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Abstract. 
The purposes of this paper are as follows (1) to describe the prevalence, etiology, and care settings for children dependent on long-term mechanical ventilation (MV); (2) to provide a brief introduction to MV and weaning; (3) to explore health care utilization and cost of care; and, primarily, (4) to discuss the rehabilitation needs of children dependent on long-term MV including activities of daily living, mobility, communication, psychosocial needs, and recreation and leisure. Children with ventilator dependence are a growing segment of the population of children with special health care needs and often require rehabilitation services. MV is a form of life-saving technology that substitutes for or assists a child’s respiratory efforts. Goals for use of MV vary and there are many combinations of MV elements that can obtain desirable results. No standards of care exist for the rehabilitation examination or interventions utilized for children with long-term MV dependence and it remains unclear what effect MV has on the achievement of developmental milestones, daily activities, and participation in daily life.


1. Introduction
Advances in obstetric care, neonatal intensive care, and pediatric critical care medicine have resulted in a growing population of children dependent on long-term mechanical ventilation (MV). Additionally, advances in medical technology are allowing children to live in to adulthood and the increasing use of portable ventilators is allowing children to be managed at home and in their communities [1–5]. While children dependent on long-term MV remain a small percentage of the overall group of children requiring rehabilitation services, studies indicate that this group of children continues to grow around the world [3, 6–11].
Children dependent on long-term MV require rehabilitation services to address impairments, functional limitations, and participation restrictions in daily activities due to their injury, illness, or disease process. The purposes of this paper are as follows: (1) to describe the prevalence, etiology, and care settings for children dependent on long-term mechanical ventilation (MV); (2) to provide a brief introduction to MV and weaning; (3) to explore health care utilization and cost of care; and, primarily, (4) to discuss the rehabilitation needs of children dependent on long-term MV including activities of daily living, mobility, communication, psychosocial needs and recreation and leisure.
2. Who Are the Children Dependent on Long-Term Mechanical Ventilation? 
Children dependent on MV present with varied diagnoses and clinical presentations and are united by their dependence on MV as a treatment modality for chronic respiratory insufficiency. The causes of chronic respiratory insufficiency in children have been grouped into the following categories: conditions which affect the lungs, lung parenchyma, and airway (e.g., bronchopulmonary dysplasia, tracheobronchomalacia); conditions which cause central dysregulation of breathing (e.g., ischemic encephalopathy, traumatic brain injury); and diseases or disorders of the chest wall and thorax, which affect the “respiratory pump” (e.g., spinal muscular atrophy, scoliosis) [9, 12–16]. Additionally, there may be combinations of the aforementioned conditions such as in genetic disorders that have associated pulmonary manifestations [17]. Children with chronic respiratory insufficiency who require long-term MV are medically complex and are at high risk for secondary illness and infection [18, 19], recurring hospitalizations [18, 20, 21] and clinical compromise secondary to tracheostomy-related complications [21], and equipment failure [21–23].
A study in the state of Massachusetts in the United States found that the highest percentage of children requiring MV is no longer due to the chronic lung disease associated with premature birth but rather for reasons related to congenital and neurological disorders and neuromuscular diseases [3]. This shift is of particular importance to rehabilitation providers as children with congenital, neurological, and neuromuscular diagnoses are common diagnostic groups referred for rehabilitation services throughout the lifespan and it is thus, increasingly more likely that rehabilitation providers will encounter a child who is dependent on long-term MV. In a recent study of children requiring MV and admitted to one of six inpatient pulmonary rehabilitation programs in the Northeastern United States, 83% received rehabilitation services during their hospitalization and 50% of those children discharged using ventilators required rehabilitation services after leaving the hospital [24]. 
Studies of incidence and prevalence are difficult to compare due to the varied methods of data collection, care settings, timeframes studied, and type of data collected. Table 1 provides a summary of studies from around the world describing children dependent on long-term MV.
Table 1: Reports of samples, etiology and care settings for children dependent on long-term MV. 
	

	Country  	Study timeframe 	Number and ages of children studied	Etiology/indication for mechanical ventilation*	Type of mechanical ventilation	Care setting**
	

	Turkey-Istanbul [7]	2001–2006	n = 344 months to 17 years	Neuromuscular 18% Central dysregulation 21% Airway/lung dysfunction 62%	Invasive 33% Non-invasive 67%	Home 100%
	Italy [9]	2007	n = 362<17 years of age 	Neuromuscular 49%Central dysregulation 25%Airway/lung dysfunction 18% 	Invasive 41% Non-invasive 59%	Home 100%
	Japan [64]	1996	n = 434<20 years of age	Neuromuscular 28% Central dysregulation 23%Airway/lung dysfunction 5% Other/unknown 45%	Unknown	Hospital 86%Home 14%
	Netherlands [65]	1979–2009	n = 197<18 years of age	Neuromuscular 66%Central dysregulation 17%Airway/lung dysfunction 6%Other 11%	Invasive 51% Non-invasive 49% 	Home 100%
	Switzerland [8]	2001	n = 32<16 years of age	Neuromuscular 41%Central dysregulation 47%Airway/lung dysfunction 9%Other 3%	Invasive 31%Non-invasive 69%	Home 94%Hospital 6%
	Taiwan [66]	1998–2006	n = 1393 months to 18 years of age	Neuromuscular/Neurologic 72%Airway/lung dysfunction 14%Other 14%	Invasive 97%Non-Invasive 3%	Hospital 79%Home 21%Death 
	
		
			
				𝑛
				=
				3
				7
			

		
	

	United Kingdom [67]	2008	n = 933<17 years of age	Neuromuscular 43% Central dysregulation 18%Airway/lung dysfunction 37%	Invasive 23%Non-invasive 77%	Home 91%Hospital 7%Unknown 2%
	United Kingdom [68]	1999	n = 141  <16 years of age	Neuromuscular 44% Central dysregulation 24%Airway/lung dysfunction 11%Other 18%	Invasive 48%Non-invasive 52%	Home 68%Hospital 32%
	United States-Massachusetts [3]	2005	n = 197  <22 years of age	Neuromuscular/neurologic 59%Airway/lung dysfunction 28%Other/unknown 13%	Invasive 49% Non-invasive  51% 	Home care 73%Hospital 6%Unknown 16%
	United States-Utah [6]	2004	
	
		
			
				𝑛
				=
				4
				4
			

		
	
  <16 years of age	Neuromuscular 13%Central dysregulation 45%Airway/lung dysfunction 41% 	Invasive 100%	Home 100%
	New Zealand [69]	1991–2004	
	
		
			
				𝑛
				=
				1
				6
				0
			

		
	
	Neuromuscular 11%Central dysregulation 4%Airway/lung dysfunction 39% Other 48%	Invasive 3% Non-invasive 97% 	Home 100%
	



              *Etiologies may be combined as presented in study results.

