410. 

52. Chatwin M, Bush A, Simonds AK. Outcome of goal-directed non-invasive ventilation 

and mechanical insufflation/exsufflation in spinal muscular atrophy type I. Arch Dis 

Child. May 2011;96(5):426-432. 

53. Ednick M, Wong B, Inge T, Knue M, Kalra M. Post-operative respiratory outcomes using 

a standard extubation protocol after elective gastrostomy tube placement in pediatric 

patients with spinal muscular atrophy type 1. Journal of Pediatric Neurology. 

2008;6(3):249-252. 



118 
 

54. Gregoretti C, Ottonello G, Chiarini Testa MB, et al. Survival of patients with spinal 

muscular atrophy type 1. Pediatrics. May 2013;131(5):e1509-1514. 

55. Lemoine TJ, Swoboda KJ, Bratton SL, Holubkov R, Mundorff M, Srivastava R. Spinal 

muscular atrophy type 1: are proactive respiratory interventions associated with longer 

survival? Pediatr Crit Care Med. May 2012;13(3):e161-165. 

56. Ottonello G, Mastella C, Franceschi A, et al. Spinal muscular atrophy type 1: avoidance 

of hospitalization by respiratory muscle support. Am J Phys Med Rehabil. Nov 

2011;90(11):895-900. 

57. Petrone A, Pavone M, Testa MBC, Petreschi F, Bertini E, Cutrera R. Noninvasive 

ventilation in children with spinal muscular atrophy types 1 and 2. Am J Phys Med 

Rehabil. Mar 2007;86(3):216-221. 

58. Vasconcelos M, Fineza I, Felix M, Estevao MH. Spinal muscular atrophy--noninvasive 

ventilatory support in pediatrics. Rev Port Pneumol. Sep-Oct 2005;11(5):443-455. 

59. Hartmann H, Jawad MH, Noyes J, Samuels MP, Southall DP. Negative extrathoracic 

pressure ventilation in central hypoventilation syndrome. Arch Dis Child. May 

1994;70(5):418-423. 

60. Noyes J, Hartmann H, Samuels M, Southall D. The experiences and views of parents who 

care for ventilator-dependent children. J Clin Nurs. Jul 1999;8(4):440-450. 

61. Ramesh P, Boit P, Samuels M. Mask ventilation in the early management of congenital 

central hypoventilation syndrome. Arch Dis Child Fetal Neonatal Ed. Nov 

2008;93(6):F400-403. 

62. Tibballs J, Henning RD. Noninvasive Ventilatory Strategies in the Management of a 

Newborn Infant and Three Children with Congenital Central, Hypoventilation Syndrome. 

Pediatric Pulmonology. December 2003;36(6):544-548. 

63. Bunn HJ, Roberts P, Thomson AH. Noninvasive ventilation for the management of 

pulmonary hypertension associated with congenital heart disease in children. Pediatric 

Cardiology. July/August 2004;25(4):357-359. 

64. Bertrand P, Fehlmann E, Lizama M, Holmgren N, Silva M, Sanchez I. [Home ventilatory 

assistance in Chilean children: 12 years' experience]. Arch Bronconeumol. Apr 

2006;42(4):165-170. 

65. Kherani T, Sayal A, Al-Saleh S, Sayal P, Amin R. A comparison of invasive and 

noninvasive ventilation in children less than 1 year of age: A long-term follow-up study. 

Pediatric Pulmonology. Feb 2016;51(2):189-195. 

66. Han YJ, Park JD, Lee B, et al. Home mechanical ventilation in childhood-onset 

hereditary neuromuscular diseases: 13 years' experience at a single center in Korea. PLoS 

ONE. 2015;10(3):e0122346. 

67. Amaddeo A, Caldarelli V, Fernandez-Bolanos M, et al. Polygraphic respiratory events 

during sleep in children treated with home continuous positive airway pressure: 

description and clinical consequences. Sleep Med. Jan 2015;16(1):107-112. 

68. Guilleminault C, Huang Y-S, Chan A, Hagen CC. Cyanotic breath-holding spells in 

children respond to adenotonsillectomy for sleep-disordered breathing. J Sleep Res. Dec 

2007;16(4):406-413. 

69. Koontz KL, Slifer KJ, Cataldo MD, Marcus CL. Improving pediatric compliance with 

positive airway pressure therapy: The impact of behavioral intervention. Sleep. 

2003;26(8):1010-1015. 

 



119 
 

CHAPTER 3 

1. Fauroux B, Pigeot J, Polkey MI, et al. Chronic stridor caused by laryngomalacia in 

children: work of breathing and effects of noninvasive ventilatory assistance. American 

Journal of Respiratory & Critical Care Medicine. 2001;164(10 Pt 1):1874-1878. 

2. Leboulanger N, Picard A, Soupre V, et al. Physiologic and clinical benefits of 

noninvasive ventilation in infants with Pierre Robin sequence. Pediatrics. 

2010;126(5):e1056-1063. 

3. Han YJ, Park JD, Lee B, et al. Home mechanical ventilation in childhood-onset 

hereditary neuromuscular diseases: 13 years' experience at a single center in Korea. PLoS 

ONE. 2015;10(3):e0122346. 

4. Ramesh P, Boit P, Samuels M. Mask ventilation in the early management of congenital 

central hypoventilation syndrome. Arch Dis Child Fetal Neonatal Ed. 2008;93(6):F400-

403. 

5. Amaddeo A, Moreau J, Frapin A, et al. Long term continuous positive airway pressure 

(CPAP) and noninvasive ventilation (NIV) in children: Initiation criteria in real life. 

Pediatr Pulmonol. 2016. 

6. Markstrom A, Sundell K, Stenberg N, Katz-Salamon M. Long-term non-invasive positive 

airway pressure ventilation in infants. Acta Paediatr. 2008;97(12):1658-1662. 

7. Wallis C, Paton JY, Beaton S, Jardine E. Children on long-term ventilatory support: 10 

years of progress. Arch Dis Child. 2011;96(11):998-1002. 

8. Goodwin S, Smith H, Langton Hewer S, et al. Increasing prevalence of domiciliary 

ventilation: changes in service demand and provision in the South West of the UK. Eur J 

Pediatr. 2011;170(9):1187-1192. 

9. Simonds AK. Home ventilation. European Respiratory Journal. 2003;22(47 suppl):38s-

46s. 

10. Cohen E, Kuo DZ, Agrawal R, et al. Children With Medical Complexity: An Emerging 

Population for Clinical and Research Initiatives. Pediatrics. 2011;127(3):529-538. 

