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BACKGROUND: Limited data are available to describe the CPAP effects that can be expected
when using high flow with a traditional nasal cannula. OBJECTIVE: To describe the relationship
between the pressure generated at the airway opening and flow through a nasal cannula using a
simulated infant model. We hypothesized that positive pressure generated by a standard cannula at
flows > 2 L/min would be minimal and clinically unimportant. METHODS: Nares were simulated
with holes drilled in a plastic fixture. A nares template for CPAP prongs served as a sizing template
for the holes. Small, medium, and large nares fixtures were constructed and connected to a lung
simulator that simulated spontaneous breathing. Respiratory muscle pressure was simulated by
setting a waveform and adjusting the amplitude to deliver a range of tidal volumes (V) from 3 mL
to 12 mL. Lung compliance and resistance were set at 0.5 mL/cm H,O and 125 cm H,O/L/s,
respectively. Nasal cannulas were inserted in the model nares. We assured that the prong occlusion
of the nares did not exceed 50%. Cannula flow was adjusted from 2—6 L/min in 1-L/min increments.
Data were averaged over 20 breaths. Mean airway pressure and percent change in V, were
recorded. RESULTS: The greatest effect on V; (mean = SD 0.16 = 0.10 mL) and pressure change
(mean = SD 0.7 = 0.5 cm H,O0) occurred with the premature cannula. The least effect on pressure
(mean * SD 0.3 = 0.22 cm H,0) and V; change (mean = SD 0.01 *= 0.02 mL) occurred with the
infant cannula. CONCLUSIONS: Clinically important pressures were not generated by high flows
with a standard nasal cannula. The differences in spontaneous V across all flows were negligible.
Key words: nasal CPAP; high-flow nasal cannula; pediatric; oxygen therapy. [Respir Care 2011;56(12):

1893-1900. © 2011 Daedalus Enterprises]

Introduction

CPAP is often used in preterm neonates to recruit and
maintain lung volume.! During CPAP, baseline airway
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pressure is maintained at a constant value throughout the
entire respiratory cycle, during which time the patient en-
cumbers all of the work of breathing. A plethora of liter-
ature is available on the physiological effects of CPAP,

SEE THE RELATED EDITORIAL ON PAGE 1972

especially with regard to infants and children. Clinical
trials in the early 1970s through the mid-1980s substanti-
ated the therapeutic value of CPAP among the neonatal
and pediatric population, which included enhancing oxy-
genation by maintaining and/or improving functional
residual volume,? reducing airways resistance,’ and treat-
ing obstructive apnea.* CPAP has been used clinically
for more than 30 years, from the delivery room to the
intensive care unit, to treat a host of respiratory condi-
tions. The literature reports the use of CPAP as an al-
ternative to intubation and ventilation for the treatment
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Diameter of Prong Size (cm)

AirLife™
Small  0.165 nCPAP System CardinalHealth
Medium 0.185 Prong & Mask Sizing Guide
Large 0.195

Fig. 1. Template for selecting nasal prong size.

of respiratory distress syndrome,> as a method of pre-
venting extubation failure,® and for management of ap-
nea of prematurity.”

CPAP can be delivered by a variety of devices, includ-
ing bubble CPAP, free-standing infant flow driver, or con-
ventional ventilator. Bubble CPAP provides continuous
distending pressure in a relatively simple and inexpensive
way. This delivery system directs the infant’s exhaled flow
as well as the continuous flow of gas provided by the
delivery system and through a water reservoir. Bubbles
are created as the infant exhales against the resistance
provided by the water source. The amount of positive
pressure generated during the respiratory cycle is pro-
portional to the depth the circuit directing flow is placed
within the reservoir.® Continuous flow generators and
conventional ventilators may also be used to deliver
CPAP. These devices enhance patient safety with the avail-
ability of disconnect, and high-pressure alarms, as well as
apnea and tidal volume (V) alerts when conventional
ventilators are used.” Interfaces such as endotracheal
tubes, nasal masks, short bi-nasal prongs, or longer single
or bi-nasal pharyngeal prongs have been used with pre-
mature and term infants. Nasal, oronasal, and/or full-face
masks are interfaces that may be used as well with pedi-
atric patients.

