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Inhaled Nitric Oxide: In Vitro Analysis of Continuous Flow Noninvasive

Delivery via Nasal Cannula

Kineshta Pillay, John Z Chen, Warren H Finlay, and Andrew R Martin

BACKGROUND: Inhaled nitric oxide (NO) is most frequently delivered to mechanically venti-
lated patients in critical care, but it can also be administered noninvasively. The delivered dose
and efficiency of continuous flow NO supplied through a nasal cannula has yet to be established.
This study aimed to determine the influence of nasal cannula type, supply flow, and breathing
pattern on delivered NO using a realistic adult airway replica and lung simulator. METHODS:
Simulated breathing patterns were selected to represent rest, sleep, and light exercise, and were
varied to investigate the effects of tidal volume and breathing frequency independently. Supplied
gas flows targeted tracheal concentrations at rest of 5 or 20 ppm NO and were supplied with 2
L/min O,. Three different cannulas were tested. Tracheal NO concentrations and NO mass flow
past the trachea were evaluated. RESULTS: Cannula type had a minor influence on delivered
dose. Tracheal NO concentrations differed significantly based on breathing pattern (P < 0.01);
for a target NO concentration of 20 ppm at rest, average inhaled NO concentrations were 23.3
* 0.5 ppm, 36.5 = 1.4 ppm, and 17.2 = 0.3 ppm for the rest, sleep, and light exercise breathing
patterns, respectively. For the same test conditions, mass flow of NO past the trachea was less
sensitive to breathing pattern: 20.3 = 0.5 mg/h, 19.9 + 0.8 mg/h, and 24.3 = 0.4 mg/h for the
rest, sleep, and light exercise breathing patterns, respectively. Mass flow and delivery efficiency
increased when minute volume increased. CONCLUSIONS: These results indicate that inhaled
NO concentration is strongly influenced by breathing pattern, whereas inhaled NO mass flow is
not. NO mass flow may therefore be a useful dose metric for continuous flow delivery via nasal
cannula. Key words: inhaled nitric oxide; constant flow; airway model; nasal cannula, tracheal concen-

tration; mass flow, dose; efficiency. [Respir Care 0;0(0):1—e. © 0 Daedalus Enterprises]

Introduction

Inhaled nitric oxide (NO) acts as a selective pulmonary
vasodilator.! It is conventionally used to treat persistent
pulmonary hypertension in the neonatal population and to
alleviate pulmonary hypertension in adults and children
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following cardiac surgery.”* Use of NO to improve oxy-
genation in patients with acute lung injury or ARDS has
also been studied, though evidence that NO reduces mortal-
ity in these patients is lacking.>® The vast majority of
patients receiving inhaled NO therapy do so in the intensive
care setting and are simultaneously supported by invasive
positive-pressure ventilation.”” Modern NO delivery devi-
ces adapt the rate at which NO-containing source gas is
injected into the ventilator breathing circuit in proportion to
the flow of gas in the circuit to maintain a constant NO con-
centration in the inhaled gas mixture, eg, 20 ppm.'*'* As
such, dosing recommendations for ventilated patients are
currently based on the concentration of NO in the inhaled
gas, with dose settings typically ranging from 5-80 ppm for
marketed NO delivery devices.®"?

In addition to NO administration to ventilated patients,
NO administration to ambulatory, spontaneously breath-
ing patients with pulmonary arterial hypertension or pul-
monary hypertension secondary to other lung diseases has
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been investigated, often in combination with long-term O,
therapy.®'*'® These studies have primarily utilized devi-
ces that deliver NO-containing gas through nasal cannula
as a short-duration bolus or pulse timed to arrive during
the early portion of inhalation. Delivery of gas to the ana-
tomical dead space at the end of inspiration is thereby
minimized to conserve the NO-containing source gas and
to extend usage times for small, portable gas cylinders
with limited capacity. Such an approach is analogous to
pulsed O, delivery widely used by O,-conserving devi-
ces.'” Pulsed delivery is inherently poorly described using
the concentration of NO in the inhaled gas because the
concentration is intentionally varied over each inhalation.
Thus, comparison with dosing to ventilated patients at
constant NO concentration is challenging. Pulsed delivery
has instead been described in terms of the mass of NO
delivered per breath'® or per unit time."