              **Home includes “community living” and “long-term care”.


3. What Is Long-Term Mechanical Ventilation? 
Mechanical ventilation either substitutes for or assists a person’s respiratory efforts. The principal benefits of MV for chronic respiratory insufficiency are improved gas exchange, decreased work of breathing and patient comfort [25]. By definition, an individual is considered to be a long-term ventilator user if mechanical ventilation is required for more than 6 hours per day for at least 3 weeks [26]. The decision to institute long-term mechanical ventilation is often made as a life-saving measure. Currently however, elective use of MV is increasing to preserve physiologic function and to improve quality of life. In many instances, for infants and children with chronic respiratory impairment, the clinical decision is made to take advantage of the growth and developmental potential of the lungs [26, 27] and to maximize developmental potential. Thus, the desired outcome for many, though not all, infants and young children is medical stability with adequate growth and healing of the lungs, and eventual withdrawal of the assisted ventilation. For others, it will remain an artificial means of life-supporting respiration throughout their life [12, 18, 24]. 
Mechanical ventilation can be delivered invasively or noninvasively. Invasive positive pressure ventilation is sometimes referred to as conventional mechanical ventilation or traditional mechanical ventilation. Short-term invasive ventilation is delivered via endotracheal tube and may be used postsurgery, postinjury, following premature birth with underdeveloped lungs, and for acute respiratory failure due to illness [25]. For long-term MV, an endotracheal tube is no longer reasonable but rather a tracheostomy is required [28, 29]. A tracheostomy is a surgically placed plastic or silicone tube placed between the third and fourth tracheal rings in the tracheal stoma to which the ventilator tubing is attached [28]. The size and shape of the tube are chosen based on the child’s age, lung mechanics and upper airway resistance and speech needs [28–30]. In contrast, noninvasive positive pressure ventilation (NPPV) is delivered through an alternative interface such as a face mask or nasal prongs, and can be used short- or long-term [25]. 
There are many combinations of MV elements that can obtain desirable results, thus practices are far from uniform and scientific research is lacking [26, 31]. The type of mechanical ventilator and the optimal modes and settings for each child vary and are determined by the child’s metabolic requirements, respiratory drive, and pulmonary mechanics [15, 32]; the age of the child; an understanding of the underlying disease process that precipitated respiratory failure; available equipment; knowledge of the current literature; previous experience of the clinical staff with specific types of machines; and site of care (e.g., intensive care unit (ICU), home environment) [32]. In general, ventilators are adjusted to maintain an oxygen saturation >95% and a CO2 tension within the range of  35–45 mmHg during wake and sleep [15]. Table 2 provides a brief description of ventilator classifications.
Table 2: Mechanical ventilation classifications.
	

	Non-invasive	 
	

	Positive pressure ventilation  Airway pressure applied via face mask or nasal prongs; positive pressure beginning in the upper airway causes gas flow to the lungs until the ventilator breath is terminated; as the airway pressure drops to zero, elastic recoil of the chest accomplishes passive exhalation by pushing the tidal volume out.                           Two types: Bi-level Positive Airway Pressure (BiPAP)—provides both inspiratory and expiratory positive airway pressure; Continuous Positive Airway pressure (CPAP)—provides only single level of airway pressure.    Negative pressure ventilation  Delivered via cuirass (shell); vacuum pump creates negative pressure in the chamber, resulting in reduced intrapulmonary pressure and allowing air flow into the lungs and expansion of the chest; when vacuum terminated, negative pressure applied to chest becomes zero, recoil of chest and lungs permits passive exhalation. 	 
	

	Invasive 	 
	

	Positive pressure ventilation                             Airway pressure applied  through an endotracheal tube or tracheostomy tube; gas flows along pressure gradient between upper airway and alveoli;  achieved by delivering either a pre-determined volume or a set pressure to the lungs on a regular or a demand basis; PPV modes defined by inspiratory parameters.                     Volume modes: Controlled Mechanical Ventilation (CMV)—100% control by ventilator, patient has minimal or no respiratory effort); Assist Control Ventilation (ACV)—if patient fails to initiate breathing within prescribed time, ventilator triggers breath); Intermittent Mandatory Ventilation (IMV)—combination of spontaneous breathing and CMV as the ventilator provides a positive pressure breath at a pre-determined frequency); Synchronized Intermittent Mandatory Ventilation (SIMV)—patient triggers mandatory breath in assist mode thus synchronizing with own respiratory effort.                     Pressure modes: Pressure Support  Ventilation (PSV)—patient-triggered breath with a preset positive pressure thus using patient’s own inspiratory timing and tidal volume; used for weaning; Pressure Control Ventilation (PCV)—time-initiated, pressure-limited and time-cycled mode; intended for patients fully dependent on MV; Pressure Assist Control Ventilation (PACV)—all breaths machine delivered at preset tidal volume; allows for patient triggering of breaths as described with PCV.                     Positive End Expiratory Pressure (PEEP)—primary expiratory parameter; can be added to all above modes; used to increase functional residual capacity and distend alveoli.	 
	