The use of a conventional or standard nasal cannula at
a high flow rate has also been reported as another method
that can be used to deliver CPAP to infants. High-flow
oxygen therapy for neonates, defined as continuous flow
of greater than 2 L/min delivered by nasal cannula, gen-
erates continuous positive airway pressure when the can-
nula flow opposes the infant’s spontaneous expiratory
flow.” The aforementioned system, in contrast with heated
high-flow nasal cannula systems, merely uses a simple
bubble humidifier connected to the cannula. Unlike nasal
CPAP systems, published data suggest that a tighter seal
between the oxygen delivery system and the nose is es-
sential, which presumably results in higher CPAP pressure
for a given oxygen flow and ventilatory pattern, and report
that the airway pressure generated with high-flow oxygen
therapy is variable and unpredictable.” Moreover, the tighter
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Fig. 2. Model nares, made from a 22-mm inner-diameter adapter,
with nasal cannula in place, attached to the lung simulator. The
cap on the distal end of the adapter prevents leak, which simulates
a closed-mouth scenario. LG = large (ie, the large nasal prongs
indicated in Fig. 1).

seal required to obtain therapeutic CPAP would require
the nasal cannula to occlude more than 50% of the nares,
which is contrary to standard practice. The use of a tighter
seal would proliferate complications such as nasal obstruc-
tion, bleeding, and necrosis, which the literature reports
are associated with the use of oxygen delivery via nasal
cannula.!0-1!

The purpose of this study was to describe the relation-
ship between the pressure generated at the airway opening
and the flow through a standard nasal cannula, with a
simulated infant lung model. We hypothesized that the
positive pressure generated by a correctly sized conven-
tional nasal cannula at flows greater than 2 L/min would
be minimal and clinically unimportant.

Methods
Model

Nares were simulated by drilling holes in a double 22 mm
outer-diameter plastic adapter. The adapter was not mod-
ified to replicate the anatomical features of an infant’s
nasopharynx. The size of the nares were standardized and
corresponded with a nares template (AirLife, Cardinal
Health, Dublin, Ohio) (Fig. 1). The fixtures were con-
nected to a lung simulator (ASL 5000, with software ver-
sion 3.1, Ingmar Medical, Pittsburgh, Pennsylvania), which
simulated active breathing. The other end of the fixture
was capped, to represent a nasopharyngeal model with a
closed mouth (Fig. 2). The integrity of the model and its
ability to generate CPAP was validated in a published
study that evaluated 5 neonatal nasal CPAP systems.!>? We
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Table 1.  Tidal Volume Results

Table 2. Percent Occlusion of the Model Nares*

Muscle Pressure Resultant Tidal Volume

(cm H,0) (mL)
6.5 3
13.0 6
19.5 9
26.0 12

used the identical model that Cook and colleagues used to
evaluate the effects of imposed resistance on V. with 5
neonatal CPAP systems.!? That prior work served as a
model validation through a CPAP control group.

Lung Simulator Settings

An active lung model simulated a sick neonate of ap-
proximately 1 kg. Lung compliance and resistance were
set at 0.5 mL/cm H,O and 125 cm H,O/L/s, respectively.
Muscle pressure (P,,,,), which is the pressure generated by
the respiratory muscles to expand the thoracic cage and the
lungs, was simulated by setting a waveform and adjusting
the amplitude on the lung simulator. The P, waveform
was: increase 33%, hold 0%, and release 33%. P, am-
plitude was adjusted to deliver a range of V. from 3 mL to
12 mL (Table 1).