Additional investigational applications of noninvasive
NO delivery to spontaneously breathing subjects include
delivery through face masks at high concentration (eg, 160
ppm) to cystic fibrosis subjects with persistent mycobacte-
rium infection®® and very recently to subjects with COVID-
19.?! Delivery through nasal cannula to hemodynamically
unstable patients with acute right-ventricular dysfunction
has also been used.” Tremblay et al’ recently reported
favorable hemodynamic effects in subjects with acute dys-
function receiving noninvasively administered NO. Two
thirds of subjects were administered NO in combination
with continuous low-flow O, through nasal cannula.
Although such an approach involves supply of a continu-
ous, rather than pulsed, flow of NO-containing gas, for
low-flow nasal cannula the entrainment of room air is vari-
able and depends on patient breathing pattern. Therefore,
NO concentration in the inhaled gas mixture is not constant,
and comparison with NO dosing done at a constant concen-
tration is difficult.

For an open interface such as a nasal cannula, inhaled
NO concentrations are difficult to measure in vivo
because mixing of NO-containing gas with entrained
room air occurs during transit through the upper airway.
In studies of O, delivery through nasal cannula, in vitro
methods incorporating realistic upper airway replicas and
simulated breathing have proven useful, allowing varia-
tion in inhaled gas concentrations to be analyzed through-
out the breath.””?* Recently, Katz et al** performed in
vitro experiments to evaluate volume-averaged tracheal
O, concentrations and volumes of O, delivered per minute
over a wide range of breathing patterns, patient interfaces,
and continuous flows. Measured average inhaled O, con-
centrations were accurately predicted using a simple cal-
culation of the flow-weighted average concentration
between the delivered O, flow and the flow of entrained
ambient air. A key variable in predicting the average
inhaled O, concentration was the average inhalation flow,
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QUICK LOOK

Current knowledge

Inhaled nitric oxide (NO) is most frequently delivered
to mechanically ventilated patients in the critical care
setting, but noninvasive administration to spontane-
ously breathing patients has also been reported. Dosing
recommendations for ventilated patients are currently
based on the concentration of NO in the inhaled gas.
For noninvasive administration through open patient
interfaces, such as nasal cannulas, entrainment of room
air is variable and depends on the patient’s breathing
pattern. Therefore, NO concentration in the inhaled gas
mixture is not constant, and comparison with NO dos-
ing done at constant concentration is difficult.

What this paper contributes to our knowledge

Tracheal NO concentration and NO mass flow were
assessed for a constant supply flow through a nasal
cannula. Measured average inhaled concentrations
compared well with flow-weighted predictions that
incorporated inhaled tidal volume and inhalation time.
Supply flows and patient breathing patterns strongly
influenced NO concentrations delivered to the trachea;
however, NO mass flow past the trachea showed less
sensitivity to changes in breathing parameters. As such,
NO mass flow is a promising dosing metric for deliver-
ing inhaled NO via nasal cannula during spontaneous
breathing.

a function of inhaled tidal volume (V1) and inspiratory
time. This result echoes the findings of Duprez et al,*
who also recently concluded that the average inspiratory
flow has a major impact on average inhaled O, concentra-
tion during O, delivery at low flow to spontaneously
breathing patients.

In this study, we sought to extend these recent in vitro
results for low-flow O, delivery to investigate noninva-
sive delivery of NO through nasal cannula, under the hy-
pothesis that the dose of NO delivered is sensitive to
variations in breathing pattern. Average inhaled NO con-
centration and inhaled mass of NO over time (referred to
here as inhaled NO mass flow) are reported for co-admin-
istration of NO with O, over a range of cannula types,
simulated breathing patterns, and delivered flows. We
compare measured NO concentrations and calculated
flow-weighted average concentrations. These results are
intended to facilitate an improved comparison between
NO delivery at constant flow with established NO dosing
at a constant concentration, as well as with newer portable
devices designed to deliver a target inhaled mass of NO
over time.

RESPIRATORY CARE @ ® ® VOL ® NO @

Copyright (C) 2020 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



RESPIRATORY CARE Paper in Press. Published on August 25, 2020 as DOI: 10.4187/respcare.07737

IN VITRO SIMULATION OF INO via NAsAL CANNULA

Soda lime
canister

Lung simulator

Nasal airway
Mass flow replica
controllers _'_&
[} -
O——>l I >
O
CO,—— >
1

Desktop computer

CO; analyzer

|

"""""""""""" =

Lung simulator
control laptop

Fig. 1. Experimental setup used to quantify in vitro performance of inhaled NO delivery through a nasal cannula. CO, and O, were supplied
from cylinder sources, regulated with mass flow controllers, and delivered through nasal cannula lumen to an airway replica. The nasal airway
replica was connected to a mechanical lung simulator via a canister of soda lime, which absorbed the exhaled CO,. The mechanical lung was
programmed with breathing patterns to mimic the breathing of an adult with COPD.