Rehabilitation providers should be familiar with ventilator alarms and emergency supplies and procedures for patients who are dependent on MV. Ventilator alarms signal high or low pressure changes, breathing problems, ventilator malfunction, and equipment or power failure. Additional equipment and supplies are required routinely and potentially, in case of emergency, and include: oxygen-may be needed to supplement air delivered by mechanical ventilation while tank oxygen should be available for emergencies; suctioning unit and supplies-needed to remove secretions from patient’s airway, procedure requires training to avoid injury and infection and caregivers may be trained by healthcare professionals; humidification-warmed, humidified air to minimize secretions is needed for all patients receiving MV; power sources—most ventilators use household electrical current while battery back-up should be available in case of a power outage; tracheostomy tubes-spare tracheostomy tubes for routine changes and emergency decannulation must be readily available.  
4. Ventilator Weaning
The transition to unassisted breathing (weaning from MV) is a complex issue. Weaning a child from the support of a mechanical ventilator is individualized and is accomplished in response to recovery from respiratory insufficiency, and as noted earlier, may not be a goal for all children [12, 18, 24, 33]. The primary assessment of weaning capability is to determine at what point the child is capable of maintaining adequate alveolar ventilation while breathing spontaneously. This requires that the child’s neural control centers are actively controlling the process, that the ventilatory pump is able to support the work required for breathing and that the lungs and airway are not severely compromised by disease [12, 34]. 
There exists no standard protocol for the discontinuation of long-term ventilator support yet the timing and prognosis for weaning is important for rehabilitation professionals to understand so that rehabilitation management may be directed appropriately. Weaning strategies for children in the post-acute setting are inherently different from those used in an ICU setting [12, 34]. Most children in the ICU are ventilated via an endotracheal tube; while children admitted to post-acute settings or being cared for at home using invasive MV have tracheostomies in place to provide a long-term, stable airway. Proposed criteria for weaning readiness in the post-acute pediatric setting include: (1) no escalation in ventilator support within two days prior to weaning; (2) stable chest radiograph; (3) blood PaCO2 level not more than 10% above baseline; (4) blood pH within normal range; (5) supplemental FiO2 of 0.6 or lower; (6) stable blood pressure over the previous five to seven days; (7) heart rate no greater than 95% maximal normal for age; (8) tolerance of adequate nutrition; (9) absence of active infection, acute pain or other medical problems that might negatively impact the weaning process; and (10) reported understanding by the family/guardian and all health care providers of the desirability of weaning [12]. 
Weaning can be an arduous task both physiologically and psychologically, and it must be done with caution. Weaning may be enhanced by the improvement of cardiorespiratory strength and endurance, adequate nutrition, and overall health [12, 35, 36]. During periods of active weaning, a child’s schedule of activities may need to be altered. It is imperative that there is coordination and communication between the medical and rehabilitation team as to the amount of physical exertion that can be tolerated safely. Both muscular and respiratory fatigue during this period of time must be avoided. In general, children may be weaned completely off MV; advanced to portable equipment; progressed to milder levels of ventilation (e.g., reduced pressure support); or weaned to a less invasive mode of support (e.g., continuous positive airway pressure (CPAP)) [12, 18, 24, 37]. 
Minimizing dependence on mechanical ventilation promotes improved quality of life with a reduction in hospital stays, improved physical and mental health and increased social participation opportunities for children and their families [27, 38].  Despite the financial, clinical and psychosocial advantages of weaning children with ventilator dependency in a post-acute inpatient setting, only a few studies have reported outcomes on cohorts of children undergoing active weaning programs. In a 1995 study, 42% of infants with BPD were weaned from MV to CPAP and 29% weaned to a tracheostomy with supplemental oxygen. However, only 9% of children with diagnoses other than BPD were weaned to a less restrictive form of support [18].  In another single site study from an inpatient pulmonary rehabilitation program in the United States, successful ventilator weaning was achieved during 30% of the admission-discharge episodes with diagnosis (prematurity with BPD) and age (younger) being the strongest predictors of weaning success [33]. In a prospective multisite study over a one-year period, nearly half of the children who were dependent on MV 24 hours per day at admission to inpatient pulmonary rehabilitation no longer required MV at discharge. In addition, four children required only 12 or fewer hours per day of ventilator support at discharge [37]. Despite the home environment being a less closely monitored situation, there have been reports of children’s dependence on MV being minimized while being cared for at home [39, 40].
5. Environments of Care
Infants in a neonatal intensive care unit (NICU) may be placed on MV because of lung or airway anomalies, neurological disorders affecting respiration, or disorders of the respiratory pump. A study by Vohr et al. [41] indicated that the length of time on MV in neonatal intensive care ranged from 16 to 40 days across multiple centers for infants who were born prematurely. Children in a pediatric intensive care unit may be placed on mechanical ventilation for post-surgical indications; due to a recent trauma, illness, or organ failure; or because of a history of chronic respiratory failure. Only a small percentage of these children will require long-term MV [3, 42]. Once the decision has been made to mechanically ventilate an infant or child for an extended length of time, immediate thoughts should be toward the long-term impact of a prolonged hospitalization and the alternative available care environments. 
