
Chapter 11
Respiratory Care Equipment

Bradley A. Kuch and Shekhar T. Venkataraman

11.1 Oxygen Delivery Devices

Supplemental oxygen administration is the most common therapeutic intervention
provided to infants and children presenting with acute or chronic respiratory dis-
ease. In order to match the patient’s needs with the appropriate device requires an
understanding of the patient’s pathophysiology and the capabilities of a particular
device. The acronym AIM has been suggested as a helpful means to select oxygen
delivery device. The AIM mnemonic stands for (A) assessment of patient need,
(I) identification of device capability, and (M) matching device/technology with
need. Clinical evaluation for the need for supplemental oxygen includes general
appearance, responsiveness, pulse-oximetry, and heart rate. Knowing each oxygen
delivery device’s capabilities and limitations is critical in selecting the right device
for the patient’s needs. Matching the device capacities with the patient’s oxygen
needs begins with an evaluation of severity of hypoxemia, patient inspiratory rate,
and tolerance of the applied device. Intolerance of the applied device can the stress
the patient and increase the work of breathing which may lead to further com-
promise. Common reasons for ineffective supplemental oxygen therapy include
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improper fit, inadequate flow rates and educational gaps in understanding technical
capabilities and published consensus guidelines.

Blenders and Low Flow Meters

Air-oxygen blenders allow for mixing medical grade air and oxygen to any con-
centration from 21 to 100% oxygen. The output from the blender may be delivered
to a variety of respiratory care devices. Oxygen blenders allow the clinician to set a
specific concentration of oxygen supplied to the oxygen device, most frequently a
nasal cannula in neonates and small infants. Both the flow rate and the blender
concentration can be adjusted to deliver the required FiO2. It is important to
understand that air-oxygen blenders cannot be used reliably to deliver other gases
such as helium–oxygen mixture since there is considerable difference in gas density
which will not only affect the flow through the blender but also the FiO2 of the gas
output from the blender. Table 11.1 gives a suggested guideline for managing and
weaning FiO2 when air-oxygen blenders are used with flow meters.

Blow-by Oxygen Delivery

Blow-by oxygen method of supplemental oxygen delivery is the simplest and
easiest to tolerate. This method is provided in several different ways, which include
a high-flow oxygen source connected to large bore or small caliber oxygen tubing
with or without a face tent/simple face mask placed in close proximity and directed
towards the patient’s face. It is most commonly used in the delivery-room for
oxygen supplementation during infant stabilization, during the initial evaluation,
and during the initial patient presentation with respiratory distress. Blow-by oxygen
is the least consistent means to provide a known FiO2 and for this reason it is only
recommended for brief oxygen support until a more definitive device can be
applied. But, in patients who don’t tolerate more bulky devices or who may have

Table 11.1 Guidelines for
managing FiO2

1. Set blender FiO2 at 100% and flow at the lowest level (often
begin at 1 LPM; rarely >2 LPM) to provide an acceptable SpO2

(92–94%)
2. If SpO2 is >95%, decrease flow rate in small increments that
maintains an acceptable SpO2 level (92–94%)
3. Continue to wean flow rate (still on 1.0 FiO2) until the lowest
graduated mark on the flow meter
4. Begin decreasing the oxygen concentration on the blender.
Commonly changes of 5% are acceptable, however larger or
small titrations maybe indicated
5. Once patient is stable, the nasal cannula can be removed

Of note Some clinicians lower oxygen concentrations first
instead of the flow rate. However, decreasing the flow rates first
will maximize the stability of oxygen concentration over time
and decrease the magnitude of FiO2 changes during weaning.
For this reason, weaning flow followed by oxygen
concentration is recommended
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undergone facial surgery or suffered trauma to the face, head, or neck, blow-by
oxygen may be the only reliable method to provide supplemental oxygen. Blow-by
oxygen therapy delivers relatively low concentrations of oxygen.

Oxygen Hood or Tent

An oxygen hood or tent is a plastic enclosure surrounding the patient’s head or the
whole body that provides continuous flow of humidified air-oxygen mixture. The
source gas can be delivered by either an air entrainment device or more commonly
from an air-oxygen blender. Oxygen hoods are used for neonates and small infants
and surround the head and upper torso. One benefit of this device is direct access to
the patient’s chest and body for ongoing assessment. With adequate enclosure seal,
an oxygen hood can provide a delivered FiO2 from 0.22 to 0.8 with a range of 7–10
L/min. Oxygen tent covers the child’s entire body and the range of flow rates used is
between 15 and 30 L/min. Due to its size, it is difficult to maintain FiO2 higher than
0.5 and may not be appropriate for patients who need a higher FiO2. With these
devices, exhaled CO2 is removed by providing an adequate amount of fresh gas into
the device. If the gas flow into the device is inadequate, there is a risk of CO2

rebreathing. There is a risk of hypothermia if the gas is not adequately heated.
Widespread use of nasal cannulas, both for low flow and high flow oxygen
delivery, has resulted in these devices being less preferable, especially in infants
and small children.

Low-flow Nasal Cannula (Low-flow)

Low-flow nasal cannula is one of the most frequently used oxygen devices in
infants and children. Low flow oxygen is delivered via 2 prongs situated in the
patient’s nares. The proximal end of the cannula is connected to 100% oxygen gas
source flow meter or an air-oxygen blender allowing for adjustment of source gas
FiO2. Use of a blender provides more control over the delivered oxygen concen-
tration in smaller patients where device flow rates equal or exceed the patient’s
inspiratory flow demand. It has been reported that delivered FiO2 to the neonate via
a nasal cannula ranges from 0.22 to 0.95 at a set maximum flow of 2 L/min
(Fig. 11.1).