Methods
Nasal Airway Replica

The nasal airway replica used in this study was identical
to that used by Chen et al.* Selection of this replica was
based on the criterion that the volume-averaged Fio,
obtained using the replica was closest to average values
obtained in earlier work across a set of 15 replicas.”” The
nasal airway was derived from images of a female adult
subject, for whom nasal airways were deemed normal by a
radiologist. Furthermore, because intersubject variability
among 15 airway replicas had only a small impact (5%
coefficient of variation) on volume-averaged Fio,, the use
of a single representative replica was deemed reasonable.”
As described previously, the airway replica used in this
study was built in acrylic plastic using rapid prototyping,
which was based on magnetic resonance images and
included airway passages from the nares through the en-
trance to the trachea, excluding the oral cavity.”>* The
imaging used in the construction of the replica was obtained
with University of Alberta Health Research Ethics Board
approval.*® Airway dimensions for the replica were ob-
tained using MeshLab (Visual Computing Laboratory,
Istituto di Scienza e Tecnologie dell’Informazione, Pisa,
Italy) and ParaView (Kitware, Clifton Park, New York).*
The selected replica had an interior wall surface area of 287
cm? and a total interior volume of 44.6 mL.*

Experimental Apparatus

The nasal airway replica was connected to a mechanical
lung simulator to provide an in vitro model for assessment
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of NO delivery. Figure 1 displays a schematic of the experi-
mental apparatus used in this study. As permitted in FDA
guidance,”” CO, was used as a surrogate gas to simulate the
delivery of NO. Gas transport through the upper and central
airways is dominated by convection rather than diffusion.'®
As such, the different diffusivity of CO, and NO is inconse-
quential in these conditions. Furthermore, mixed CO, con-
centrations in air/O, were < 6% in all cases, such that
influence of CO, on the mixture density was small. Flows
of CO, and O, (Praxair Canada, Mississauga, Ontario,
Canada) were supplied simultaneously to the nasal airway
replica via nasal cannula. The flow of each gas from the
cylinder source through the cannula was regulated by sepa-
rate mass flow controllers calibrated for CO, (Alicat MC-
2SLPM-D/5M; Alicat Scientific, Tucson, Arizona) and for
0, (Alicat MC-20SLPM-D/5M; Alicat Scientific). Each
mass flow controller adjusted the flow from the cylinder
source with a 30-ms control response and was factory cali-
brated for an accuracy of = 0.6% of the reading.

Breathing through the replica was simulated using a pro-
grammable lung simulator (ASL 5000 Breathing Simulator;
IngMar Medical, Pittsburgh, Pennsylvania) operated in flow
pump mode. The nasal airway replica outlet was connected
to a soda lime canister (Spherasorb; Intersurgical, Berkshire,
United Kingdom) using a plastic breathing circuit tube with
a 22-mm internal diameter and a total internal volume of 135
cm®. This volume was selected to be representative of the
conducting airway volume from the trachea to the gas-
exchange regions of the lungs for an average adult with a
function residual capacity of 3 L.*® The canister of soda lime
was used to absorb all CO, passing through the replica and
conducting airway tubing, mimicking an assumed absolute
uptake of NO in the gas exchange regions of the lung.'®'
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Table 1.  Reproduced Breathing Pattern Parameters™

Breathing Tidal Volume,
Pattern mL

Inspiratory
Time, s

Expiratory
Time, s

Breathing Frequency,

Inspiratory Time/ Inspiratory Time/Total

breaths/min Expiratory Time Time

Rest 640 1.2 2.33
Exercise 800 0.96 1.77
Sleep 520 1.79 2.93

* Parameters were selected to reflect an adult subject with COPD.

17 0.52 0.34
22 0.54 0.35
13 0.61 0.38

Preliminary experiments were performed to confirm that use
of a 3.6-L canister filled with soda lime was sufficient for
absorption of all CO, arriving at the canister. The soda lime
was replaced at intervals when a color change showing satu-
ration in the chemical was noted or when the CO, concentra-
tion measured in real time was too high.