11. Haffner JC, Schurman SJ. THE TECHNOLOGY-DEPENDENT CHILD. Pediatric 

Clinics of North America. 2001;48(3):751-764. 

12. Chatwin M, Tan HL, Bush A, Rosenthal M, Simonds AK. Long term non-invasive 

ventilation in children: impact on survival and transition to adult care. PLoS ONE. 

2015;10(5):e0125839. 

13. McDougall CM, Adderley RJ, Wensley DF, Seear MD. Long-term ventilation in 

children: longitudinal trends and outcomes. Arch Dis Child. 2013;98(9):660-665. 

14. Amin R, Sayal P, Syed F, Chaves A, Moraes TJ, MacLusky I. Pediatric long-term home 

mechanical ventilation: twenty years of follow-up from one Canadian center. Pediatr 

Pulmonol. 2014;49(8):816-824. 

15. Amin RS, Fitton CM. Tracheostomy and home ventilation in children. Seminars in 

Neonatology. 2003;8(2):127-135. 

16. Brochard L. Mechanical ventilation: invasive <em>versus</em> noninvasive. European 

Respiratory Journal. 2003;22(47 suppl):31s-37s. 

17. Castro-Codesal ML, Dehaan K, Featherstone R, et al. Long-term non-invasive ventilation 

therapies in children: A scoping review. Sleep Medicine Reviews. 2017. 

18. Kherani T, Sayal A, Al-Saleh S, Sayal P, Amin R. A comparison of invasive and 

noninvasive ventilation in children less than 1 year of age: A long-term follow-up study. 

Pediatr Pulmonol. 2016;51(2):189-195. 



120 
 

19. Robison JG, Wilson C, Otteson TD, Chakravorty SS, Mehta DK. Analysis of outcomes in 

treatment of obstructive sleep apnea in infants. Laryngoscope. 2013;123(9):2306-2314. 

20. Galland BC, Taylor BJ, Elder DE, Herbison P. Normal sleep patterns in infants and 

children: A systematic review of observational studies. Sleep Medicine Reviews. 

2012;16(3):213-222. 

21. MacLean JE, Fitzgerald DA, Waters KA. Developmental changes in sleep and breathing 

across infancy and childhood. Paediatric Respiratory Reviews. 2015;16(4):276-284. 

22. Iglowstein I, Jenni OG, Molinari L, Largo RH. Sleep duration from infancy to 

adolescence: Reference values and generational trends. Pediatrics. 2003;111(2):302-307. 

23. Davis KF, Parker KP, Montgomery GL. Sleep in infants and young children: Part one: 

normal sleep. Journal of Pediatric Health Care. 2004;18(2):65-71. 

24. Marcus CL. Sleep-disordered breathing in children. American journal of respiratory and 

critical care medicine. 2001;164(1):16-30. 

25. Al-Hathlol K, Idiong N, Hussain A, et al. A study of breathing pattern and ventilation in 

newborn infants and adult subjects. Acta Pædiatrica. 2000;89(12):1420-1425. 

26. Kato I, Franco P, Groswasser J, Kelmanson I, Togari H, Kahn A. Frequency of 

obstructive and mixed sleep apneas in 1,023 infants. Sleep. 2000;23(4):487-492. 

27. McNamara F, Issa FG, Sullivan CE. Arousal pattern following central and obstructive 

breathing abnormalities in infants and children. Journal of Applied Physiology. 

1996;81(6):2651-2657. 

28. Infancy (Birth - two years of age). Public Health Agency of Canada. 2016. Available 

from http://www.phac-aspc.gc.ca/hp-ps/dca-dea/stages-etapes/childhood-enfance_0-

2/index-eng.php. 

29. Berry RB, Brooks R, Gamaldo CE, Harding SM, Marcus C, Vaughn B. The AASM 

manual for the scoring of sleep and associated events. Rules, Terminology and Technical 

Specifications, Darien, Illinois, American Academy of Sleep Medicine. 2012. 

30. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research electronic 

data capture (REDCap)—A metadata-driven methodology and workflow process for 

providing translational research informatics support. Journal of Biomedical Informatics. 

2009;42(2):377-381. 

31. Srivastava R, Stone BL, Murphy NA. Hospitalist Care of the Medically Complex Child. 

Pediatric Clinics of North America. 2005;52(4):1165-1187. 

32. Burns KH, Casey PH, Lyle RE, Bird TM, Fussell JJ, Robbins JM. Increasing prevalence 

of medically complex children in US hospitals. Pediatrics. 2010;126(4):638-646. 

33. Essouri S, Nicot F, Clement A, et al. Noninvasive positive pressure ventilation in infants 

with upper airway obstruction: comparison of continuous and bilevel positive pressure. 

Intensive Care Med. 2005;31(4):574-580. 

34. Fauroux B, Leroux K, Desmarais G, et al. Performance of ventilators for noninvasive 

positive-pressure ventilation in children. European Respiratory Journal. 

2008;31(6):1300-1307. 

35. Guilleminault C, Pelayo R, Clerk A, Leger D, Bocian RC. Home nasal continuous 

positive airway pressure in infants with sleep-disordered breathing. The Journal of 

Pediatrics. 1995;127(6):905-912. 

36. Brouillette RT, Fernbach SK, Hunt CE. Obstructive sleep apnea in infants and children. 

The Journal of Pediatrics. 1982;100(1):31-40. 



121 
 

37. Amin RS, Carroll JL, Jeffries JL, et al. Twenty-four-hour ambulatory blood pressure in 

children with sleep-disordered breathing. American journal of respiratory and critical 

care medicine. 2004;169(8):950-956. 

38. Marcus CL, Greene MG, Carroll JL. Blood pressure in children with obstructive sleep 

apnea. American journal of respiratory and critical care medicine. 1998;157(4 PART 

I):1098-1103. 

39. Kohyama J, Ohinata JS, Hasegawa T. Blood pressure in sleep disordered breathing. Arch 

Dis Child. 2003;88(2):139-142. 

40. Waters KA, Sitha S, O'Brien LM, et al. Follow-up on metabolic markers in children 

treated for obstructive sleep apnea. American journal of respiratory and critical care 

medicine. 2006;174(4):455-460. 

41. Redline S, Storfer-Isser A, Rosen CL, et al. Association between metabolic syndrome and 

sleep-disordered breathing in adolescents. American journal of respiratory and critical 

care medicine. 2007;176(4):401-408. 

42. Gozal D. Sleep-Disordered Breathing and School Performance in Children. Pediatrics. 

1998;102(3):616-620. 