Actual FiO2 delivered via a nasal cannula is associated with several important
factors such as the set flow rate and its proportion to the patient’s inspiratory flow
demand. Other determinants of FiO2 include room-air entrainment and the device’s
inability to meet an acceptable proportion of the patient’s inspiratory demand in
times of increase minute ventilation needs. This will result in a decreased FiO2 that
may require switching to another means to deliver adequate oxygen delivery.
Conversely, patients with decreased minute ventilation as a result of sedation, or
being post-ictal following a seizure will have increased FiO2, as flow will fill the
anatomic dead space increasing the FiO2 delivered. Because anatomic dead space is
less in the neonate and infant, low flow nasal cannula will provide greater FiO2 than
in adult population. Oxygen delivered with this method may also be passively
humidified to increase patient comfort. Prolonged use or high flow rates without
adequate humidification may lead to tissue irritation by drying the mucosa and
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contribute to patient discomfort. Heating and humidifying the gas source can
decrease irritation by adequate humidification and increase patient tolerance.

Heated Humidified High-Flow Nasal Cannula

Definition and Equipment

Heated Humidified High-Flow Nasal Cannula (HHHFNC or shortened to HFNC),
is defined as the delivery of heated and humidified oxygen at a flow rate of 0.5–2 L/
kg/min through a specially designed nasal delivery system. During normal
breathing, the normal peak inspiratory flow rate is about 0.5–1 L/kg/min. The usual
starting flow for HFNC can range between 0.5 and 2 L/kg/min. Flow greater than 2
L/kg/min may increase expiratory resistance and decrease the efficacy of HFNC
therapy. The FiO2 of HFNC can range from 0.21 to 1.0. The gas is heated and
humidified to increase patient comfort, decrease drying of airway mucosa and
facilitate airway clearance (Table 11.2).

HFNC system consist of several primary components, which include:

1. Medical-grade gas source—depending on the configuration, system will require
access to air and oxygen to power gas blenders for delivery of varying FiO2.
Commercially available systems have integrated gas-blending systems, remov-
ing the need for multiple gas sources.

2. Heated humidifier—conditions gas to a relative humidity of approximately
100% at temperature of 34 and 37 °C, improving patient tolerance, decreasing
insensible losses, and improving mucociliary clearance. Additionally, heated

Fig. 11.1 Low Flow nasal cannulas a Neonatal b Pediatric and c Adult Cannula. Nasal prongs fit
securely in the nose, tube is draped gently over the ears, and the cinch ring goes under the chin
softly hold the tubing over the ears
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and humidified gas decreases resistance in the nasal cavity, which is an
important consideration as it accounts for 50% of the total resistance of the
respiratory system.

3. Heated circuit—systems should have an integrated heated circuit to increase
temperature control, decrease circuit rain-out, and increase humidity of the
inspired gas. These circuit monitor temperature at the chamber and at the distal
end of the circuit, which helps the clinician ensure adequate humidity and
temperature management. Heated circuit increase patient comfort at high liter
flows, increasing device tolerance.

4. High-flow nasal cannula—by definition, high-flow nasal cannula interfaces are
non-occlusive, with proper sizing occluding 50% of the circumference of the
nares. The leak limits the risk of auto-PEEP/gas-trapping and facilitates CO2

elimination through an open system during nose breathing with a closed mouth.
5. Oxygen analyzer—commercially available systems have integrated oxygen

analyzers to ensure accurate FiO2 delivery, which adds a margin of safety,
facilitates oxygen weaning, and documentation. If an institutionally developed
system has been created using a blender, heated humidification device, and

Table 11.2 High-Flow nasal cannula delivery systems and flow generator types

HFNC devices Manufacturer Gas generator type

Optiflow
System®

system

Fisher Paykel, Auckland, New Zealand 1. Air/oxygen blender with
heated humidification
system
2. May have an integrated
pressure relief valve

Precision
Flow®

Vapotherm, Exeter UK 1. Air/oxygen blender with
heated humidification
system
2. May have an integrated
pressure relief valve

Comfort-Flow® Teleflex Medical, Durham, NC, USA 1. Air/oxygen blender with
heated humidification
system
2. May have an integrated
pressure relief valve
3. Turbine driving with
humidifier

Airvo2® with
Opitflow®

Fisher Paykel, Auckland, New Zealand Oxygen only gas source

CPAP/
Conventional
Ventilator

Multiple Platforms—ensure the ventilator
has non-invasive mode available with select
alarm configuration(s)

1. Flow generated by the
ventilator, maybe variable
2. Requires non-invasive
mode
3. Pressure alarms
available
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heated circuit, an oxygen analyzer should be placed in-line for accurate FiO2

measurement.
6. Pressure relief valve—provides a mechanism to relieve pressure at a set level

within the circuit to decrease the risk of over-pressurization in the event too
large a cannula is used or an obstruction occurs within the system. These are
often supplied with the manufacturer supplied circuit systems. These valves
should be used as indicated to limit risk to the patient.

The mechanisms by which HFNC may improve the work of breathing and
oxygenation are:

1. Decreased inspiratory work of breathing by providing a flow of gas that matches
or exceeds the peak inspiratory flow of the patient

2. Decreased dead space

a. Approximately a third of the exhaled tidal volume is rebreathed during
normal respiration

b. This terminal portion of the exhaled tidal volume contains carbon dioxide
which constitutes about 5–6% of this space

c. HFNC washes out this gas with fresh oxygen-rich gas

3. Maintenance of a higher FiO2 in the pharyngeal space due to decreased
entrainment of atmospheric air

4. With a tight fit in the nares and with the mouth closed, HFNC can generate
positive pressure in the airways and produce CPAP. However, the level of
positive airway pressure generated in the alveoli is variable and would depend
on the ability of the patient to keep the mouth closed, and the tightness of the fit
of the nasal cannulas.

Indications and Contraindications

Administration of supplemental oxygen via HFNC is most commonly indicated in
children with mild to moderate hypoxemia unresponsive to low-flow oxygen
delivery devices. High-flow nasal cannula has also been found to be effective in
treating infants and children with underlying lung disorders that require enhanced
oxygenation with possibly reducing the work of breathing.