The CO, concentration was sampled using a sidestream
infrared analyzer (GA-200; iWorx, Dover, New Hampshire)
at the exit of the airway replica. Data output from the ana-
lyzer was processed with LabVIEW data acquisition soft-
ware (National Instruments, Austin, Texas), which recorded
volumetric data from the lung simulator simultaneously.

Breathing Pattern Simulation

Three breathing patterns were selected to provide an
approximation of the variability in respiration that an aver-
age patient might experience in a day. These patterns
mimic the respiratory patterns from a patient at rest, doing
light exercise, and while sleeping; these patterns were
based on data from studies of subjects with COPD receiv-
ing supplemental oxygen.”>* Parameters used to define
each breathing pattern are provided in Table 1. Inhalation
and exhalation cycles both followed a half-sinusoidal
shape. The volume of the test lung chamber was logged
during breathing at a sampling frequency of 512 Hz using
the ASL 5000 software.

In addition to the breathing patterns defined in Table 1,
further experiments were conducted at V1 = 520 mL and a
breathing frequency of 22 breaths/min, and at V = 800
mL and a breathing frequency of 13 breaths/min.
Combined with experiments conducted using the rest, exer-
cise, and sleep patterns, these measurements allowed the
influence of Vr and frequency to be assessed independ-
ently, with all other parameters held constant.

Nasal Cannula Types

To investigate any potential differences in gas delivery
across different cannula types, 3 cannulas were used
(shown schematically in Fig. 2): (1) a single-lumen cannula
(1103; Hudson RCI, Teleflex Medical, Research Triangle
Park, North Carolina) where flows of O, and CO, were
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Fig. 2. Cannula types utilized in experiments: A: a single-lumen can-
nula with premixed gases upstream, B: a dual-lumen cannula with
different gases supplied to each nostril, and C: a dual-lumen can-
nula with both gases (while separated) supplied to each nostril.

pre-mixed using a Y-connector positioned upstream from
the cannula; (2) a dual-lumen cannula with a different gas
going into each nostril (4807-7-7; Salter Labs, Carlsbad,
California); and (3) a dual-lumen cannula with the gases
separated until entering the nares (1165011; Intersurgical).

Gas Flows and Concentration Measurements

As noted above, CO, was used as a surrogate gas to sim-
ulate the delivery of NO. To prescribe flows of CO, for the
experimental protocol, corresponding flows of source NO-
containing gas were first defined. Continuous NO flows
were selected to target average concentrations of 20 ppm
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and 5 ppm NO at the trachea for the resting breathing pat-
tern. These flows were calculated using the following equa-
tion, based on an assumption of complete mixing of the NO
flow within the inspired breath®*:

Quo = (Vr/Ti) x (FINO/800 ppm) (1]

where Qo is the supplied NO flow, T; is the inspiratory
time, FINO is the targeted average NO concentration at the
trachea (in ppm), and the concentration of NO in the source
gas is assumed to be 800 ppm, consistent with the concen-
tration of NO in supply gas cylinders in North America.

Flows of 0.8 and 0.2 L/min of 800 ppm NO were calcu-
lated using this equation to target average concentration of
20 and 5 ppm, respectively, for the resting breathing pat-
tern. Flows of CO, supplied in the experiments were set
equal to these values, with 100% CO, representing 800
ppm NO. CO, concentrations were sampled at the exit of the
replica (ie, the trachea), and were corrected for sampling
delay and time constant. The CO, concentration was sampled
at a flow of 200 mL/min, which is 2 orders of magnitude
smaller than average inhalation flows and as such is not
expected to have any appreciable influence on flow through
the replica and lung simulator. To determine the time con-
stant of the sampling system, preliminary experiments were
conducted in which the gas supply to the analyzer was rapidly
switched between 2 different gas mixtures of known concen-
tration (0% and 100% CO,). A time constant of 223 ms was
calculated and applied to correct the CO, concentration
recorded over time following methods described in Langer et
al’' and adopted previously by Chen et al.** The volumetric
flow of CO, passing the trachea was then determined by mul-
tiplying the known inspiratory flow with CO, concentration.
The trapezoidal rule was used to integrate the CO, flow over
each inhalation (Ar = 29 ms) to determine the volume of
CO, inhaled per breath. After following a similar procedure
to determine the measured Vr, a volume-averaged value for
the concentration of CO, per breath was found by dividing
the volume of CO, by V. Using a conversion factor of 100%
CO, = 800 ppm NO, the corresponding inhaled NO concen-
tration was then calculated. Results are reported in terms of
these corresponding NO values. All measurements were con-
ducted approximately 60 breathing cycles after supply gas
flows were started, which allowed the system to reach steady
state as confirmed by observing real-time gas concentration
waveforms.