Procedure

The respiratory rate on the active lung model was set at
65 breaths/min, and the inspiratory-expiratory ratio was
held constant at 1:2 with each V. tested over the range of
volumes (3—12 mL). The prongs of a standard nasal can-
nula or cannula designed and approved to deliver low-flow
oxygen therapy to infants and children, were inserted into
each nares size model. We tested 3 cannula sizes: prema-
ture infant (Comfort Flow model 2411-04, Hudson RCI,
Durham, North Carolina), infant (Comfort Flow model
2411-03, Hudson RCI, Durham, North Carolina), and
pediatric (Comfort Flow model 2411-02, Hudson RCI,
Durham, North Carolina). Despite the labels “infant”
and “pediatric,” any of these 3 sizes might be used on a
1-kg neonate, depending on the geometry of the infant’s
nares. Nasal cannula size selection was therefore based
on the simulated nares opening sizes (small, medium,
and large). As with the selection of a nasal cannula for
clinical use in infants and children, the cannula size was
chosen such that the nares were never occluded. The pres-
ence of leak was confirmed by calculating the ratio of the
area of the cannula prong to the nares. Each cannula size
was inserted into the nares opening and evaluated for the
presence of occlusion. Table 2 shows the matrix of can-
nula size to nares opening, expressed as percent occlusion.
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Nares Size

Cannula Size
Small Medium Large

Premature infant (model 2411-04) 16 12 11
Infant (model 2411-03) 27 21 19
Pediatric (model 2411-02) 37 30 27

* Values are percent occlusion, calculated as the ratio of the nares opening area to the nasal
cannula prong area.

Baseline V. values were obtained with the nasal cannula
inserted into the nares model without flow. Cannula flow
rates were then adjusted from 2—6 L/min, in 1-L/min in-
crements, with each V tested.

Data Collection and Analysis

The lung simulator’s software was used to average data
over 20 breaths for each experimental condition. Breath
start volume (ie, breath detection) threshold was set at
0.1 mL. Outcome variables were highest and lowest air-
way pressure, mean airway pressure, and V, drop due to
loading effects, defined as baseline V1 of lung simulator
not connected to the nasal prongs minus the V. with nasal
prongs in place. Screen captures from the lung simulator
were also obtained of airway pressure and volume at the
different flow rates. Data were entered into SPSS 17.0
(SPSS, Chicago, Illinois) for analysis.

Results

Vi decreased as flow increased over the range of flows
with each cannula size at each P, (Fig. 3). The changes
in the baseline V. delivered by the lung simulator and the
Vi recorded with nasal prongs in place at baseline with
zero flow and across the range of flows were statistically
significant for each of the cannula sizes (Table 3). The
peak pressure changes ranged from less than 0.2 cm H,O
to approximately 3.5 cm H,O across all models and ex-
perimental conditions. Flows of = 2 L/min generated pos-
itive expiratory pressure with all cannula sizes in all ex-
perimental conditions. The expiratory pressure range was
0.04-1.3 cm H,O0.

Figure 4 shows the baseline, peak, mean, and PEEP
changes over the range of flows used. Figure 5 shows the
airway pressures observed during inspiration at the highest
and lowest P, . values, as well as the pressure drop re-
corded for each cannula size during the initiation of a
spontaneous breath for each experimental condition. Fig-
ure 6 shows representative airway pressure, volume, and
P« waveforms.
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Fig. 3. Changes in tidal volume at 6 flows (0—6 L/min) and 4 simulated muscle pressure (P, settings.

Many studies have described the therapeutic value of
CPAP. The literature reports that early use of CPAP may
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reduce the need for intubation,!3-!5 facilitate successful
extubation,'®!7 and reduce the incidence of chronic lung
disease.!3-20 The therapeutic effectiveness of CPAP is in
part dependent on the ability to achieve and maintain a
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Fig. 4. Changes in peak pressure, mean pressure, and PEEP at
6 flows (0-6 L/min) and 2 simulated muscle pressure (P,,,) set-
tings.

constant distending pressure. A variety of delivery systems
and interfaces can be used to deliver CPAP, ranging from
a flow meter connected to a traditional nasal cannula to a
sophisticated mechanical ventilator. Therefore it is essen-
tial for the clinician to have a thorough understanding of
how the CPAP delivery system works and a working knowl-
edge of its limitations.