Bronchiolitis Most of the evidence supporting the use of HFNC in the pediatric
population is in bronchiolitis. In a large multi-center randomized, controlled trial in
infants less than 12 months of age with bronchiolitis, those treated with HFNC
received less escalation of care. Additionally, those infants who failed standard
therapy, 61% had a response to high-flow rescue therapy. There was no difference
in hospital length of stay or duration of oxygen support. High-flow nasal cannula
therapy has also been associated with decreased rates of intubation in infants
admitted to the PICU with bronchiolitis. A single center retrospective review
demonstrated a 68% decrease in intubation in infants less than 24 months of age
admitted to the PICU with bronchiolitis after introduction of HFNC into practice.
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The authors also reported a reduction in PICU length of stay from 6 to 4 days post
introduction of HFNC. These results need to be validated in prospective studies.

Successful use of HFNC in infants with bronchiolitis begins with an early
assessment and identification of severity of respiratory distress and therapeutic
need. Respiratory Distress Score and oxygen requirement are useful in determining
the level of support needed. Infants with mild to moderate respiratory distress and
an FiO2 requirement greater than 0.60 may benefit from HFNC. Severe respiratory
distress and higher FiO2 requirements should be considered for either non-invasive
or invasive positive pressure ventilation. Initiation of HFNC should begin at a rate
of 0.5–2 L/kg/min and an FiO2 of 1.0, with FiO2 decreased to maintain acceptable
SpO2.

Asthma Use of HFNC for asthmatic patients has potential physiologic benefits,
which include reduced work of breathing due to auto-PEEP, and potential ame-
lioration of bronchoconstriction by delivering heated and humidified gas. Recently
it has been reported that early initiation of HFNC is superior when compared to
conventional oxygen therapy in moderate-to-severe asthma exacerbations. It is
recommended that use of HFNC in this patient population is based on clinical
indications which incorporate clinical respiratory distress scoring. Low flow
delivery systems may be adequate to support less severe exacerbations and the
application of HFNC may result in an increased resource utilization, length of stay,
and costs. Furthermore, use of HFNC may mask the need for more intensive
support such as a need for non-invasive positive pressure ventilation. Delivery of
nebulized bronchodilator therapy has been suggested via HFNC, however much
controversy remains as the delivered dose varies from only 0.5% to 25% of the
administered dose. Consideration should be given in the method of aerosol delivery
in children supported via HFNC, as an exceedingly low dose is delivered to the
lung, with increased nasal disposition, which may result in local toxicity.

Interfacility Transport Interfacility transport is a dynamic low-resource environ-
ment, often complicated by patient severity of illness and lack of confirmed diag-
nosis. Evidence demonstrating the association of the use of HFNC with decreased
rate of intubation and escalation of care in both the emergency department and
intensive care units, has led to its use in the interfacility transport setting. Benefits
associated with HFNC in this environment include the administration of variable
level of CPAP, reduced work of breathing through flow-related reduction in ana-
tomic dead space, and patient comfort. A few operational concerns need be
addressed in using high-flow therapy in the transport setting. The primary issue is
related to a continuous power source for the heater-humidifier. Loss of power will
result in a rapid loss of heat delivered humidity and temperature.

Other Potential Uses The success of HFNC with bronchiolitis has increased its
potential applications in pneumonia, after cardiothoracic surgery, as well as after
extubation.
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Contraindications, Risks and Complications

Contraindications for HFNC include suspected or confirmed pneumothorax, severe
upper airway obstruction and decreased respiratory drive. Use of HFNC comes with
several risks. Most significant concern is the inability to measure the exact level of
positive pressure produced. Level of potential PEEP generated by the therapy varies
from patient to patient and is affected by patient size, air flow, open-mouth, and the
percent occlusion of the nares. These variables allow for inconsistent end-expiratory
pressure and may result in gastric distention and/or lung over expansion. Most
pediatric lung disease is heterogeneous—producing areas of increased compliance
and other areas with decreased compliance. Inconsistent positive end expiratory
pressure from a non-occlusive interface results in non-uniform pressure distribution
with areas of atelectasis and over-expansion. This may lead to escalation in care
such as increased FiO2 requirement due to V/Q mismatching. A complication rate
of 0.9/100 HFNC treatment days has been reported. Of these complications, 4% of
the total cohort had either development of new pneumothoraces or chest
tube-related air leaks following the initiation of HFNC therapy. A secondary
concern is the concentration of oxygen that can be delivered. At high flow rates, it is
quite easy to deliver a FiO2 > 0.60, which may mask progressing hypoxic respi-
ratory failure and introduce lung tissue to toxic levels of oxygen. Supplemental
oxygen concentration should be weaned to maintain adequate SpO2. If high levels
of oxygen are required to maintain a clinically acceptable arterial saturation,
occlusive non-invasive positive pressure ventilatory support should be considered
as a more stable mean airway pressure will recruit collapsed alveolar units and
result in increased FRC. Paradoxical respiration is a sign of upper airway collapse
in small children that is better managed by an occlusive airway device such as nasal
prongs, nasal masks, or full-face masks.

Simple Face Mask (Low-flow)

Simple Facemask is a lightweight reservoir mask that fits over the patient’s nose
and mouth with an elastic strap that is secure around the child’s head just above the
ears (Fig. 11.2). The mask has open ports on each side—allowing for exhalation
and for the patient to draw in room-air during inspiration. Rubber flaps maybe
placed on one side of the mask, decreasing room air entrainment, increasing FiO2

delivered. Set flow rates between 6 and 10 L/min deliver a variable FiO2 between
0.35 and 0.50. The conical shape and reservoir design may accumulate exhaled
carbon dioxide (CO2) if minimal flows are not ensured. A minimum flow of 6 L/
min is recommended for older children and adults to ensure flushing of exhaled
CO2. Sound practice includes that all patients receive no less than 6 L/min when
receiving supplemental oxygen via a simple face mask.

No data pertaining to newborns or infants have been reported regarding effective
FiO2 delivery via simple facemasks. Several hazards and complications are asso-
ciated with the use of simple facemasks. Because the mask is strapped to the infant
or child’s face, phonation, eating including breast- and bottle-feeding increases the
risk of aspiration of vomitus. Particular caution should be taken in patients with
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altered consciousness and potentially a full-stomach. They should be evaluated for
the presence of cough and gag. The elastic strap is also uncomfortable and may
cause skin redness and irritation with prolonged use, most notably on the top of the
ears.