Experimental NO concentrations were compared to pre-
dicted concentrations. Predicted values were calculated using:

[No}predicted = (800 ppm X QNO)/(VT/TI) (2]
The mass flow of NO represents the mass of the gas

delivered past the trachea over time, similar to an inhaled
minute volume of NO, and is an alternate form of assessing

RESPIRATORY CARE @ ® ® VOL ® NO @

dose delivery. Mass flow past the trachea was calculated
from the following equation:

Mass flow = [NOJ,chea X V1 X breathing frequency x pyo

(3]

where pno = 1.34 kg/m? at 20°C and 1 atm. Efficiency of
delivery (n) to the trachea was evaluated as the ratio of
measured tracheal NO mass flow to supplied NO mass
flow.

Experimental Design

Experiments were conducted with flows of 0.2 L/min
and 0.8 L/min CO, and a supplementary O, flow of 2
L/min. Three breathing patterns (sleep, rest, and exercise)
were used, and tests were run with all 3 cannulas. Then
additional experiments were conducted using only 1 can-
nula (Intersurgical) across the 3 breathing patterns and both
CO, flows, but at an O, flow of 6 L/min. A final set of
experiments was performed to independently vary Vt and
breathing frequency. Using 1 nasal cannula, the breathing
frequency for the sleep and exercise breathing patterns
were exchanged while maintaining the original V.

For each experimental condition, 3 replicate tests were
executed, and for each replicate the inhaled NO concentra-
tion was determined as the average of 5 consecutive
breaths. Measurement uncertainty for [NO],cnea reported
below is estimated as 1 standard deviation across replicate
tests. Uncertainty for NO mass flow and efficiency (7)) was
calculated by propagating error using standard error analy-
sis techniques.** Variability between average NO concen-
trations obtained on separate days and from different points
on the circumference of the trachea base were found to be
of similar magnitude as the variation between individual
breaths.

Statistical Analysis

Multiple 2-factor analysis of variance tests were per-
formed to compare the influences of cannula and breathing
pattern on average NO concentration and NO mass flow.
Two separate analysis of variance tests were executed for
each flow (0.2 L/min and 0.8 L/min of 800 ppm NO sup-
ply). A significance level of alpha = 0.05 was used. Tukey
post hoc analyses were performed. Unpaired 2-tailed
Student ¢ tests were also performed to assess the impact of
varying supplemental O, flows on NO concentration.
Additional unpaired 2-tailed Student ¢ tests were conducted
to compare relative influences of NO flow on efficiency.
Post hoc analyses were performed using VassarStats
(Vassar College, New York), and the remainder of the sta-
tistical analysis was performed in Excel (Microsoft,
Redmond, Washington).
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Fig. 3. Sample NO concentration and total flow past the trachea recorded during the data-acquisition process for 0.8 L/min of 800 ppm NO
supply at rest with 2 L/min supplemental O,. NO concentration drops toward zero at the end of each breath because any NO not absorbed is

exhaled.

Results

Tracheal NO concentration waveforms displayed a con-
sistent shape across all parameters studied, as exemplified
in Figure 3. The first, taller peak indicates pooling in the
airways at the end of expiration. Because NO flow is sup-
plied continuously throughout the breath, it accumulates in
the upper airways as exhalation ends and the expiratory
flow approaches zero. This pooled NO is then inhaled at
the start of the next inspiration, which is reflected in the
sharp peak in concentration. Once the pooled NO is
inhaled, the inspiration flow then increases toward a maxi-
mum, so correspondingly the fraction of inhaled gas repre-
sented by NO decreases, which is reflected in a decline in
NO concentration. Conversely, as the inspiration flow passes
its peak and begins to decrease again, the NO fraction in the
inhaled gas increases. As exhalation begins, gas remaining in
the dead space between the airway replica and test lung is
the first to be exhaled. The NO concentration decreases
as the dead space gas is exhaled. As exhalation proceeds, the
NO concentration approaches zero, reflecting complete
absorption in the simulated peripheral lung region.