43. Marcus CL, Radcliffe J, Konstantinopoulou S, et al. Effects of positive airway pressure 

therapy on neurobehavioral outcomes in children with obstructive sleep apnea. American 

journal of respiratory and critical care medicine. 2012;185(9):998-1003. 

44. Downey R, 3rd, Perkin RM, MacQuarrie J. Nasal continuous positive airway pressure use 

in children with obstructive sleep apnea younger than 2 years of age. Chest. 

2000;117(6):1608-1612. 

45. Harrington C, Kirjavainen T, Teng A, Sullivan CE. nCPAP improves abnormal 

autonomic function in at-risk-for-SIDS infants with OSA. Journal of Applied Physiology. 

2003;95(4):1591-1597. 

46. Leonardis RL, Robison JG, Otteson TD. Evaluating the management of obstructive sleep 

apnea in neonates and infants. JAMA Otolaryngol Head Neck Surg. 2013;139(2):139-

146. 

47. McNamara F, Harris MA, Sullivan CE. Effects of nasal continuous positive airway 

pressure on apnoea index and sleep in infants. J Paediatr Child Health. 1995;31(2):88-

94. 

48. McNamara F, Sullivan CE. Effects of nasal CPAP therapy on respiratory and 

spontaneous arousals in infants with OSA. Journal of Applied Physiology. 

1999;87(3):889-896. 

49. McNamara F, Sullivan CE. Obstructive sleep apnea in infants and its management with 

nasal continuous positive airway pressure. Chest. 1999;116(1):10-16. 

50. Zwacka G, Scholle S, Kemper G, Rieger B. Nasal CPAP therapy for infants with 

congenital stridor. Sleep Breath. 1997;2(4):85-97. 

51. King MS, Xanthopoulos MS, Marcus CL. Improving Positive Airway Pressure 

Adherence in Children. Sleep Medicine Clinics. 2014;9(2):219-234. 

52. Machaalani R, Evans CA, Waters KA. Objective adherence to positive airway pressure 

therapy in an Australian paediatric cohort. Sleep and Breathing. 2016;20(4):1327-1336. 

53. Marcus CL, Rosen G, Davidson Ward SL, et al. Adherence to and effectiveness of 

positive airway pressure therapy in children with obstructive sleep apnea. Pediatrics. 

2006;117(3):e442-e451. 



122 
 

54. Ramirez A, Khirani S, Aloui S, et al. Continuous positive airway pressure and 

noninvasive ventilation adherence in children. Sleep Medicine. 2013;14(12):1290-1294. 

 

CHAPTER 4  

1. Vohra S, Shamseer L, Sampson M, Bukutu C, Schmid CH, Tate R, Nikles J, Zucker DR, 

 Kravitz R, Guyatt G, Altman DG, Moher D; CENT group. CONSORT extension 

 forreporting N-of-1 trials (CENT) 2015 Statement. BMJ. 2015 May 14;350:h1738. 

 doi:10. 1136/bmj. h1738. 

 

 

 

 

  



123 
 

APPENDIX I 

Supplemental Table 2.8: Search strategy used in the Ovid Medline database for the scoping review to 

identify literature on the use of long-term non-invasive ventilation in children. The search strategy also 

included infant keywords to help identify studies on infants.  

Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations & Ovid Medline(R): 1946 to November Week 1 2014 

Original Search Date: 17 November 2014  

Update Search Date: 29 April 2016  

1. Continuous Positive Airway Pressure/  

2. Noninvasive Ventilation/  

3. Intermittent Positive-Pressure Breathing/ 

4. Ventilators, Negative-Pressure/ 

5. AVAPS.tw. 

6. ((auto* or adaptive) adj2 (servoventilation or 

ventilation)).tw. 

7. AutoSet*.tw. 

8. ((bi level or bilevel) adj2 (airway* or air way* or 

assist* or breath* or positive pressure* or respirat* or 

ventilat* or support* or therap*)).tw.  

9. BIPAP*.tw.  

10. BPAP*.tw. 

11. c flex.tw. 

12. CNEP.tw. 

13. (continuous negative adj2 pressure).tw. 

14. (continuous positive airway* or continuous positive 

air way*).tw. 

15. (continuous positive adj2 pressure).tw.  

16. CPAP*.tw. 

17. ((domicil* or home*) adj5 ventilat*).tw.  

18. intermittent positive pressure breathing.tw. 

19. IPPB*.tw.  

20. ((long term or longterm) adj5 ventilat*).tw.  

21. ((nasal* or mask*) adj2 (positive adj2 pressure)).tw.  

22. ((nasal* or mask*) adj2 ventilat*).tw.  

23. nCPAP*.tw. 

24. ((negative pressure) adj2 (respirat* or ventilat*)).tw. 

25. ((night* or nocturnal* or sleep*) adj5 ventilat*).tw.  

26. NIPPV*.tw.  

27. ((noninvasive adj5 ventilat*) or (non invasive adj5 

ventilat*)).tw. 

28. (noninvasive respiratory support* or non invasive 

respiratory support*).tw.   

29. NPPV*.tw.  

30. (positive pressure adj2 respirat*).tw. 

31. REMstar*.tw. 

32. (tank adj (respirat* or ventilat*)).tw. 

33. VPAP*.tw. 

34. or/1-33 

35. Hypoventilation/pc, rh, th [Prevention & Control, 

Rehabilitation, Therapy] 

36. Interactive Ventilatory Support/ 

37. Intermittent Positive-Pressure Ventilation/ 

38. Positive-Pressure Respiration/ 

39. Respiration, Artificial/ 

41. exp Sleep Apnea Syndromes/ pc, rh, th [Prevention & 

Control, Rehabilitation, Therapy] 

42. Ventilators, Mechanical/ 

43. ((airway* or air way* or breath* or inspirat* or 

respirat* or ventilat*) and (positive adj2 pressure)).tw.  

44. intermittent positive pressure.tw. 

45. IPPV*.tw. 

46. (mechanical adj (respirat* or ventilat*)).tw. 

47. (positive adj2 pressure adj (assist* or support* or 

therap*)).tw.  

48. positive airway pressure.tw. 

49. pulmonary ventilator*.tw. 

50. respiratory support*.tw. 

51. or/35-50  

52. (noninvasive or non invasive or spontaneous*).mp.  

53. 51 and 52  

54. 34 or 53  

55. exp Adolescent/ 

56. exp Child/ 

57. exp Infant/ 

58. exp Minors/ 

59. exp Pediatrics/ 

60. exp Puberty/ 

61. exp Schools/ 

62. adoles*.mp. 