Air-Entrainment (Venturi) Masks (High-flow)

Air-entrainment or Venturi masks are high-flow masks that provide a fixed con-
centration of oxygen at a flow rate that meets or exceeds the patient total inspiratory
demand. The set flow rate, indicated by the specific device combined with the fixed
air-entrainment, exceed the patient respiratory flow demand—ensures that only a
fixed amount of room air is entrained. For this reason, these devices are ideal in
clinical situations where a reliable concentration of oxygen is indicated. For
example, patients with known CO2 retention whose breathing is dependent on
hypoxic drive such as cystic fibrosis, a fixed FiO2 delivery will decrease the risk of
hyperoxia related hypoventilation. Such patients will benefit from an
air-entrainment mask. Another clinical situation would be those hypoxic patients
with high respiratory rate and tidal volumes, where an air-entrainment mask is
capable of meeting the patient’s inspiratory flow demand.

The mask fits over the patient’s nose and mouth with large ports on each side.
The port allows for removal of exhaled gas while providing a means to entrain
room air during times of high inspiratory flow demand. The mask commonly has a

Fig. 11.2 Simple face fask—complete setup with oxygen supply tubing, elastic head strap, and jet
orifice. The exhalation ports are open for evacuation of exhaled CO2. Minimum flow of at least 6L/
min must be maintained
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50 ml portion of corrugated tubing which acts as a small reservoir. At the end of the
corrugated tubing there is a jet-orifice, which is connected to small-bore tubing.
Some air-entrainment masks come with multiple jet-orifices specifically designed to
deliver the desired FiO2 (Fig. 11.3), while others have manufacturer provided
adjustable jet orifices. Venturi masks deliver concentrations ranging from 24 to
50%. Each system has oxygen flow requirements indicated to deliver the precise
FiO2. Increase or decrease in this flow rate will affect delivered oxygen concen-
tration. It must also be noted that backpressure in the system will increase the
delivered oxygen. Back-pressure is commonly caused by blockage of the entrain-
ment ports. Particular attention should be paid to this, as it will limit patient
inspiratory flow and increase FiO2.

Supplied medical gas is dry and devoid of any humidity. When using an
air-entrainment mask, the high flows needed to meet the patient needs may result in
mucosal drying and airway irritation. The high flows will also result in excessive
backpressure build up if a bubble humidifier is used, resulting in backpressure
pop-off alarm. To address this, some manufacturers supply a humidification hood.
The 22-mm plastic collar (Fig. 11.3) can be attached to a bland-aerosol nebulizer to
provide humidity. Bland Aerosols can either be cool or heated as indicated by the
clinical situation.

Multiple injector jet sizes

Plastic collar for 
aerosol delivery

Fig. 11.3 Pediatric Venturi Mask with multiple diluter jet and humidification hood—Carefusion®

Yorba Linda, Ca. USA. Note the plastic collar at the end of the corrugated tubing for aerosol
delivery
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As previously mentioned, performance of an air-entrainment mask may be
altered by resistance to gas flow occurring distal to the jet–orifice, resulting in less
room-air entrainment and lower total delivered flow. If the flow is decreased sig-
nificantly enough, the patient may only receive room-air. This is the first step in
troubleshooting the system when periods of hypoxemia are noted. In addition, at the
50% oxygen setting, total flow delivered is far less than at lower oxygen concen-
trations. This creates the potential for the patient to receive a lower FiO2 in times of
increased inspiratory flow requirements.

Reservoir Masks

Reservoir masks consist of a mask and plastic reservoir bag with or without a
one-way valve to hold oxygen while barring exhaled CO2 form being rebreathed.
Fresh oxygen is supplied to the system via the neck of the mask, directed into the
bag reservoir where it can be easily withdrawn during inspiration. The bag increases
the total volume of fresh gas supplied for each breath, functionally delivering a
higher oxygen concentration. The mask is designed with exhalation ports for
exhaled gas elimination. These ports can have plastic valves added to either one or
both sides to limit room air entrainment and increase the delivered FiO2.

Reservoir masks have the capability to provide moderate to high oxygen con-
centrations. Ensuring these concentrations requires an appropriately sized mask
with a tight-fit, which makes these devices less then optimal for long-term use.
Reservoir mask are not well-tolerated by infants and small children. They are not
recommended for neonates.

Partial Non-rebreather

Partial non–rebreather mask is similar to a simple facemask, but it includes a plastic
reservoir bag at the end of the bottom of the mask. It differs from a non-rebreather
mask (discussed in detail later) as they do not have a one-way valve to prevent
rebreathing of the exhaled breath. The device is designed to conserve oxygen by
delivery of 100% oxygen and allowing for partial rebreathing of the exhaled gas,
which increases FiO2 at lower flow-rates. A majority of the exhaled gas is vented
through 2 ports, one on each side of the mask. As in all masks, the mask should fit
securely on the patient’s face with little to no leak. A leak will allow for room-air
entrainment decreasing delivered oxygen concentration—a common mistake when
utilizing high concentration masks. Oxygen flow should be set at a rate to ensure
that the bag remains partially inflated during inspiration. Usually, 6–15 L/min is
adequate. In the event the bag deflates totally, more flow is need and the oxygen
flow rate should be increased. If inadequate flow is not addressed it may result in
CO2 retention. With a good seal and sufficient flow, a partial-rebreather mask can
deliver FiO2 of up to 0.6. It must be noted as in other oxygen delivery devices, the
delivered oxygen concentration will be influenced by the patient’s respiratory
pattern. Caution should be taken in patients considered to have a full stomach with
altered mental status, as the closed design of the mask may increase the risk of
aspiration (Fig. 11.4).
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Non-rebreather Mask

Non-rebreathing masks are very similar to partial rebreather mask, except they have
a one-way valve located between the mask and the reservoir bag to prevent
rebreathing of exhaled gas which is directed through the exhalation ports located on
either side of the mask. Exhalation ports have one-way rubber/plastic leaflets to
prevent room air entrainment. These design characteristics allow for the delivery of
higher oxygen concentrations when compared to either a simple facemask or a
partial non-rebreathing mask. Like a partial non-rebreathing mask, flow rates should
be set at a level high enough to ensure the bag does not completely deflate. If the
bag deflates completely, additional flow should be added to meet the patient’s
inspiratory flow demand. With proper and snug fit, non-rebreather mask can pro-
vide oxygen concentrations greater than 90%, and in the best situations close to
100%. Because of its design, these masks can be used to deliver specialty gas
mixtures such as Helium–oxygen or sub-atmospheric FiO2 via a blender set-up. It
must be noted that these masks are not intended for long-term use and must be
evaluated frequently for pressure breakdown form the strap or non-compliance.
Also aspiration risk and CO2 retention should also be considered when using these
mask devices (Fig. 11.5).