NO Concentration

Volume-averaged tracheal NO concentrations were high-
est for the sleep breathing pattern and lowest for the pattern
representing exercise. Consistent trends were observed for
the low and high supply flows, with delivered NO concen-
trations higher for the high supply flow than for the low
supply flow. Figure 4 and Figure 5 show the average NO
concentrations during inhalation for varied NO and O, sup-
ply flows. Influences of cannula type and breathing pattern
were statistically significant (P < .001). Post hoc analysis

6

confirmed the consistent significance of breathing pattern
across all pairs of data (P < .01). While influence of can-
nula type was statistically significant (in 10 of 18 pairs of
data by post hoc analysis, P < .05), differences observed
between cannula types were small (effect size was 0.2—
0.8%) in comparison to differences observed between
breathing patterns (effect size was 98.5-99.1%). When
averaged over the 3 cannula types, average inhaled tracheal
NO concentrations were 23.3 = 0.5 ppm, 36.5 = 1.4 ppm,
and 17.2 = 0.3 ppm, for the rest, sleep, and light exercise
breathing patterns, respectively, for the case of a target NO
concentration of 20 ppm at rest (Fig. 4).

In 5 of 6 cases, differences between average inhaled tra-
cheal NO concentration for the 2 L/min O, flow versus the
6 L/min O, flow were statistically significant (P < .05).
Supplying a higher O, flow resulted in lower NO concen-
trations; however, these effects were again small in com-
parison to differences observed between breathing patterns
(Fig. 4, Fig. 5).

Average inhaled tracheal NO concentrations were
slightly higher than those predicted using Equation 2, with
the greatest deviation in delivery being for the exercise
breathing pattern and the closest agreement to the predic-
tion being for the sleep pattern, as can be seen in Figure 6.
In all cases, inhaled tracheal NO concentrations were pre-
dicted within * 4.5 ppm.

Mass Flow past the Trachea

Inhaled NO mass flow was highest for the exercise
breathing pattern (P < .01 for all post hoc data pairs
between exercise and other breathing patterns), and compa-
rable between sleep and rest patterns (P > .05 for 3 of 6
post hoc data comparisons). Figure 7 and Figure 8 show
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Fig. 4. Average inhaled NO concentration at the trachea for 0.8 L/min of 800 ppm NO supply, presented by breathing pattern. Unless otherwise
indicated, columns represent average tracheal NO concentration at 2 L/min supplemental O, with respective cannulas.
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Fig. 5. Average inhaled NO concentration at the trachea for 0.2 L/min of 800 ppm NO supply, presented by breathing pattern. Unless otherwise
indicated, columns represent average tracheal NO concentration at 2 L/min supplemental O, with respective cannulas.

inhaled NO mass flow for varied NO and O, supply flows between cannula types were small (effect size 0.9-9.5%) in
and for different breathing patterns. The influences of comparison to differences observed between breathing pat-
breathing pattern (P < .001) and cannula type (P < .05) terns (effect size 83.4-94.5%). Post hoc analysis confirmed
were both statistically significant. Differences observed the significance of breathing pattern between sleep and
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Fig. 6. Differences between the experimental and predicted NO concentrations at the trachea, separated by breathing pattern. Measured NO
concentration was best predicted for the sleep breathing pattern while rest and exercise were progressively poorly predicted. Sleep had the
highest concentrations, and exercise had the lowest. Each point represents the average (no. = 15) for a single flow, breathing pattern, and can-

nula type.
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Fig. 7. Mass flow per breath past the trachea for 0.8 L/min of 800 ppm NO supply, presented by breathing pattern. Unless otherwise indicated,
columns represent average tracheal NO concentration at 2 L/min supplemental O, with respective cannulas.

exercise, and between rest and exercise (P < .01). Between
rest and sleep, 3 of 6 results showed significance (P < .01);
however, relative differences in NO mass flow across
breathing patterns were much smaller than those in NO
concentration. At the higher supply flow (Fig. 7), when
averaged over the 3 cannula types, mass flow of NO past
the trachea was 20.3 = 0.5 mg/h, 199 £ 0.8 mg/h, and
243 = 0.4 mg/h for the rest, sleep, and light exercise
breathing patterns, respectively.

8

In 5 of 6 cases, differences between inhaled NO mass
flow for the 2 L/min O, flow versus 6 L/min O, flow were
statistically significant (P < .05). Supplying a higher O,
flow resulted in lower NO mass flow at the trachea.