In recent years, the locus of inpatient care for children dependent on long-term MV has shifted from acute care hospital neonatal and pediatric intensive care units (ICUs) to “ventilator wards” in acute care hospitals [43–45] and post-acute inpatient pulmonary rehabilitation programs [18, 24, 46–48]. ICUs are referring children to rehabilitation units where they can spend longer periods of time at a lower financial cost. In the post-ICU environment, children may be stabilized on their ventilator, weaned from the ventilator, or weaned to a less invasive mode of ventilation [18, 24, 33, 46–50]. Weaning ventilator support to the least invasive mode possible to optimize safe discharge home while providing a developmentally appropriate environment with necessary rehabilitation services appears to be an appropriate expectation for post-acute care. Parent-child interaction, parent education, and growth and development can be promoted along with the achievement of medical stability [13, 24, 51].  A limited number of rehabilitation facilities however, report admitting children who are ventilator dependent [4, 24, 46–48].
Whether fully weaned, weaned to fewer hours per day, or weaned to a less invasive mode of ventilation, the ultimate goal is to discharge children home or to community living. When medically stable on a ventilator suitable for non-hospital use and with appropriate caregiver support, children dependent on MV can be cared for at home and participate in community activities [9, 11, 23, 39, 40, 52, 53]. This option is dependent on many factors, but primarily on a stable airway, an oxygen requirement typically less than 40%, a PaCO2 level not more than 10% above baseline, as well as an adequate nutritional intake to maintain growth and development [12]. 
While technologic advances in design, efficiency, and portability have contributed to an increase in use of MV outside the hospital environment, specific and careful hospital discharge planning is required [21, 50, 54, 55]. Barriers to discharge from the hospital exist, however. These barriers include the inability to recruit qualified home nursing staff; inadequate or delayed funding of home care resources; unsuitable housing; a limited number of capable family caregivers; and delays in obtaining the appropriate equipment [50, 54, 56, 57]. It is imperative that the child’s family or designated caregivers be involved in, and capable of learning, all aspects of the child’s care [39, 40, 54–56, 58]. This care includes not only managing the ventilator and other equipment, but also being able to provide emergency medical care if the child experiences distress and most importantly, the ability to recognize signs of distress. The high degree of medical and technologic expertise required by parents or caregivers can be a tremendous drain on a family [38, 52, 57–60]. The critical nature of this type of family teaching goes beyond our normal expectations of the family unit, so caregivers may need extensive support from rehabilitation team members. 
For children using MV at home, hospital readmissions are common following surgery or an acute respiratory illness [20, 28, 61]. Additional negative impacts of caring for a child at home on a ventilator include a burden on family life [62], financial consequences [63] and differences in ethical perception by the local community [62]. In addition, ventilation equipment must be managed by trained personnel, such as nurses, who may be a limited resource in many locations [40, 57, 62, 63]. 
6. Considerations for Rehabilitation Professionals 
Regardless of the care setting, the rehabilitation professional working with infants, children and adolescents dependent on MV should have an understanding of the pathophysiology of chronic respiratory failure, the physiological conditions requiring MV, the parameters of the ventilator machinery and emergency indicators. Rehabilitation providers should understand the type of mechanical ventilator being used by the child and whether the ventilator is doing all the work of breathing for the child or whether it is simply assisting the child with the number and/or depth of the breaths. Providers must also be aware of the clinical signs that may indicate that the child needs respiratory assistance and should familiarize themselves with the alarm systems of the ventilator, monitors that record oxygen saturation levels, heart and respiratory rates, and the emergency response procedures of the care setting. 
 As with any child referred for rehabilitation services, providers must first complete a comprehensive examination that includes a history, systems review and specific tests and measures. Because of the varying ages, diagnoses and prognoses, and intervention settings for children dependent on MV, tests and measures must be aimed at quantifying a child’s functional skills that are most relevant to the child and family goals and individual care setting and include outcome measures related to cardiorespiratory endurance. A standardized developmental assessment or functional assessment tool can be used to quantify achievement of developmental milestones and/or changes in functional skills. No specific tools, however, have been recommended for children dependent on ventilators. 
  The multiple medical, emotional, educational and rehabilitative needs of the child with long-term ventilator dependence are beyond the expertise of a single provider and thus require the care and coordination of an interdisciplinary team. All rehabilitation providers can provide the child, family and other team members with information about the child’s needs and strategies for participation within their school, home, and community environments. Table 3 outlines general rehabilitation goals and projected outcomes for children with long-term ventilator dependence in various care settings.
Table 3: General rehabilitation goals and projected outcomes for children dependent on long-term mechanical ventilation.
	