Oxymask™ (High and Low-flow)

The Oxymask™ is a high-flow system that incorporates a “Pin and Diffuser”
technology, which is designed to concentrate and redirect oxygen flow towards the
patient’s nose and mouth. The device has an open facemask allowing for room air

Fig. 11.4 Partial non-breather mask. a Complete setup with oxygen supply tubing, elastic head
strap, and reservoir bag. b Close up of mask with open exhalation ports and no internal one-way
flap
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entrainment, thus not limiting the patient’s inspiratory flow demand while removing
the need for valves and reservoirs used in partial- and non-rebreather masks.
Oxygen delivery is a function of oxygen flow rate ratio to the patient’s inspiratory
flow and tidal volume. The device delivers FiO2 rate form 24 to 90% at flow rates
between 1 and >15 L/min. The open mask design allows for carbon dioxide to
disperse into the environment during exhalation, removing the risk of CO2 reten-
tion. Additionally, the open mask design decrease the risk of aspiration of vomitus.
Other benefits include reduction of setup errors, simplified flow adjustments,
decreased oxygen use compared with the traditional oxygen interfaces, and the
ability to use one device to manage oxygen delivery across all supplemental oxygen
needs (low and high flow delivery systems). Oxymasks come in four sizes, from
standard adult to infant appropriate.

An additional option available using the Oxymask™ technology is the
OxyMask™ ETCO2, which allows for non-invasive end-tidal carbon dioxide
(ETCO2) monitoring. The device allows for low and high flow oxygen delivery
with uninterrupted side-stream ETCO2 monitoring. This device delivers FiO2

ranging from 24 to 65% at 1 to >15 L/min during end-tidal CO2 monitoring.
Oxygen administration and monitoring of ETCO2 are useful during conscious
sedation, bronchoscopy, endoscopy, and interventional radiology. The design,
oxygen delivery range, and ETCO2 monitoring allow this device the ability to have
one oxygen delivery device that supports a wide range of supplemental oxygen
needs and flow rates. The OxyMaskTMETCO2 version comes in 3 sizes that include
standard adult, large adult and pediatric (Table 11.3).

Fig. 11.5 Non-rebreather mask. a Complete setup with oxygen supply tubing, one-way flaps
preventing room air entrainment and reservoir bag. b Close up of mask with internal one-way flap
to prevent rebreathing of exhaled gas
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Table 11.3 Comparison of different oxygen delivery systems

Oxygen delivery
device

Flow and design FiO2 Indications Contraindications

Blow by Low-flow,
Variable FiO2

<0.30 • Low FiO2

requirement
• Not tolerating mask
• Short-term delivery

• High FiO2

requirement
• Lack of SpO2

Monitoring

Oxygen Hood or
Tent

Enclosure:
High-flow,
Fixed FiO2

(hood)/Variable
FiO2 (tent)

Hood:
0.25–0.90
Tent:
0.25–0.50

• Small Children
• Low- or High FiO2

requirement
• Heated Humidity

• Need for
on-going access
—feeding/
procedures

• Sensitivity to
sound

Nasal Cannula Low-flow,
Variable FiO2

0.25–0.40 • Low FiO2

requirement
• Not tolerating mask
• Mobility with oxygen
requirement

• Nasal
Obstruction

• Facial trauma
• Choanal Atresia

HFNC High- or
low-flow;
variable or fixed
FiO2

0.21–1.00 • Low or high FiO2

requirement
• Hypoxemia refectory
to low-flow oxygen

• Oxygen need with
increased WOB

• Suspected or
confirmed
pneumothorax

• Severe upper
airway
obstruction

• Absence of
Spontaneous
ventilation

Simple facemask Low-flow,
Variable FiO2

0.35–0.50 • Moderate FiO2

requirement
• Short-term delivery:
– Medical transport
– Emergency
stabilization

– Post-anesthesia
recovery

Infants or small
children
requiring low or
precise FiO2

Air-Entrainment
Masks

Reservoir:
High-flow;
fixed FiO2

0.24–0.50 • Controlled FiO2 at
low to moderate
oxygen levels

• Increase inspiratory
flow demands

• Chronic CO2

retention who may
hypoventilate with
increased oxygen
concentrations

• High FiO2

requirement
• Lack of SpO2

Monitoring
• Does not
tolerate mask

Partial
rebreather Mask

Reservoir:
Low-flow;
variable FiO2

0.50–0.60 • Moderate FiO2

requirement
• Short-term use during
stabilizing efforts

• High FiO2

requirement
• Lack of SpO2

Monitoring
• Does not
tolerate mask

(continued)
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11.2 Humidification Systems

The upper respiratory tract warms, humidifies, and filters the inspired gas. The
primary location where this occurs is the nasopharynx, where the highly vascu-
larized moist mucus membrane efficiently conditions inhaled gas because of its
large surface area and turbulent flow created by the nasal turbinates. The system is
so efficient that in the coolest and dry conditions, the inspired gas reaching the
alveolus is fully saturated at body temperature.

Insensible water losses are also a consideration when evaluating airway hu-
midification in children. It is estimated that 30% of insensible losses are from the
respiratory tract in children, one and a half times greater than in adults. The
remaining 70% loss is from the skin, which is also greater than in adults because of
greater body surface to weight ratio. In the clinical setting, adding humidification
during artificial respiratory support will decrease insensible water losses from the
respiratory tract.