63. (baby* or babies or infant* or infancy or neonat* or 

newborn* or postmatur* or prematur* or preterm*).mp. 

64. (boy* or girl* or teen*).mp. 

65. (child* or kid or kids or preschool* or school age* or 

schoolchild* or toddler*).mp. 

66. (elementary school* or high school* or highschool* or 

kindergar* or nursery school* or primary school* or 

secondary school*).mp. 

67. minors*.mp. 

68. (paediatric* or peadiatric* or pediatric*).mp. 

69. (prepubescen* or pubescen* or pubert*).mp. 

70. or/55-69  

71. 54 and 70  

72. (case reports or comment or editorial or letter).pt.  

73. 71 not 72  

74. exp animals/ not humans.sh. 

75. 73 not 74  

76. limit 75 to yr="1990 -Current"  

77. remove duplicates from 76 
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40. Respiratory Insufficiency/pc, rh, th [Prevention & 

Control, Rehabilitation, Therapy]  
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Supplemental Table 2.9: Characteristics and outcomes of studies included in the systematic review on infants using long-term non-invasive 

ventilation (NIV). Studies without any reported infant NIV outcomes have been listed first. Studies have been classified according to the primary 

underlying disease category reported. Studies with multiple primary disease categories have been included at the end of the table. 

 

First Author,  

Year 

Study design  

 

Study 

duration 

Total n  

(males) 

Infants 

on NIV 

Age  

(mean±SD or median (range) 

unless otherwise stated) 

Interventions 

 

Infant NIV outcomes 

Articles with no NIV outcomes 

Afsharpaiman
1 

2011 

 

Quantitative: 

Observational 

(cohort) 

15 yr n=46  

(22) 

n=7
 

Overall: 3.9 yr; 

Infants: < 2 yr (n=7) 

CPAP (n= 9) 

AT (n=13) 

None (only reported the number of 

subjects on NIV) 

    

    

    
Barnerias

2 

2014 

 

Quantitative: 

Observational 

(cross-sectional) 

20 yr n=222 

(n/a) 

n=8 Overall: 3 mo (0.5 – 8 mo) NIV (n=8) 

Chatwin
3 

2015 

 

Quantitative: 

Observational 

(cohort) 

18 yr n=449 

(281) 

n=59
b 

Overall: 10 yr (3-15 yr) 

Infants: < 1 yr (n=59) 

 

CPAP (n=57) 

Bi-level 

(n=392) 

Cheng
4 

2011 

 

Quantitative: 

Observational 

(case series) 

5 yr n=6 

(n/a) 

n=6 26 d - 11 mo CPAP (n=6) 

 

Daniel
5 

2013 

 

Quantitative: 

Observational 

(cross-sectional) 

12 yr n=39 

(16) 

n=18 n/a  CPAP (n=18) 

 

Ioos
6 

2004 

 

Quantitative: 

Observational 

(cohort) 

n/a n=180 

(n/a) 

n/a 

 

19±17mo  n/a 

Marcus
7 

1995 

 

Quantitative: 

Observational 

(cross-sectional) 

n/a n=94 

(60) 

n=3
b 

Overall: < 1 – 19 yr 

< 1 yr (n=3) 

 

CPAP (n=94) 

 

Massa
8 

2002 

 

Quantitative: 

Observational 

(cohort) 

5 yr n=66 

(39) 

n=9
b 

Overall: 5.9±5.1 yr 

< 1 yr (n=18) 

 

CPAP (n=66) 

 

Ramirez
9 

2012 

 

Quantitative: 

Observational 

(case-series) 

18 mo n=97 

(n/a) 

n=18 Overall:  

Infants: < 2 yr (n=18) 

CPAP and bi-

level (n/a) 

Zhou
10 

2012 

 

Quantitative: 

Observational 

(cohort) 

2 yr n=14 

(12) 

n=6
b 

Overall: 50 d – 12 yr 

Infants < 1 yr (n=6) 

Bi-level (n=13) 

CPAP (n=1) 

 

Articles on upper airway disorders: Obstructive sleep apnea 
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Downey
11 

2000 

 

Quantitative: 

Observational 

(cohort) 

7 yr n=18 

(n/a) 

n=10
c 

Overall: < 2 yr CPAP (n=14) 

IMV (n=4) 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 Discontinuation of NIV 

Guilleminault
12 

1995 

 

Quantitative: 

Observational 

(cohort) 

n/a n=74 

(35) 

n=74 24±9 wk CPAP (n=74) 

 

 Number of subjects on NIV 

 Discontinuation of NIV 

Harrington
13 

2003 

 

Quantitative: 

Observational 

(case-control) 

n/a n=18 

(11) 

n=6 13±4 wk 

 

CPAP (n=6) 

 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 

Leonardis
14 

2013 

 

Quantitative: 

Observational 

(cross-sectional) 

4 yr n=126 

(86) 

n=18 NIV group: 16 mo None (n=33) 

NIV (n=18) 

IMV (n=7)
g 

 Number of subjects on NIV 

 Changes in respiratory parameters 

Liu
15 

2012 

Quantitative: 

Observational  

(case series) 

n/a n=3 

(2) 

n=2 Overall: 1 mo – 5 yr 

Infants: 1 mo – 7 mo 

CPAP (n=2) 

Bi-level (n=2) 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 Benefit of NIV - growth parameters 

McNamara
16 

1995 

 

Quantitative:  

Control Before-

After 

0.5 yr n=5 

(2) 

n=5 8 – 12 wk CPAP (n=5) 

  

 Number of subjects on NIV 

 Changes in respiratory parameters 

 Discontinuation of NIV 

 Survival/Mortality 

McNamara
17 

1999 

 

Quantitative: 

Observational 

(case-control) 

n/a n=24 

(13) 

n=8 CPAP group: 10.8±1.3 wk CPAP (n=8) 

 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 

McNamara
18 

1999 

 

Quantitative: 

Observational 

(cohort) 

n/a n=24 

(15) 

n=24 1 – 51 wk CPAP (n=24) 

 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 Discontinuation of NIV 

Robison
19 

2013 

 

Quantitative: 

Observational 

(cross-sectional) 

4 yr n=295 

(196) 

n=18 CPAP/Bi-level group: 

15.6 mo (3-29 mo) 

None (n=76) 

NIV (n=18) 

T&A (n=116) 

IMV (n=6)
g 

 Number of subjects on NIV 

 Changes in respiratory parameters 

Rosen
20 

2010 

 