There have been a few reports of success using high-
flow nasal cannula, which mirror the results of CPAP. In
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Fig. 5. Pressure drop (P,,;,) at 6 flows (0—6 L/min) and 4 simulated
muscle pressure (P,,.s) settings during the initiation of an inspira-
tory effort.

a review of the literature, Dani et al mention only 3 pub-
lished studies of the CPAP effect with a traditional nasal
cannula set at “high” flow (ie, > 2 L/min).?! The amount
of positive expiratory pressure generated depended on sev-
eral factors, including the inner diameter of the nasal can-
nula prongs, the gas flow through the cannula, and the
anatomy of the infant’s airway.!” PEEP was also generated
at the airway opening of our simulated model. Consistent
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with the findings reported in the literature, the distending
pressure varied across the range for flows for each of the
models tested. The pressure changes obtained in our sim-
ulated model were less than those used intentionally with
CPAP devices, and the maximum pressure was less than
2 cm H,O, which is probably not clinically important.
Our findings were comparable to the measured changes
in continuous distending pressure found by Locke and
colleagues with a 0.2-cm nasal cannula at high flow.??
The generation of appreciable CPAP effect across the range
of flows (0.5-2.0 L/min) tested by Locke and colleagues
occurred with a 0.3-cm cannula. In preterm infants, larger
nasal prongs enabled greater mean pressure: specifically,
9.8 cm H,0.!8

The effect of airway pressures on V. can be appre-
ciated by considering the theoretical expectation from the
equation of motion for the respiratory system:

Piirway T Pmus = €lastance X volume + resistance X flow

This equation shows that if airway pressure (P y.y)
drops and P, stays constant, then volume and flow must
drop. Our data show a small drop in airway pressure dur-
ing inspiration, because the high-flow nasal cannula sys-
tem is a poor CPAP generator. Thus, the small drop in V1
relative to zero flow is expected. We found clinically un-
important V. changes with each of the tested cannula sizes,
across the range of flows.

Limitations

Perhaps the most obvious limitation of this study was
that we could not account for the effect of the pressure
and/or volume changes that might occur with infants as a
result of variable leak secondary to the opening and clos-
ing of the infant’s mouth. In an observational study of 27
pre-term to term infants (gestational age 25-40 weeks),
Kubicka et al investigated the level of delivered continu-
ous positive airway pressure by measuring oral cavity pres-
sure with the mouth closed in infants of various weights
and ages treated with heated humidified high-flow nasal
cannula, at flows of 1-5 L/min. At the tested flows (1-
5 L/min), nasal cannula did not deliver positive airway
pressure when the infant’s mouth was open.?? Clinically
important, and unpredictable levels of positive expiratory
pressure were achieved only in the smallest infants and the
highest flows, with the mouth fully closed.'® This in vivo
experiment was also limited by the inability to duplicate
the variable occlusion of the nares and intranasal airway
by secretions or welling, for example in this experimental
model.
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Fig. 6. Representative flow and pressure waveforms, with a simulated muscle pressure of 13 cm H,O, show the effect of nasal cannula on
airway pressure (red waveforms) and flow (black waveforms, scale X 0.1).

The convenience of using conventional nasal cannula
may enhance the ability of the neonate to participate in
activities such as kangarooing and oral feeding, both of
which have notable impacts on patient outcomes. As re-
search continues on high-flow nasal cannula we must de-
termine the most appropriate place to measure airway pres-
sure as well as its potential effects on the neonate.
Additionally, we need to find consensus regarding patient
selection, cannula selection, and flow selection to achieve
practice guidelines. Since our findings cannot be extrapo-
lated to the application of high flows using other nasal
flow delivery devices, additional research on the CPAP
effect with available high-flow nasal cannulas may be of
interest.

Conclusions
In our model with several nasal cannulas correctly

sized for several nares sizes, high flow did not generate
clinically important continuous airway pressure. The

RESPIRATORY CARE ® DECEMBER 2011 VoL 56 No 12

decreases in spontaneous V. due to loading effects for
each of the models across the range of flows were also
negligible.
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