	General goals	Appropriate positioning for functional activity such as feeding, play, and fine motor activity
	Activity tolerance/cardiorespiratory response adequate for activity
	Developmental motor milestone achievement
	Improved functional mobility
	Maintenance or improvement of skin integrity and musculoskeletal alignment
	Provision of adequate equipment (e.g., ADL equipment, seating and positioning, orthotics)
	Functional communication
	Adequate nutrition for health
	Caregiver education 
	

	Intended rehabilitation outcomes	 
	

	Clinical outcomes	Developmental skill attainment
	Mobility independence
	Independence with activities of daily living
	Communication commensurate with cognitive ability 
	Health promotion to minimize dependence on ventilator and caregivers
	Prevention outcomes	Reduction in need for additional intervention
	Reduction in risk of impairment or impairment progression
	Reduction in risk of re-hospitalization
	Child/family satisfaction outcomes	Clinical proficiency of rehabilitation staff
	Coordination of care is demonstrated
	Access and availability of services acceptable
	






7. Rehabilitation Needs
Regardless of the environment of care, Children dependent on long-term mechanical ventilation have multiple rehabilitation needs that may be addressed by a myriad of rehabilitation care providers [49]. In addition to the child and family, the multidisciplinary rehabilitation care team for a child dependent on MV may include: the child’s pediatrician; pediatric pulmonologists; other pediatric medical specialists (e.g., neurologist, physiatrist); respiratory therapists; nurses; physical and occupational therapists; speech-language pathologists, audiologists, nutritionists, social workers, durable medical equipment vendors, school personnel (teachers, aide, transportation provider, etc.) and case managers [48, 70]. 
All rehabilitation providers contribute expertise to address the primary goals of rehabilitation for children dependent on MV: to restore or maintain function and maximize independence. Rehabilitation providers also address acute and chronic medical needs, prevent secondary conditions, and promote health and wellness in addition to addressing needs related to activities of daily living, mobility and motor skills, cognition, communication, feeding and swallowing, nutrition, adaptive equipment, recreation and leisure activities, psychosocial concerns, and quality of life. A thorough examination and evaluation leading to a comprehensive plan for intervention with defined, measurable goals can lead to realistic and desired rehabilitation outcomes [49]. 
8. Activities of Daily Living 
 Activities of daily living (ADLs) include feeding, bathing, toileting, dressing, grooming home/environment management, and home, school, and work activities. ADLs vary by age, gender, care setting, disease limitations, and family expectations. Children dependent on mechanical ventilation face unique challenges in gaining and/or maintaining independence with these self-care activities, while providers are met with the challenge of how to intervene and measure changes in daily function [49, 51]. 
Studies examining activities of daily living that include children with dependence on long-term mechanical ventilation indicate a reduction in self-care independence and ability. In a study assessing the functional status of children across all types of Spinal Muscular Atrophy (SMA), all children with SMA type I were dependent on a ventilator and all required assistance with self-care activities [71]. In another study of 30 infants and children with varying diagnoses but who required oxygen and/or ventilator support upon admission to an inpatient pulmonary rehabilitation program, admission and discharge scores were noted to be on the lower half of the self-care continuum, indicating deficits in self-care function, despite increases in scores from admission to discharge [51]. The Functional Independence measure has been shown useful for detecting changes in function from admission to discharge for adults in pulmonary rehabilitation programs [72]. 
  Independence with self-care activities for a child dependent on long-term MV will vary based on primary diagnosis, age, cognitive and physical impairments and may require modifications including adaptive equipment, assisted set-up, altered procedures to conserve energy, and emergency problem-solving. It has been recommended that design improvements of medical technology for use at home are needed [73]. 
 For infants and young children, feeding and playing are primary ADLs and dependence on caregivers is otherwise expected. Infants who are dependent on MV however, have experienced altered positioning, handling, and oral motor experiences. Oral aversion becomes a concern as oral intake may have been limited in the early weeks or early months of life. Often, oral intake is then inadequate to meet the caloric needs of a growing infant dependent on MV. In addition, infants are at risk for aspiration and as such, a nasogastric tube may be placed for short-term use [74]. Eventually, a gastrostomy tube may be needed to replace the nasogastric tube [75]. For older children, oral intake still may not be adequate to meet caloric and nutritional requirements and the continued use of a gastrotomy tube will be required [76]. 
For children with genetic and central nervous system disorders, bladder and/or bowel function may be impaired [77]. Regardless of the primary diagnosis, the use of mechanical ventilation may restricttoileting activities because of the restrictions of the ventilator tubing and environmental obstacles. As with any child or adult requiring environmental modifications, equipment such as grab bars, a raised or adapted toilet seat and/or a commode may be needed. Along with the child and family, rehabilitation team members can consult with durable medical equipment vendors to explore options for each of the child’s care environments (e.g., school, home) for toileting. 
Bathing options, similar to toileting options will be directed by the child’s cognitive and physical impairments due to the underlying disease or disorder, the child’s physical care environment as well as because of the child’s ventilator dependence. Some children may spend short periods of time off of the ventilator and can bathe when off of the ventilator while other children may not. 
Adaptive equipment is available for children who are physically able to independently dress or participate in dressing and grooming activities. Equipment such as long-handled reachers and extended handle hair brushes and combs are available. These devices allow rehabilitation providers and family members to encourage participation in activities of daily living and minimize energy expenditure for each child. It has been recommended that clothing that blocks the tracheostomy or access to any tubing be avoided. A myriad of home modifications and adaptive equipment options are available and should be individualized based on the child’s needs and environment [78]. 
The percent of children who were ventilator dependent and engaging in daily home, school and work activities was documented by Lumeng et al. [79]. Results indicate that more than 97% of children who were ventilator-dependent listened to music or watched television daily while approximately 74% attended school, and 53% participated in computer activities. Frequent suctioning of the tracheostomy tube has been reported as a persistent interference with ADL independence [80], promoting ongoing dependence on a caregiver. 
9. Mobility
While children dependent on prolonged MV do not share a common diagnosis, there are many physical impairments common across diagnoses and conditions that may impact functional mobility and exercise participation and capacity. Skeletal muscle weakness, limited muscle-tendon flexibility, and skeletal and joint deformities due to a musculoskeletal or neuromuscular disorder or disuse, in addition to the cardiopulmonary impairments and potential cognitive limitations, consequently decrease functional mobility [81, 82].
In a study of 30 infants and children with varying diagnoses but who required oxygen and/or ventilator support upon admission to an inpatient pulmonary rehabilitation program, mean changes in functional mobility scores from admission to discharge were significant.  Similar to the self-care scores noted earlier in this same study, scores were at the low end of the scoring range, indicating limited mobility function [51]. 