Fundamentals of Humidification

The physical properties of humidification and their role in temperature regulation
and mucociliary clearance are essential in supporting respiratory tract homeostasis
during both non-invasive and invasive ventilatory support.

Absolute humidity (AH) is the total amount of water vapor that can be contained
in a volume of gas, often expressed as mg/L or as partial pressure of water (mmHg).
AH increases commensurately with temperature. Clinically, heating the inspired gas
in the humidifier provides more humidity to the respiratory tract enhancing
mucociliary clearance.

Relative humidity (RH) is the percentage (%) of water vapor contained in a
volume of gas relative to its total maximum water carrying capacity. RH may be
100% at low temperatures, as cool or cold gas has a decreased capacity to hold
water vapor. For this reason, the relationship of AH with temperature is more

Table 11.3 (continued)

Oxygen delivery
device

Flow and design FiO2 Indications Contraindications

Non-rebreather
Mask

Reservoir:
Low-flow;
variable FiO2

0.65–0.95 • High FiO2

requirement
• Short-term use during
stabilizing efforts

• High FiO2

requirement
• Lack of SpO2

Monitoring
• Does not
tolerate mask

Oxymask™ High- or
low-flow;
variable or fixed
FiO2

0.24–0.90 • High inspiratory flow
demand
• Low or high FiO2

requirement
• Hypoxemia refectory
to low-flow oxygen

• Lack of SpO2

Monitoring
• Does not
tolerate mask
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important to consider in clinical practice. For example, at a RH of 50%, the column
of gas is holding ½ of its maximum possible water vapor it can hold. Clinically,
providing only 50% RH will result in water being pulled from the respiratory tract
resulting in tissue drying and thickening of secretions. Inadequate humidity may
result in mucus plugging and sometimes and airway bleeding.

The temperature at which a gas is 100% saturated with water is the dew point.
Clinically, the amount of water vapor in the inspired gas is important as it is
responsible for condensation of water in the circuit, often referred to as “rainout”.
The greater the temperature drop from the heating chamber to the airway, greater
the potential for circuit rainout. Heated wire circuits have helped decrease the
rainout as the inspiratory gas temperature drop is minimized.

Types and Function of Humidifiers

All patients undergoing mechanical ventilator support via an artificial airway
require gas conditioning by either active or passive humidification systems. Passive
devices such as heat moisture exchangers (HMEs) are better suited for short-term
(� 96 h) or during transport. Chronically ventilated patients benefit from HMEs
during trips out of the home, as the device provides some filtration while providing
acceptable humidification. They are useful in clinical situations where short-term
ventilation is needed such as post-operatively. Active humidification is well suited
for clinical situations where prolonged ventilation is needed.

Active humidifiers use an external energy source to heat and condition inspi-
ratory gas within a reservoir. Once the water vapor is added to it, the gas travels
through the inspiratory limb or oxygen supply line to the patient’s airway. Current
active devices include a heated-wire in the inspiratory limb of the circuit limiting
temperature loss as the column of gas moves away from the heat source toward the
airway.

Passover Humidifiers Passover humidifiers add water vapor as inspiratory gas
“passes” over a reservoir. This type of humidifier is the simplest and least efficient
type of high-flow humidifier. These systems may or may not be heated, and are
infrequently used for invasive mechanical ventilator support. These are used for
short-term and temporary indications such as use in the emergency department.

Bubble Humidifiers Bubble humidifiers are most commonly used on low-flow
oxygen delivery systems such as nasal cannula. Source gas is directed into a tube
submerged in a column of water held in a reservoir. The gas exits through a grid at
the tube creating bubbles that increases the surface area and adds humidity to the
gas. Bubble humidifiers are cost effective for short-term use in non-invasive
low-flow systems. However, they do not add enough water vapor for use in
invasively supported patients. This is used most commonly in neonates and young
infants.

Cascade Humidifiers Cascade humidifiers provide humidity as gas from the ven-
tilator is directed below the water surface contained in the reservoir. The gas
bubbles pass through a grid, essentially making the device an efficient bubble
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humidifier. The incorporated grid creates a foam or froth of small bubbles that
absorb water. Cascade humidifiers have a thermostat built into the device to ensure
an adequate temperature which is usually set at approximately body temperature
(34–37 °C). It is important to note, that cascade humidifiers deliver water vapor,
however they may also deliver micro-aerosols to the patient, increasing the risk of
bacteria transmitted to the patient if the reservoir is contaminated.

Wick Humidifiers Wick humidifiers are passover humidifiers modified with a
“wick” constructed of blotter paper, which is surrounded by a heating element. The
base of the wick is submerged in water, which is absorbed. Gas surrounds the
heated moist wick, increasing the relative humidity. The large gas/liquid interface
adds water vapor without increasing the volume of the reservoir. These types of
humidifiers are efficient.

Passive Humidifiers Passive humidifiers use the patient’s own temperature and
hydration to add humidity, functioning without the electricity or additional water
source. They are often referred to as artificial noses since they mimic the action of
the nasal cavity by conditioning the inspired gas.

Heat and Moisture Exchangers (HMEs) HMEs contain a condenser element
retaining moisture from the exhaled breath returning it back to the less humid
inspired gas. Unlike active humidifiers, which are placed in the proximal portion of
the inspiratory limb, HMEs are placed at the hub of the endotracheal tube.
Limitations of HMEs include the risk of increased airway resistance, increased
work of breathing, inadvertent PEEP generation, the need to be removed for aerosol
administration, adding dead space and the need to be changed every 48 h.

Several types of HMEs exist, with nomenclature based on device design. Some
of the HMEs incorporate layered aluminum with no fibrous component. Aluminum
transfers temperature efficiently during exhalation, which allows for condensation
to form between the layers. The heat and humidity is then transferred back to the
airway during inspiration. Some designs add a fibrous element that aids in moisture
retention, and decreases pooling of condensation. These types of HMEs are the least
efficient design, though they are most cost effective for short-term use—ideal for
operating room setting. Newer HME designs incorporate media that are more
efficient in providing both heat and humidity. These include hydrophobic, hygro-
scopic, and combined designs.