Quantitative: 

Observational  

(case series) 

5.5 yr n=16 

(n/a) 

n=6 Overall: < 2 yr CPAP (n=6) 

 

 Number of subjects on NIV 

 Discontinuation of NIV 

Articles on upper airway disorders: Pierre Robin sequence 

Amaddeo
21 

2016 

 

Quantitative: 

Observational 

(cohort) 

 

1 yr n=44 

(n/a) 

n=9 Infants: 0-2 mo CPAP (n=9) 

 

 Number of subjects on NIV 

 Adherence to NIV 

 Hospitalization (duration) 

 Changes in respiratory parameters 

 Discontinuation of NIV  

Kam
22 Quantitative: 11 yr n=139 n=20

a 
23 mo (5d – 8 yr) None (n=61)  Number of subjects on NIV 
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2015 

 

Observational 

(cohort) 

(72) CPAP (n=20) 

IMV (n=19)
g 

 Hospitalizations (duration) 

Leboulanger
23 

2010 

 

Quantitative: 

Observational  

(case series) 

10 yr n=7 

(3) 

n=7 1 – 10 mo CPAP (n=5) 

Bi-level (n=2) 

 Number of subjects on NIV 

 Adherence to NIV 

 Changes in respiratory parameters 

 Discontinuation of NIV 

 Articles on upper airway disorders: Laryngo-tracheomalacia 

Essouri
24 

2005 

 

Quantitative:  

Control Before-

After 

n/a n=10 

(5) 

n=10 9.5 mo (3-18 mo) None (n=10) 

CPAP (n=10) 

Bi-level (n=10) 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 

Fauroux
25 

2001 

 

Quantitative:  

Control Before-

After 

n/a n=12 

(10) 

n=5 Overall: 32.9±25.8 mo 

Infants: 8-19 mo  

None (n=12) 

Bi-level (n=12) 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 Benefit of NIV - growth parameters  

 Adherence to NIV 

 Discontinuation of NIV 

Shatz
26 

2004 

 

Quantitative: 

Observational 

(cohort) 

3 yr n=50 

(36) 

n=50 6.5±3.5 mo (1 – 18 mo) Bi-level (n=9) 

CPAP (n=5) 

 

 Number of subjects on NIV 

 Improvement in underlying disease 

 Discontinuation of NIV 

Zwacka
27 

1997 

 

Quantitative: 

Observational  

(case series) 

n/a n=10 

(5) 

n=10 3 wk – 5 mo CPAP (n=7) 

 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 Benefit of NIV - growth parameters  

Articles on upper airway disorders: Breath holding spells 

Guilleminault
28 

2007 

 

Quantitative: 

Observational 

(case-control) 

2.5 yr  n=19 

(11) 

n=14 31±3 wk CPAP (n=14) 

 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 NIV success/failure 

Articles on neuromuscular disease: Spinal muscular atrophy type 1  

Bach
29 

2000 

 

Quantitative: 

Observational 

(case series) 

n/a n=11  

(6) 

n=8 3-28 mo 
 

Bi-level (n=11) 

 

 Number of subjects on NIV 

 Survival/Mortality 

 Benefit of NIV - growth parameters  

 Benefit of NIV - extubation 

 Hospitalization (duration) 

Bach
30 

2002 

 

Quantitative: 

Observational 

(cohort) 

5 yr n=56 

(n/a) 

n=33 Overall for patient groups: 

NIV: 11.2±5.7 mo 

IMV: 10.8±5.0 mo 

Supportive: 6.0±1.3 mo 

NIV (n=33) 

IMV (n=16) 

None (n=7) 

 Number of subjects on NIV 

 Hospitalizations (per patient-years) 

 Survival/Mortality 

Bach
31 

2003 

 

Quantitative: 

Observational 

 (case series) 

n/a n=3 

(2) 

n=3 4-11 mo NIV (n=3)  Number of subjects on NIV 

 Benefit of NIV - growth parameters  

 

Bach
32 Quantitative: 13 n=92 n/a Therapy group: None (n=18)  Number of subjects on NIV 
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2007 

 

Observational 

(cohort) 

(n/a) None: 6.6±4.1 mo 

Bi-level: 10.6±5.7 mo 

IMV: 14.8±15.2 mo 

Bi-level (n=47) 

IMV (n=27) 

 Hospitalizations (per patient-years) 

 Survival/Mortality 

Birnkrant
33 

1998 

 

Quantitative: 

Observational  

(case series) 

2 yr n=4 

(3) 

n=3 4 – 9mo Bi-level (n=4)  Number of subjects on NIV 

 Benefit of NIV - extubation 

 Survival/Mortality 

Chatwin
34 

2011 

 

Quantitative: 

Observational 

(cohort) 

19 yr n=13 

(8) 

n=13 4-24 mo Bi-level (n=13)  Number of subjects on NIV 

 Benefit of NIV - growth parameters  

 Survival/Mortality 

Ednick
35 

2008 

 

Quantitative: 

Observational 

(cohort) 

3.5 yr n=7 

(1) 

n=7 8.3±3.7 mo Bi-level (n=7)  Number of subjects on NIV 

 Benefit of NIV – extubation 

Gregoretti
36 

2013 

 

Quantitative: 

Observational  

(case series) 

18 yr n=194 

(103) 

n=31 NIV group: 12.6±14.4 mo   

                    (0-42 mo) 

IMV group: 6.9±4.3 mo 

None (n=121) 

NIV (n=31) 

IMV (n=42) 

 Number of subjects on NIV 

 Hospitalizations (per patient-years) 

 Survival/mortality 

Lemoine
37 

2012 

 

Quantitative: 

Observational 

(cohort) 

7 yr n=49 

(31) 

n=49 Groups: 

NIV: 136 d (34-196 d) 

Supportive care:  

69d (38-145 d)  

None (n=23) 

Bi-level (n=26) 

 Number of subjects on NIV 

 Hospitalizations (number of visits) 

 Survival/Mortality 

Ottonello
38 

2011 

 

Quantitative: 

Observational 

(cohort) 

4 yr n=16 

(n/a) 

n/a Overall: < 3 yr 

10.4±6.2 mo 

NIV (n=16)  Number of subjects on NIV 

 Hospitalizations (per patient-years) 

 Benefit of NIV 

 Survival/mortality 

Petrone
39 

2007 

 

Quantitative:  

Control Before-

After 

n/a n=9 

(7) 

n=9
a 

7 mo (2-33 mo) Bi-level (n=9)  Number of subjects on NIV 

 Changes in respiratory parameters 

 