Exercise training is a foundation of pulmonary rehabilitation programs for adults with chronic obstructive pulmonary disease (COPD), pulmonary hypertension and heart failure [83–85]. A review of mobility interventions for adults on prolonged MV revealed, however, that most studies introduced mobility intervention upon patient transfer to rehabilitation but not in the ICU during the earlier stages of illness and recovery. The review showed support for mobility interventions to improve weaning outcomes in patients on prolonged MV but a limited number of studies examine a variety of interventions (e.g., electrical stimulation, upper extremity exercise, inspiratory muscle training) and there is no report of improvement in functional mobility [81]. As with any diagnostic group, exercise limitations and restrictions should be determined prior to the start of an exercise program and children should be supervised closely to avoid musculoskeletal injury, excessive increases in heart and respiratory rate and dislodgement of tubing.
Ventilator dependence often dictates limited movement and mobility if the child must remain close to a non-mobile ventilator. Additionally, young children often spend little to no time in a prone position and this often only occurs during therapy. Exercise and activity in a prone position is useful as it provides an opportunity for strengthening of neck and shoulder girdle musculature. Rotational movements also are often constrained by the child’s equipment limitations and/or impairments but should be encouraged as they are important components of mobility activities including creeping and ambulation. For children of all ages, upright positioning in sitting or standing is also important for physiological function and bone density and should be encouraged when developmentally and medically appropriate. Activities such as pull-to-stand and cruising may only occur in a crib if a child is in a hospital with limited opportunities for play time on the floor.
For children with ventilator dependence, functional mobility training may include bed mobility, transitional movements such as getting up from the floor or transfer training including getting in and out of bed and in and out of a wheelchair. There are no studies detailing motor or mobility interventions and their effectiveness for children dependent on prolonged MV. One could assume that the dependence on MV would have an impact on developmental motor skills if for no other reason than because of the child’s restricted and constrained movement due to the ventilator and its tubing. It is unclear however, if there is a relationship between ventilator use, ventilator weaning outcomes and motor and mobility performance. As well, there are few reports of weaning outcomes that include motor/mobility skills. Reports of developmental motor outcome in survivors of bronchopulmonary dysplasia (BPD) are inconclusive as there is conflicting evidence demonstrating a relationship between the length of time a child is ventilated and developmental outcome. Several studies report that the shorter time an infant with BPD uses a ventilator, the better the developmental outcome [86–88]. Others however, show no significant correlation between duration of MV and overall developmental prognosis, hypothesizing that the impact of other medical complications (e.g., hypoxic episodes, low birthweight) have a greater effect on developmental outcome than MV [89]. 
 In a recent case study report, achievement of independent ambulation while a child was using CPAP is reported. The progress made when an 18-month old with chronic lung disease and tracheobronchomalacia was provided a new CPAP device that allowed compressed air to be delivered via trachesotomy tube with extended tubing is described. It was hypothesized that the shorter, heavier tubing of the traditional CPAP device had severely restricted the child’s mobility but application of the new CPAP device afforded the child the additional space to move (up to 10 meters) [90]. 
Ventilator settings may be influenced by the child’s physical response in areas such as strength, functional skills and endurance, provided these findings are communicated to the medical care team. It has been noted that the observations and ongoing clinical assessment made by rehabilitation therapists can be critical factors in weaning decisions and these individuals can be a valuable resource in clinical decision making [91]. It has also been the experience of this author that therapy participation may be limited when children are being actively weaned from the ventilator. Infants may sleep more and older children often do not tolerate the same level of physical activity until they accommodate to the increased demands on their respiratory system. It is essential that the team coordinate the management of these children at all levels of their care. Additionally, it is essential that therapists be skilled in the assessment and monitoring of exercise capacity and limitations and that outcome measures reflect these parameters [92]. 
Appropriate equipment can minimize caregiver dependence and assist a child to attain independence with functional mobility. Orthoses may be needed to manage joint contractures, maintain joint flexibility, or provide proper alignment of the trunk, feet, legs, hands, or arms. For a child who may require a trunk orthosis secondary to weak or paralyzed axial musculature or those being treated for scoliosis, it is important that the orthosis allow for full rib cage expansion. Adaptive equipment may also be used to minimize the chance of secondary impairments due to the underlying disease process and/or immobility. Young children may require specialized adapted strollers with ventilator carrying capability. Older children may require manual or power wheelchairs adequately outfitted to transport a ventilator. The ventilator and other equipment must be safely secured to the seating system. Children who are independent ambulators may carry their ventilator in a traditional backpack, a rolling backpack, in a pushcart, or be accompanied by a caregiver who transports the ventilator using any of the listed options. For those children who require a wheelchair, multiple options are available for either manual or power wheelchairs and an experienced clinician and durable medical equipment vendor can help the child and family determine the safest, most energy efficient, and feasible seating and mobility system [93]. 
In addition to considering the functional mobility of children dependent on long-term MA, transporting children dependent on MV in a motor vehicle presents a challenge for caregivers. In a study by Lumeng et al. [79] examining quality of life of children who are ventilator dependent, it was reported that children rode in a car between zero and 30 times per month. In 1999, the American Academy of Pediatrics released guidelines for transporting children with special health care needs including recommendations for children with tracheostomies. These recommendations include use of a rear-facing care safety seat with a three-point harness or a care safety seat with a five point harness and avoiding the use of a harness-tray/shield combination. The American Academy of Pediatrics has published a policy statement and guidelines for the transport of children with special health care needs. These guidelines include securing electrical equipment to the floor or seat of the vehicle [94]. In addition, when transporting a ventilator, it has been our typical practice for the child to have a spare tracheostomy tube, ambu bag, oxygen tank, portable suction unit with sterile catheters, and an external battery for the ventilator. More recent and specific guidelines can be found for many states and individual towns and counties within the United States including the use of battery power, tie-downs, and securing the ventilator in a car seat. 
10.   Communication
As noted earlier, children dependent on long-term MV have had a tracheostomy placed to provide a stable attachment for the ventilator tubing. Placement of a tracheostomy tube re-directs the natural inspiratory and expiratory flow of air from the nose and oropharynx to the path of least resistance (the artificial opening of the tube) resulting in minimal airflow across the vocal folds. This diminished airflow reduces vocal intensity to inaudible levels, altering a child’s ability to vocalize and negatively affects the development of expressive language skills in children [95].