Contraindications: Contraindications to the use of HMEs include thick copious
secretions, large leak such that exhaled tidal volume is <70% of delivered tidal
volume, use of low tidal volume lung protective strategies, hypothermia (body
temperature <32 °C), high minute ventilation, and the need for in-line drug
aerosols.
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11.3 Respiratory Care Therapeutics

Aerosolized drug administration is perhaps the most widely used therapy in the
treatment of infants and children with respiratory diseases. Drug aerosols are used
for a variety of diseases from reactive airway disease to lung infections. The unique
challenge in drug aerosol therapy in patients with respiratory illnesses is to identify
the most effective and practical method of delivery to ensure optimal therapeutic
effect without compromising the safety of the patient. The therapeutic index of the
drug when administered as an aerosol is enhanced since it is delivered directly to
the site of action. Optimal dosing will depend upon the size of the patient, delivery
devices used, the procedure used to deliver the medication, and the type of drug
used.

Compared to adults, delivery of aerosolized particles to the distal airways in
infants and children is poor. Small airway caliber with greater airway resistance,
high respiratory rate with a short inspiratory time, increased chest wall compliance,
ineffective coordination of effort and inconsistent breath-holding maneuvers all
contribute to the poor delivery of aerosols in the airways of infants and children.
Despite poor aerosol delivery, a clinical response to inhaled medications is often
observed. Knowing that a physiologic response to inhaled medications is deter-
mined by the amount of drug that reaches the site of action in the respiratory tract,
the goal would be to control as many variables responsible that affect its delivery.

Delivery Devices

The generic term nebulizer includes a number of aerosol-generating devices. Each
device has both benefits and limitations. The ideal particle size should be at least 1–
5 micron for deposition in the distal airways. Currently, four types of delivery
systems are available for clinical use that generate medication aerosols. These are
the jet nebulizers (small volume and large volume), ultrasonic nebulizers,
metered-dose inhalers, and dry-powder inhalers. Nebulizer performance and the
efficacy of therapy depend on the type of nebulizer, gas flow rate, nebulizer volume
fill, breathing pattern of the patient, and airway geometry.

Small-Volume Nebulizers Small-volume nebulizers generate aerosols by converting
a liquid medication into small particles using a compressed gas source. The primary
benefit in the pediatric patient population is the desired dose is given over a longer
period of time rather than in one to four breaths, as young children often have
irregular breathing pattern. There are many technical and patient-related factors that
must be considered when using small volume nebulizers for intermittent therapy.
The aerosol deposition in the lungs using these nebulizers with a mouthpiece or a
face mask is about 8–12% with almost 30% remaining in the nebulizer.

Large volume nebulizers Large volume nebulizers utilize a similar jet nebulization
principle found in the small volume nebulizer but with a larger medication basin,
and therefore can be used for longer periods. Duration of therapy is dependent upon
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the output performance and the amount of medication made available in the basin.
This type of nebulizer has been developed primarily for continuous aerosol
delivery.

Jet Nebulizers (Pneumatically-Driven) Also known as handheld nebulizers, updraft
nebulizers, and unit-dose nebulizers, jet nebulizers are small reservoir gas-powered
devices that are the most cost-effective means to deliver an aerosolized medication.
These nebulizers utilize the “jet-shearing” principle, created by an external gas
source forced through a small lumen contained in a medication cup. As the gas
expands—localized negative pressure develops pulling the medication up a feeder
tube. The liquid enters the gas stream resulting in the formation of droplets, which
then enter a baffle. The smaller particles exit the reservoir following the baffling
process. Larger particles drop back into the reservoir for re-nebulization. Two
limitations of these devices include large amount of drug wastage, and evaporation
with recirculation resulting in increased amount of drug necessary for the thera-
peutic effect.

Mesh Nebulizers Vibrating mesh nebulizers create a fine aerosol by moving a drug
solution through a plate or mesh with small holes. The diameter of these holes or
apertures determines the particle size. These devices do not use an external gas
source, instead the nebulizer is powered by an electrical power source, which can be
battery powered for travel. Lack of additional flow provides the benefit of more
normal breath delivery and triggering capacity. In addition to these benefits,
vibrating mesh nebulizers also have small dead space volume, ranging between 0.1
and 0.5 mL.

Ultrasonic Nebulizers Ultrasonic nebulizer uses a piezoelectric crystal that pro-
duces a highly concentrated output of aerosol particles and has historically been
used for cough and sputum production. Ultrasonic nebulizer with its highly con-
centrated output, may perform better than small volume nebulizer in accomplishing
greater deposition of medications in children.

Metered-Dose Inhaler The metered-dose inhaler uses a pressurized canister that
dispenses a single bolus of aerosolized medication. They are convenient,
cost-effective, versatile, and generally have an effective deposition rate of 10–15%.
To optimize the delivery of the drug, the patient must be able to coordinate a series
of inspiratory maneuvers while activating the canister. Low inspiratory flow rates,
inspiratory pause or sustained maximal inflation maneuver facilitates better depo-
sition. Lower flow rates reduce aerosol impaction in the oropharynx and inner walls
of the airways while breath-holding improves deposition by gravity. A spacer
device can be a valuable attachment if the metered-dose inhaler is used by children.
By adding a spacer device to the inhaler, the synchronized effort is less of a concern
and drug delivery is maximized. The canister is activated into the spacer and the
medication remains suspended in the chamber until the patient inhales. For younger
children or infants, a mask is added to the spacer for more efficient delivery
(Table 11.4).
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Aerosols Delivered Through Ventilators