Vasconcelos
40 

2005 

 

Quantitative: 

Observational 

(cohort) 

11 n=22 

(16) 

n=7
a 

Overall: 5.5 yr (6mo-26 yr) 

SMA Type 1 group: 

13 mo (3mo – 3 yr) 

None (n=5) 

Bi-level (n=17) 

 Number of subjects on NIV 

 Benefit of NIV - growth parameters  

 Hospitalizations (number of visits) 

 Survival/mortality 

Articles on neuromuscular disease: Multiple (spinal muscular atrophy type 1 and congenital myopathy) 

Han
41 

2015 

 

Quantitative: 

Observational 

(cohort) 

13.4 n=57 

(n/a) 

n/a Overall: 7.7 mo (2-158mo) 

Infants with:  

SMA Type1: 6.6 mo (2-26) 

CM: 7.8 mo (3-121) 

NIV (n=8)
 

IMV (n=46) 

 Number of subjects on NIV 

 NIV success/failure 

 Survival/mortality 

 

Articles on central nervous system disease: Congenital hypoventilation syndrome 

Hartmann
42 

1994 

 

Quantitative: 

Observational  

(case series) 

n/a n=9 

(3) 

n=6 22d – 52 mo VNEP (n=9)
e 

CPAP (n=3)
f 

 Number of subjects on NIV 

 NIV success/failure  

 Quality of life 
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 Benefit of NIV – growth parameters 

 Discontinuation of NIV 

Noyes
43 

1999 

 

Qualitative: 

Content analysis 

n/a n=7 

(3) 

n=5 66 d – 59 mo  VNEP (n=5) 

CPAP (n=1)
f 

IMV (n=2) 

 Number of subjects on NIV 

 Quality of life 

 Benefit of NIV – growth parameters  

 Discontinuation of NIV 

Ramesh
44 

2008 

 

Quantitative: 

Observational 

(cross-sectional) 

n/a n=15 

(5) 

n=7 Early start: 8 wk (5-26 wk) 

Late start: 8 yr (1.5-11 yr) 

NIV (n=15)  Number of subjects on NIV 

 Benefit of NIV - extubation 

 Mask complications 

Tibballs
45 

2003 

 

Quantitative: 

Observational  

(case series) 

n/a n=4 

(2) 

n=2 6 wk – 9 yr Bi-level (n=4)  Number of subjects on NIV 

 Benefit of NIV – extubation 

 Changes in respiratory parameters 

 Mask complications 

Articles on cardiorespiratory disease: Congenital heart disease 

Bunn
46

 

2004 

 

Quantitative: 

Observational  

(case series) 

n/a n=4 

(0) 

n=3 5-34 mo
 

NIV (n=4)  Number of subjects on NIV 

 Changes in respiratory parameters 

 Discontinuation of NIV 

Articles on multiple underlying disease conditions 

Amaddeo
47

 

2016 

 

Quantitative: 

Observational 

(cohort) 

 

1 yr n=76 

(39) 

n/a Overall for patient groups: 

Acute: 0.3 yr (0.1-13.5) 

Sub-acute: 0.6 yr (0.2-18.2) 

Chronic: 1.6 yr (0.1-19.5) 

CPAP (n=64) 

Bi-level (n=12) 

 Number of subjects on NIV 

 Predictors of NIV requirement 

Bertrand
48

 

2006 

 

Quantitative: 

Observational 

(cohort) 

10.5 yr n=35 

(18) 

n=9
a 

12 mo (5mo – 14 yr) CPAP (n=1) 

Bi-level (n=8) 

IMV (n=26) 

 Number of subjects on NIV 

 Hospitalizations (per patient-years) 

 Discontinuation of NIV 

 Survival/Mortality 

Fauroux
49

 

2005 

 

Quantitative: 

Observational 

(cross-sectional) 

0.5 yr n=40 

(22) 

n=16 Overall: 10.0 yr (0.6-18 yr) 

Infant: 1.8 yr (0.2-15.3 yr)
d
   

 

NIV (n=40)   Number of subjects on NIV 

 Adherence to NIV 

 Mask complications 

Kherani
50

 

2016 

 

Quantitative: 

Observational 

(cohort) 

23 yr n=51 

(30) 

n=25 NIPPV: 0.6 yr (0.4-0.7 yr) 

IMV: 0.4 yr (0.1-0.7 yr) 

NIV (n=25) 

IMV (n=26) 

 Number of subjects on NIV 

 Changes in respiratory parameters 

 Discontinuation of NIV 

 Survival/Mortality 

Markstrom
51

 

2008 

 

Quantitative: 

Observational 

(cohort) 

7 yr n=18 

(11) 

n=18 4 mo (1 – 12 mo) Bi-level (n=18)  Number of subjects on NIV 

 Changes in respiratory parameters 

 Discontinuation of NIV 

Koontz
52 

2003 

Quantitative: 

Observational 

(cohort) 

n/a n=20 

(n/a) 

n=6 1 – 2 yr Bi-level (n=6)  Number of subjects on NIV 

 Adherence to NIV 



130 
 

AT- adenotonsillectomy; CPAP – continuous positive airway pressure; IMV – invasive mechanical ventilation; n/a – data not available/reported; NIV – non-

invasive ventilation; SMA – spinal muscular atrophy  

a 
Based on the mean/median age of the population during NIV initiation.  

b 
Number of patients less than one year of age. 

c
 4 patients did not tolerate CPAP. 

d
 Only includes infants in the obstructive sleep apnea group. 

e
 VNEP failed in two patients. 

f
 CPAP used in conjunction with VNEP. 

g
 Full list of non-surgical and surgical interventions are in the full-text of article 
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Supplemental Table 2.10: Assessment of risk of bias in studies included in the systematic review on long-term non-invasive ventilation in infants 

using the Risk of Bias in Non-randomized Studies – of Interventions (ROBINS-I) tool.
a
  

 

First Author,  

Year 

Confounding  Selection  Measurement 

of Intervention  

Missing Data  Measurement 

of Outcomes  

Selection of 

Reported Results  

Overall Risk of 

Bias (RoB) 