Naturally, it would be expected that infants and young children with a tracheostomy and subsequent reduced vocalization miss out on many of the critical steps toward speech development and early forms of communication including cooing, babbling and crying. For the older child who has undergone tracheostomy placement, there is often a loss of the ability to communicate verbally. Reports indicate that tracheostomy affects speech and language development in children with and without neurological disorders. Established factors influencing speech and language development in children without neurological involvement include the child’s age at the time of tracheostomy placement and the duration of the tracheostomy until decannulation [96]. 
Children with long-term MV via tracheostomy may need to use multiple methods of communication depending on their age, cognitive development and neurological status [96]. In a study examining quality of life for children using mechanical ventilation at home, the communication modalities of the 35 child participants were noted to be as follows: oral communication (71%), oral communication combined with other modalities (9%), eye blinking only (6%), communication device (3%), combination of communication modalities without oral communication (3%), and other methods (9%) [79]. 
In another study that included 35 children who were ventilator dependent and recruited to describe their health and quality of life, six children required the help of a caregiver to assist with communication, one child had no speech or established method of communication (parent read movement of lips), and the remaining 22 children had difficulty communicating, such as having speech that was affected by the ventilator and/or their tracheostomy [53]. 
Speech can be facilitated in patients with a tracheostomy tube who are breathing spontaneously by use of a talking tracheostomy tube, by using a cuff-down technique with finger occlusion of the proximal tracheostomy tube, and with the use of a cuff-down technique with a speaking valve [97].  A cuff is a soft balloon around the distal end of the tube that is inflated to provide an adequate seal to allow for mechanical ventilation. 
Attachment of a one-way speaking valve to the external hub of the tracheostomy tube allows expiratory flow of air around the tube to instead exit up through the larynx and vocal folds rather than the tracheostomy tube promoting phonation. Improved verbal communication has been documented with the use of tracheostomy speaking valves in adults [97] and children [98]. In a study by Hull et al. [95], all 10 children who tolerated a speaking valve achieved phonation. Vocalizations included audible crying, non-specific vocalizations, word approximations, single words, and short phrases. 
 A recent survey of speech-language pathologists in the United Kingdom indicated that the majority (71%) were confident managing patients with a tracheostomy while still seeking professional development opportunities [99].
11. Psychosocial Concerns 
Findings on the psychosocial impact of long-term MV for children and their families are important for all rehabilitation providers to consider regardless of role or care setting. Integrated, supportive services are required to help counter the challenges and distress endured by children and their families. Home ventilation offers a viable option for children’s psychosocial development, social integration, and quality of life [10, 39, 52]. Many children who are ventilator-dependent can attend school and participate in family activities [39]. Unfortunately, negative consequences for families exist including a physical burden, emotional turmoil, and financial hardship [59, 62, 100]. Time demands of care routines limit participation in employment and social opportunities for family caregivers. 
 Differences exist between family expectations and what professional care providers are able to provide [101]. Home nursing support, in particular night nursing, is important for the health and well-being of familial caregivers of children dependent on long-term MV [102].  Parents report regular disruption to their sleep [103] and the high demands related to the care of a child with long-term MV has been shown to be a significant risk factor for poor mental health outcomes of those mothers providing care at home [104]. The need for improved collaboration and communication between families and caregivers has also been cited as a source of stress for parents [57, 105]. There continues to be a lack of trained care providers but sample training courses have been published to improve the quality of home care for children who are dependent on technology [56, 106]. 
12. Recreation and Leisure Activities 
Exercise and physical activity are highly regarded as recreation and leisure activities to promote physical health and health-related quality of life for adults and children of all ages and abilities. Evidence suggests that children and youth with special health care needs have decreased physical activity compared to peers [107]. Rehabilitation providers are being encouraged to promote physical activity and extend children’s rehabilitation services to include assessment and interventions for health-promotion and recommended levels of daily physical activity [108].
 Resources to promote physical activity are needed and while recreation and physical activity options continue to grow for children with disabilities, children with dependence on long-term MV undoubtedly require additional accommodations. Few studies examine recreation and leisure activity participation of children dependent on long-term MV. Reports of participation in an ice skating program [109] and in a hospital-based fitness program are available [110]. Summer outdoor overnight camps are offered in multiple states throughout the United States of America [111]. In a 2001 study examining quality of life, children reported that their daily and monthly leisure activities included: watching television, listening to music, playing computer games, eating out, playing board games, going to the movies, and attending sporting events. The highest percentage of children participated in “at-home” activities such at watching television [79]. Rehabilitation providers can play a significant role in the development, adaptation, and evaluation of leisure and recreation programs for children dependent on long-term MV. 
13.  Cost and Health Care Utilization
 Conclusions about cost and reimbursements for children dependent on long-term MV are difficult to draw based on limited research, distinctions in reimbursement policies, variations in care settings, delays in hospital discharge [40], and differences between countries. Costs for a child with dependence on long-term MV include equipment, hospital stays, ambulance transport, primary care medical services, medications, and other medical supplies [112]. Hospitalizations for children dependent on long-term MV require substantively greater inpatient resource use than other children with complex chronic conditions [113]. 
 Edwards et al. [45] conducted a retrospective comparison of pediatric intensive care unit (PICU) and ventilator ward costs for 103 admissions in a US hospital between 2004 and 2007 in which children who were ventilator-dependent served as their own matched controls. The mean PICU cost was significantly more than the hospital ward cost. O’Brien and Dumas [47] compared the cost for post-acute hospitalizations by clinical group for the years 2010-2011 in a pediatric post-acute rehabilitation hospital in the Northeastern United States. The study’s “Ventilator” Group had a significantly higher cost of hospitalization when compared to the following groups: “Active Rehabilitation” (children with traumatic brain injury, spinal cord injury, etc.), “Medically Complex” (children with chronic complex medical condition with one or more of the following: tracheostomy, gastrostomy; post-surgery (orthopedic, gastrointestinal), sepsis ruptured appendix, new onset or uncontrolled seizures, respiratory distress, dehydration, failure to thrive, malnutrition), and “Infants” (non-complex with diagnoses such as Neonatal Abstinence Syndrome). This cost was directly related to the extended length of stay for children in the Ventilator group. 
In the United Kingdom, Noyes et al. [112] reported that home care including qualified nurses and 24-hour care was more expensive than a standard children’s hospital ward, but less expensive than a long-term ventilation unit or an intensive care unit. Additional estimates are needed to provide families, payers, and providers with reasonable, evidence-based cost estimates for care in all settings. 