Delivery Efficiency

Delivery efficiency depended on both breathing pattern
and supply flow. The delivery efficiencies at the high NO
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Fig. 8. Mass flow per breath past the trachea for 0.2 L/min of 800 ppm NO supply, presented by breathing pattern. Unless otherwise indicated,
columns represent average tracheal NO concentration at 2 L/min supplemental O, with respective cannulas.

supply flow averaged 37-47%, whereas efficiencies at the
low NO supply rate averaged 40-53%. Seven of 9 ¢ tests
comparing efficiencies at high versus low NO supply flows
were statistically significant (P < .05).

For both high and low NO supply flows, the exercise pat-
tern showed the highest delivery efficiency, and sleep and
rest had comparable efficiencies. To evaluate whether these
differences could be attributed to variation in Vr or breath-
ing frequency, additional experiments were conducted to
vary these 2 parameters independently. These experiments
were conducted with the high NO supply flow. When the
breathing frequency decreased from 22 to 13 breaths/min
with Vr held constant at 800 mL, mass flow dropped by 4
mg/h and the efficiency dropped by an absolute value of
8%. Conversely, when the breathing frequency increased
from 13 to 22 breaths/min with a V1 of 520 mL, mass flow
increased by 2 mg/h and the efficiency increased by 5%.
When V1 was decreased from 800 mL to 520 mL at a
breathing frequency of 22 breaths/min, the mass flow
dropped by 2 mg/h and the efficiency dropped by an absolute
value of 4%. Conversely, when Vt was increased from 520
mL to 800 mL at a breathing frequency of 13 breaths/min,
the mass flow increased by only 0.5 mg/h and the efficiency
increased by 1%.

Discussion
This study evaluated the NO dose delivered at continu-

ous flow through a nasal cannula across a range of supply
flows, breathing patterns, and cannula types. Delivery

RESPIRATORY CARE @ ® ® VOL ® NO @

parameters were selected to reflect emerging clinical appli-
cations, and results were presented across different dose
metrics, including NO concentration, which is currently
used in the critical care setting, and NO mass flow, which is
under investigation for long-term NO administration.
Average inhaled NO concentrations measured at the tra-
chea were reasonably well predicted using a flow-weighted
calculation to account for dilution of delivered NO by
entrained ambient air. Variability in the inhaled NO dose
with breathing pattern was much greater when assessed as
an average inhaled concentration versus as a mass flow
over time.

Delivery of NO in combination with continuous flow O,
was assessed for 3 different nasal cannula designs. As
shown schematically in Figure 2, for the single-lumen
Hudson cannula, flows of O, and CO, (used as a surrogate
for NO) were combined using a Y-connector positioned
upstream from the cannula; for the 2 dual-lumen designs
(Salter and Intersurgical) CO, and O, were supplied via
individual lumen. Differences in inhaled NO concentration
and mass flow between cannula types were small in all
cases studied and were not considered to be clinically im-
portant. These data suggest that mixing of the 2 supplied
gas streams with entrained air within the nasal airways was
efficient, such that no advantage or disadvantage was
observed when comparing against the premixed, single-
lumen case. Nevertheless, use of a dual-lumen cannula may
confer other advantages; it is notable that using a dual-
lumen interface, which keeps NO and O, flows separate up
to entering the nasal airways, decreases production of
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nitrogen dioxide (NO,), a potentially harmful byproduct
formed by reaction of NO and O,. Of the 2 dual-lumen can-
nulas investigated here, only the Intersurgical cannula
delivered both NO and O, to each nostril, which could be
advantageous in circumstances where one nostril is con-
gested or occluded. For these reasons, a dual-lumen cannula
that delivers NO and O, to each nostril (such as the
Intersurgical cannula evaluated in this study) is recom-
mended for continuous flow delivery of NO in combination
with supplemental O,.