Aerosol delivery is not very efficient when delivered through a ventilator. The
endotracheal tube is the most significant barrier to effective delivery. Smaller the
inner diameter of the tube, the less efficient is aerosol delivery. In addition to the
endotracheal tube, several other factors impact the delivery of aerosols by
mechanical ventilators. The nebulizer is most effective when placed near the
inspiratory portion of the ventilator circuit which serves as a spacer chamber,
similar to the spacer used for metered dose inhalers. The aerosolized particles
remain suspended in the inspiratory limb awaiting to be delivered with the ensuing
ventilator breath. Aerosols must be generated during the expiratory phase of the
ventilator cycle to fill the inspiratory limb. Therefore, a synchronized nebulizer
mode is essential where a portion of the preset inspiratory gas is diverted to power
the nebulizer. One of the concerns of using aerosols with ventilators is the potential
for collection of the particles in the expiratory filter increasing the expiratory

Table 11.4 List of commonly inhaled therapeutic agents

Drug Site of action Major effect(s) Adverse effect

Albuterol Beta-2 receptor Bronchodilation Tachycardia
Diastolic
hypotension

Levalbuterol Beta-2 receptor Bronchodilation Tachycardia
Diastolic
hypotension
(less than
albuterol)

Ipratropium
bromide

Muscarinic receptor Bronchodilation Dry mucosa
Thick secretions

Budesonide Glucocorticoid receptor Anti-inflammatory Thrush
Hoarseness

Aminoglycosides
(tobramycin,
amikacin)

Aminoglycoside
binding site on
ribosome

Antimicrobial Thrush
Growth of
resistant
organisms

Antiviral
(ribavirin,
zanamivir)

Interferes with
replication of viruses

Antiviral Bronchospasm
Airway plugging

Colisitin Bacterial cell-membrane Antimicrobial Bronchospasm
Neuromuscular
blockade

Pentamidine Nuclear metabolism Prevents Pneumocystis
jiroveci infection

Nausea,
vomiting
Abnormal taste

Hypertonic saline Mucus Mucolytic Bronchospasm

Dornase alpha DNA Mucolytic Bronchospasm

N-acetyl cysteine Mucus Mucolytic Bronchospasm
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resistance or complete blockage of the expiratory port. Filters must be monitored
and changed frequently to avoid obstruction or added resistance. In such a cir-
cumstance, airway pressures and tidal volumes delivered to the patient should be
measured at the hub of the endotracheal tube. An alternative to nebulizers is a
metered-dose inhaler, especially with the use of a spacer. Variables affecting aerosol
delivery during mechanical ventilation include the nebulizer power source, nebu-
lizer characteristics, ventilator settings, temperature and humidity, location of the
aerosol device, and the size of the artificial airway. It is important to consider
whether a particular device would be tolerated well by the patient. The aerosol
output characteristics are also equally important to consider when selecting an
aerosol device.

11.4 Specialty Gases

Altering Inspired Oxygen and Carbon Dioxide Concentration

With certain types of congenital heart disease with single ventricle physiology such
as hypoplastic left heart syndrome, it is critical to control pulmonary blood flow and
prevent pulmonary over-circulation and systemic hypoperfusion. This can be
accomplished by increasing pulmonary vascular resistance and reducing pulmonary
blood flow while increasing blood flow to the systemic circulation. One approach is
to decrease the FiO2 to less than 0.21 with a blending of room air with nitrogen
which causes hypoxic pulmonary vasoconstriction. The exact FiO2 delivered must
be monitored to avoid administering excessively low inspired oxygen and causing
severe hypoxemia. The other approach, especially in patients undergoing me-
chanical ventilation, both preoperatively and postoperatively, is to increase the
inspired carbon dioxide concentration (FiCO2). Increased FiCO2 also increases
pulmonary vascular resistance. During mechanical ventilation, increased FiCO2

allows one to hyperventilate, recruit the lungs, and prevent atelectasis without
producing hypocarbia. One of the difficulties with a boost in FiCO2 is increased
spontaneous ventilatory drive due to an increased PaCO2. This increases the work
of breathing and with marginal cardiac reserve, may impose an undue strain on the
heart. Therefore, neuromuscular blockade and total ventilatory support may be
necessary with increased FiCO2 to avoid an increased workload on the heart.

Helium–Oxygen Mixture

Based on the physics of airflow and the properties of helium oxygen mixture
(Heliox), certain outcomes can be predicted with its use: (1) Heliox will results in a
higher flow when transairway pressures are held constant, (2) Heliox will result in a
lower airway pressure when the airflow is constant, (3) Density-dependent flow
meters will underestimate flow, (4) Heliox can decrease the degree of air-trapping
and hyperinflation associated with lower airway obstruction, (5) Heliox can
decrease the work of breathing, and (6) Heliox can result in better deposition of
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aerosols administered with it. Helium is usually administered in at least 30% to 40%
oxygen. However, for helium to be effective, it should constitute at least 50–60% of
the inspired gas. Heliox therapy is therefore not helpful in patients requiring greater
than 0.5 FiO2. Oxygenation should be monitored during administration of helium–

oxygen mixture to avoid hypoxemia, especially in neonates.

Inhaled Nitric Oxide

Inhaled nitric oxide produces selective pulmonary vasodilation. Indications for
inhaled nitric oxide include diaphragmatic hernia, pulmonary hypertension after
repair of congenital heart disease, primary pulmonary hypertension, and isolated
right heart failure. Not all patients respond to inhaled nitric oxide. It is prudent to
test whether a patient will respond to inhaled nitric oxide. A 2-h trial of inhaled
nitric oxide with 20–40 ppm is administered to infants and children with hypox-
emic respiratory failure. A good response is defined as improvement in PaO2/FiO2

ratio of greater than 100%. A partial response is defined as an improvement in
PaO2/FiO2 ratio between 50 and 100%. If the response is less than 50%, the patient
is considered a non-responder. Inhaled nitric oxide is then continued in only those
patients who show a partial or good response. Nitric oxide binds to hemoglobin to
produce methemoglobin. Therefore methemoglobin levels should be monitored
during the administration of nitric oxide. In addition, nitric oxide combines with
oxygen to form nitrogen dioxide. Nitrogen dioxide is known to cause lung injury.
Therefore the concentration of nitrogen dioxide should be monitored in the inspired
gas to keep it below 1–2 ppm. To minimize complications, the inhaled nitric oxide
therapy should be continued at the lowest possible concentrations that are still
effective in producing the desired therapeutic effects.
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