Assessment
b 

Obstructive sleep apnea 

Downey 2000
 

Moderate Moderate Serious Serious Serious Serious Serious 

Guilleminault 1995
 

Serious Serious Serious Serious Serious Moderate Serious 

Harrington 2003
 

Moderate Moderate Serious Moderate Moderate Moderate Serious 

Leonardis 2013
 

Moderate Serious Moderate Serious Serious Moderate Serious 

Liu 2012
 

Serious Serious Moderate Moderate Moderate Serious Serious 

McNamara 1995
 

Moderate Moderate Moderate Serious Moderate Moderate Serious 

McNamara 1999
 

Moderate Moderate Moderate Moderate Moderate Moderate Moderate 

McNamara 1999
 

Moderate Moderate Moderate Moderate Moderate Moderate Moderate 

Robison 2013
 

Moderate Moderate Serious Serious Serious Moderate Serious 

Rosen 2010 Moderate Serious Serious Serious Serious Serious Serious 

Pierre Robin sequence 

Amaddeo 2016 Serious Serious Serious Moderate Serious Moderate Serious 

Kam 2015 Moderate Moderate Serious Serious Moderate Moderate Serious 

Leboulanger 2010 Moderate Moderate Serious Moderate Moderate Moderate Serious 

Laryngo-tracheomalacia 

Essouri 2005 Moderate Moderate Moderate Moderate Low Low Moderate 

Fauroux 2001 Moderate Moderate Moderate Serious Moderate Moderate Serious 

Shatz 2004 Moderate Serious Serious Serious Serious Moderate Serious 

Zwacka 1997 Serious Serious Serious Serious Serious Serious Serious 

Spinal muscular atrophy type 1 

Bach 2000        

Bach 2002 Serious Serious Serious Serious Serious Serious Serious 

Bach 2007 Serious Serious Serious Serious Low Moderate Serious 

Birnkrant 1998 Serious Serious Serious Moderate Serious Serious Serious 

Chatwin 2011 Serious Serious Serious Moderate Moderate Serious Serious 

Gregoretti 2013 Moderate Moderate Moderate Moderate Moderate Moderate Moderate 

Lemoine 2012 Moderate Serious Serious Moderate Moderate Moderate Serious 

Ottonello 2011 Moderate Serious Serious Moderate Moderate Moderate Serious 
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Vasconcelos 2005 Serious Serious Serious Serious Serious Serious Serious 

Congenital hypoventilation syndrome 

Hartmann 1994 Serious Serious Serious Serious Serious Serious Serious 

Noyes 1999 Serious Serious Serious Serious Serious Serious Serious 

Ramesh 2008 Moderate  Serious Serious Moderate Serious Serious Serious 

Tibballs 2003 Moderate Serious Serious  Moderate Serious Serious Serious 
a
According to the Cochrane ROBINS-I tool: Sterne Jonathan AC, Hernán Miguel A, Reeves Barnaby C, Savović Jelena, Berkman Nancy D, 

Viswanathan Meera et al. ROBINS-I: a tool for assessing risk of bias in non-randomised studies of interventions BMJ 2016; 355 :i4919 

 
b
 Criteria set out by the ROBINS-I tool:  

 Low risk of bias – study is comparable to a well performed randomized trial within that domain;   

 Moderate risk of bias – study is sound for a non-randomized study, but is not considered comparable to a well performed randomized trial 

within that domain;   

 Serious risk of bias – study has some important problems within that domain;  

 Critical risk of bias – the study is too problematic in this domain to provide any useful evidence on the effects of intervention;  

 No information – no information on which to base a judgment about risk of bias within that domain. 
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Supplemental Table 2.11: Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) checklist. 

Section/topic  # Checklist item  Reported 
on page #  

TITLE   

Title  1 Identify the report as a systematic review, meta-analysis, or both.  1 

ABSTRACT   

Structured summary  2 Provide a structured summary including, as applicable: background; objectives; data sources; study 
eligibility criteria, participants, and interventions; study appraisal and synthesis methods; results; 
limitations; conclusions and implications of key findings; systematic review registration number.  

3 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of what is already known.  4 

Objectives  4 Provide an explicit statement of questions being addressed with reference to participants, 
interventions, comparisons, outcomes, and study design (PICOS).  

5 

METHODS   

Protocol and registration  5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if 
available, provide registration information including registration number.  

5 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., 

years considered, language, publication status) used as criteria for eligibility, giving rationale.  

5 

Information sources  7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors 
to identify additional studies) in the search and date last searched.  

6 

Search  8 Present full electronic search strategy for at least one database, including any limits used, such that 
it could be repeated.  

Online 
supplement 
(Table 8) 

Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, 

if applicable, included in the meta-analysis).  

6 

Data collection process  10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) 
and any processes for obtaining and confirming data from investigators.  

7 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any 
assumptions and simplifications made.  

7 
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Risk of bias in individual 
studies  

12 Describe methods used for assessing risk of bias of individual studies (including specification of 
whether this was done at the study or outcome level), and how this information is to be used in any 
data synthesis.  

7 

Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  8 

Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, including 
measures of consistency (e.g., I

2
) for each meta-analysis.  

8 

 
 

Section/topic  # Checklist item  Reported 
on page #  

Risk of bias across 
studies  

15 Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication 
bias, selective reporting within studies).  

8 

Additional analyses  16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if 
done, indicating which were pre-specified.  

n/a 

RESULTS   

Study selection  17 Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons 
for exclusions at each stage, ideally with a flow diagram.  

8 

Study characteristics  18 For each study, present characteristics for which data were extracted (e.g., study size, PICOS, 
follow-up period) and provide the citations.  

9, 

Table 2, 
online 
supplement 
Table 9 

Risk of bias within 
studies  

19 Present data on risk of bias of each study and, if available, any outcome level assessment (see item 
12).  

Online 
supplement 
Table 10, 11 

Results of individual 
studies  

20 For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data 
for each intervention group (b) effect estimates and confidence intervals, ideally with a forest plot.  

9-13, 

Tables 3-6, 
online 
supplement 
Table 9 

Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures of 
consistency.  

13,  

Figure 2 

Risk of bias across 22 Present results of any assessment of risk of bias across studies (see Item 15).  13,  
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studies  Table 7,  

Online 
supplement 
Table 10 

Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression 
[see Item 16]).  

n/a 

DISCUSSION   

Summary of evidence  24 Summarize the main findings including the strength of evidence for each main outcome; consider 
their relevance to key groups (e.g., healthcare providers, users, and policy makers).  

14-16 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., 
incomplete retrieval of identified research, reporting bias).  

16-17 

Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications for 
future research.  

17-18 

FUNDING   

Funding  27 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of 
funders for the systematic review.  

1 

 
From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097  

For more information, visit: www.prisma-statement.org.  
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APPENDIX II 

APPENDIX A: A step-wise procedure for performing a binomial logistic regression to 

determine the effect of baseline clinical characteristics, respiratory parameters, technology use, 

and adherence on mortality. 