14. Future Research/Study
Providers involved in pediatric rehabilitation programs are encouraged to participate in clinical research so that a better understanding of all of the rehabilitaiton needs of this clinically diverse population can be achieved. There is little research depicting the rehabilitation interventions or outcomes of children dependent on long-term MV. Research directed at determining effective program planning, program improvements, appropriate resource utilization, and setting-specific rehabilitation outcome expectations for infants, toddlers, and children dependent on mechanical ventilation is needed. Additional research questions may include the impact of rehabilitation interventions on the weaning process and the impact of rehabilitation interventions on quality of life outcomes for children and their families. The impact of ventilator dependence on motor development for infants, infant’s tolerance to handling, children’s tolerance to exercise, the effectiveness of adaptive equipment including ADL devices and speaking valves are additional examples of potential study for children dependent on long-term mechanical ventilation. 
15. Summary and Recommendations
Children dependent on long-term MV present unique challenges to rehabilitation providers due to their medical complexity and need for life-sustaining equipment. This is a heterogeneous group connected only by their dependence on medical technology and not medical or rehabilitation diagnosis. Children with ventilator dependence are a growing segment of the population of children with special health care needs though infants with prematurity and chronic lung disease are no longer the most prevalent diagnostic group of children requiring mechanical ventilation. 
Long-term mechanical ventilation is considered invasive and provided via a tracheostomy tube. Weaning from MV may be a goal for many children but there exists no standard protocol for the discontinuation of long-term ventilator support. Rehabilitation services may be provided in the hospital, in the child’s home, and/or at school. Providers must be aware of the type and purpose of ventilator equipment and emergency indications and responses. It remains inconclusive what effect MV has on activities of daily living, achievement of motor milestones and functional mobility, communication and participation in recreation and leisure activities. The goals of rehabilitation intervention(s) should be flexible and adapted to meet the changing needs of the child, family and the environment as the child ages. Providers should also be able to provide current resources to children and their caregivers on recreational opportunities, healthcare options, and adaptive equipment alternatives. 
The following case examples illustrate rehabilitation considerations for children dependent on long-term MV. 
16.  Case Example Number 1
      Jack is a five-month-old boy with a diagnosis of chronic lung disease secondary to bronchopulmonary dysplasia. Jack was born at 28 weeks gestation weighing 970 g. Jack’s comorbidities include a diaphragmatic hernia, gastrostomy tube placement at two months of age, and a Grade II intraventricular hemorrhage. Jack has been ventilator dependent on a positive pressure ventilator since birth. A tracheostomy tube was placed at two months of age due to the ongoing need for ventilation. Jack spent four months in a neonatal intensive care unit before transferring to a post-acute inpatient pulmonary rehabilitation program at a corrected age of two months. 
 The projected outcomes for Jack’s transfer to an inpatient pulmonary rehabilitation program included elimination and/or reduction of impairment (lung disease), functional limitations (developmental delay in motor, communication and feeding skills), and disability (ability to participate in age-appropriate family and social roles) as well as health and wellness promotion for Jack and education for his family. Though Jack has been using a ventilator since birth, his prognosis for weaning appears favorable due to his age and diagnosis [18, 33, 37]. 
 Jack’s post-acute inpatient rehabilitation team includes a pediatrician, physiatrist, nursing staff, physical, occupational and speech therapists, child-life specialist, nutritionist, social worker, and case manager. Jack’s examination in the post-acute setting included gathering a history from the medical record and initial team meeting, a systems review and specific tests and measures. For the physical and occupational therapists on Jack’s team, the tests and measures include cardiorespiratory and sensory response to handling and positioning, joint flexibility, active movement against gravity, and motor skill achievement using the Bayley Scales of Infant and Toddler Development (Bayley-III) [114]. Jack’s prognosis for motor skill achievement cannot be based on the existing literature examining the relationship between mechanical ventilation and motor skill achievement as the research is inconsistent. Historical and current clinical factors such as gestational age [115], birth weight [115–117], Grade II intraventricular hemorrhage [116], previous therapeutic intervention [118, 119], response to handling and positioning, and current level of motor development however can help rehabilitation therapists determine a prognosis. Jack’s intervention will include age-appropriate developmental activities and caregiver education in positioning for comfort, musculoskeletal alignment, and promotion of motor development skills. It is anticipated that Jack will receive physical and occupational therapy throughout his post-acute hospitalization and following discharge. Jack’s speech therapy will focus on the promotion of interaction, facilitation of the development of receptive and expressive language skills and oral feeding as appropriate. The entire team led by the pediatrician and pulmonologist, case manager and social worker will plan for Jack’s discharge when his inpatient pulmonary rehabilitation goals have been met. 
17. Case Example Number 2
Molly is a ten-year-old girl with a diagnosis of T-8 myelodysplasia with Arnold Chiari Type II Malformation, mild cognitive and language dysfunction, and upper limb discoordination. Molly has been ventilator dependent since five years of age when her difficulty breathing on her own worsened. Molly lives at home with her parents and attends a private day school for children with special needs. Molly receives physical, occupational, and speech therapy at school to facilitate her participation in her educational program. 
 Molly receives physical therapy at home once per week to prevent secondary impairments and activity limitations and to promote participation in her home and community. When initially referred for home therapy, the physical therapist examination included a history and systems review, the application of tests and measures including goniometry, strength testing, and the Pediatric Evaluation of Disability Inventory [120] to assess her functional capabilities, level of independence, and equipment modification needs. The therapist familiarized herself with clinical signs that indicated the need for respiratory assistance such as suctioning of Molly’s tracheostomy because of increased secretions, the alarm systems of the ventilator, and the monitors that record oxygen saturation levels, heart and respiratory rates, and the emergency response procedures established in Molly’s home. Molly’s prognosis for independent mobility was based on her motor level, upper extremity strength, and cognitive function and her prognosis for ventilator weaning was noted to be poor due to her diagnosis and age [33, 37]. 
 Molly’s physical therapy intervention at home included interventions such as therapeutic exercise and functional training, and prescription, application, and fabrication of devices and equipment for Molly’s trunk orthosis, ankle-foot orthoses, and manual and power wheelchairs. Molly’s intervention also included patient-family instruction to maximize Molly’s endurance, independence, and mobility within her home and in regard to Molly’s transportation needs. It is anticipated that Molly and her family will continue to require physical therapist patient-related education, consultation with other care providers, and/or direct interventions throughout her lifespan to promote wellness and prevention and to minimize secondary complications due to growth, Molly’s dependence on mechanical ventilation, and neuromuscular paralysis.
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