 

The results of the 10-year retrospective chart review on children using long-term non-invasive 

ventilation (NIV) showed that mortality was similar between infants and older children. 

However, it is unclear whether there are other factors contributing to the mortality outcome. To 

determine the independent predictors of mortality, a binomial logistic regression was performed. 

Logistic regression followed the methods described in the Laerd Statistics website
 
(Laerd 

Statistics, 2017) and analysis was performed using IBM SPSS Statistics version 24.0 (SPSS, Inc., 

Chicago, IL).  

 

Step 1: Determining if the assumptions have been met 

In order to correctly perform a logistic regression, the following assumptions have to be met: 

1. The dependent variable must be a dichotomous variable. 

 The dependent variable for this example is mortality (yes/no), which is dichotomous and 

satisfies the first assumption. 

 

2. One or more of the independent variables must be continuous or nominal. 

 Variables such as age, number of co-morbidities, total apnea-hypopnea index (AHI), 

obstructive AHI, and central AHI, were continuous or nominal variables, satisfying the 

second assumption.  
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3. There needs to be an independence of observations, and both the dependent variable and 

independent variables must be mutually exclusive and exhaustive.  

 Our population was first divided into an infant or older child group, and then infants were 

matched to older children in a 1:2 ratio. Each child was only represented once in the final 

cohort, and all data with respect to dependent and independent variables was mutually 

exclusive to either the infant or older child group. 

 

4. A minimum of 15 cases are required per independent variable.  

 The independent variable with the lower number of cases was ethnicity, which had n=216 

cases, satisfying the above assumption. 

 

5. The continuous independent variables and the log transformation of the dependent variable 

must show a linear relationship. 

 Testing for linearity was done using the Box-Tidwell procedure in SPSS, which tests for 

the linear relationship between continuous independent variables and the logit of the 

dependent variable. Based on this procedure, all of the continuous independent variables 

were found to be linearly related to the logit of each of the dependent variable, mortality.  

 

6. The independent variables cannot be highly correlated amongst themselves 

 To test for multicollinearity, we tested the independent variables being included in the 

regression against each other using Chi-square tests for categorical variables and 
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Spearman correlation for continuous variables. The variables included in this analysis 

were not significantly correlated with each other.  

 

Step 2: Determining which variables to include in the multivariable logistic regression 

In order to determine which variables to include in the logistic regression, a purposeful selection 

of variables was performed. Underlying clinical characteristics, baseline respiratory parameters, 

NIV technology use, and adherence to NIV variables were analyzed by univariate analysis using 

a Chi-square test for categorical variables or a Mann-Whitney U test for continuous variables. 

Independent variables that had a p<0.20 on univariate analysis were included for multivariable 

analysis (Table 1). In addition, variables that have been identified as being clinically relevant to 

mortality, such as disease category, were also considered for inclusion in multivariable analysis 

(although in this instance, disease category had a p<0.20 and was included regardless). Age was 

included in the analysis as it was part of our hypothesis that there would be differences in 

outcomes between infants and older children. Variables such as total sleep time, percent of time 

spent in rapid eye movement (REM) sleep, and percent of total sleep time with oxygen 

saturations <90% were excluded from analysis, however, because of an underlying physiological 

association with the infant age group. History of upper airway surgery was excluded because of 

the strong association with older children. 

 

Step 3: Creating models for multivariable logistic regression analysis 

Once independent variables, or covariates, were chosen for inclusion, different models were 

created for multivariable analysis. Initially, a model with just a single covariate was created, and 

the significance of that covariate and the model was determined. Then covariates were added two 
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at a time to see whether there was still statistical significance or whether confounding occurred. 

Covariates that did not contribute to significance were removed from the model. This procedure 

was repeated multiple times with the step-wise addition of covariates and/or the removal of 

confounding covariates until a best-fit model was produced. This new model with then compared 

to the original model containing all the covariates, as well as the other models created in the step-

wise process using the partial likelihood ratio test, to help choose the most appropriate model. 

 

Step 4: Running the logistic regression model and interpreting the results 

The best-fit model contained the variables ethnicity, disease category, number of co-morbidities, 

location of NIV initiation, and use of additional technology. These variables were entered into a 

logistic regression to determine their impact on mortality. The logistic regression model was 

statistically significant (Chi-square 39.75, p<0.001). It explained 46.1% (Nagelkerke R
2
) of the 

variance in mortality, and was able to correctly classify 94.4% of cases. Of the five covariate that 

were included in the regression, only the use of additional technology was statistically significant 

(Table 2). According to the results of the regression, the use of additional technology increased 

was 25.9 times more likely to result in mortality. These results are likely because the use of 

additional technology is associated with children being more medically complex
2,3

, and thus 

likely to have a more severe disease course and poorer outcomes. Similar methods were used to 

run logistic regression for other outcome variables.  
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Table 1:  Variables included in a binary logistic regression model examining the contribution of 

multiple factors to mortality in infants and older children using long-term non-invasive 

ventilation.  

  

 Variables p value on 

univariate analysis 

Baseline clinical characteristics
a 

 Age at NIV initiation (months) 

 Disease category 

 Number of co-morbidities 

- 

0.003 

<0.001 

Baseline respiratory parameters
b 

 Total AHI (events/hr) 

 Obstructive AHI (events/hr) 

 Central AHI (events/hr) 

<0.001 

<0.001 

0.022 

NIV technology use  Location to start NIV (hospital/home) 

 Additional technology (yes/no) 

<0.001 

<0.001 

Adherence   Number of hours NIV was used per 

night (second follow-up visit) 

0.021 

AHI - apnea-hypopnea index; BPAP – bi-level positive airway pressure; CPAP – continuous 

positive airway pressure; NIV - non-invasive ventilation 
 

a
 History of upper airway surgeries was excluded from the analysis because of a strong 

association with the older child age group. 

b
 Respiratory parameters such as total sleep time, % of time in rapid eye movement sleep, and % 

of sleep with SpO2 < 90% that were significant on univariate analysis were excluded from the 

model because of a strong association with the infant age group.  
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Table 2: Results of binomial logistic regression with mortality as the outcome variable and 

population characteristics and technology use as covariates.  

 B ± SE p Value Exp(B) 95% C.I. for Exp(B) 

Additional technology 3.254 ± 1.201 0.007 25.905 2.460 to 272.849 

Constant -4.546 ± 1.688 0.007 0.011  
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