The feasibility of noninvasive, continuous flow adminis-
tration of NO via nasal cannula has recently been demon-
strated by Tremblay et al® in hemodynamically unstable
subjects with acute right-ventricular dysfunction. Two
thirds of the subjects were administered NO in combination
with continuous low-flow oxygen, at a median flow of 2
L/min, through nasal cannula. Noninvasively administered
NO was associated with favorable hemodynamic effects in
these subjects and circumvented the hemodynamically del-
eterious effects of tracheal intubation.” Tremblay et al’
reported delivery of NO at concentrations between 20 and
40 ppm, presumably reported as the concentration of NO in
gas delivered to the cannula, prior to dilution by entrained
room air. As our results indicate, average inhaled NO con-
centrations at the trachea are considerably lower and vary
with patient breathing pattern. Given the current need for
additional prospective studies to evaluate the dose-depend-
ent response to noninvasive nasal NO,* accurate predic-
tions of average inhaled NO concentrations are critical. In a
previous in vitro study assessing NO delivery across multi-
ple delivery interfaces, DiBlasi et al** reported the chal-
lenge of predicting delivery through an open interface. In
this study, the average inhaled tracheal NO concentration
for a constant flow of a fixed concentration showed wide
variation across both breathing pattern and supply flow.
The sleep breathing pattern, which produced low minute
volumes, resulted in an average tracheal NO concentration
(36.5 ppm at higher NO supply flow versus 9.9 ppm at
lower NO supply flow) more than double that of the exer-
cise breathing pattern (17.2 ppm at higher flow versus 4.8
ppm at lower flow). This indicates that the tracheal concen-
tration of the delivered gas is strongly influenced by breath-
ing pattern, a result corroborated by similar studies of
continuous flow O, delivery.*** Reasonably predictive
estimates for the average inhaled concentration at the tra-
chea (* 4.5 ppm NO at higher flow, = 1.8 ppm NO at
lower flow) were obtained in this study by accounting for
the concentration and flow of the source-gas, as well as V
and inspiratory time of the patient (Equation 2). Measured
concentrations tended to be somewhat higher than pre-
dicted, except in the sleep case. This is likely due to pooling
of supplied gas in the upper airway near the end of expira-
tion, which is not accounted for in the predictive calcula-
tion. Inhalation of gas that pooled in the nasal airway
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during exhalation is thought to explain the initial spike in
tracheal gas concentration observed near the start of each
inhalation in Figure 3.

Unlike NO concentration, NO mass flow past the trachea
was highest for the exercise cases and lowest for the sleep
and rest cases. Mass flow past the trachea averaged at 21.5
mg/h for the higher NO supply flow and at 5.9 mg/h for the
lower supply flow. The mass flow for the lower NO supply
is comparable with the 75 ug NO/kg ideal body weight/h
dose that was investigated in the INOvation-1 study of
pulsed inhaled NO for treatment of pulmonary arterial
hypertension.'® For example, a patient with 75 kg ideal
body weight would receive 5.6 mg/h, a dose similar to the
mass flow reported in the present work. In this study, for
both NO supply flows, the range of mass flow results was
small across breathing patterns, lying within a range of =
5.4 mg/h for the high flow and = 1.6 mg/h for the low
flow. This supports the use of mass flow as a dose metric
for noninvasive nasal NO administration because it sug-
gests that, unlike NO concentration, for a fixed supply flow
the mass flow at the trachea can be reasonably estimated
without specific knowledge of the patient’s breathing
pattern.

Delivery efficiency, defined as the ratio of NO mass
flow past the trachea to NO mass flow delivered through
the cannula, showed a dependence on both breathing pat-
tern and NO supply flow. For both NO supply flows, the
exercise pattern had the highest delivery efficiency while
sleep and rest had comparable delivery efficiencies. In
addition, lower NO supply flows had higher delivery effi-
ciencies. Across all cases studied, measured delivery effi-
ciencies range between 37% and 53%.

A limitation of the current work is that NO, production
could not be measured in vitro because CO, was used as a
surrogate gas to represent NO. However, using the method-
ology outlined by Tsukahara et al,*> an estimate of NO,
formed during the mixing of NO and O, in the single-lumen
cannula (Hudson RCI) was calculated. The maximum cal-
culated NO, production was 0.49 ppm and represents con-
version of just 0.21% of the NO in the flow, confirming
that, even for a single-lumen continuous low-flow system,
there would likely be insufficient residence time in the tub-
ing for significant concentrations of NO, to form. In addi-
tion, the NO flow is further diluted upon inhalation during
the mixing of cannula gases with entrained room air.

An additional limitation is that the study focused on
fixed inspiratory-expiratory ratios. With V1 and breathing
frequency held constant, it is likely that a change in the ra-
tio would influence delivered tracheal NO concentrations
and NO mass flow, a possibility that would be worth
exploring in future studies. However, in a similar study
assessing O, delivery,* concentrations that were delivered
during patterns with varying inspiratory-expiratory ratios
were well predicted using a flow-weighted formula similar

RESPIRATORY CARE @ ® ® VOL ® NO @

Copyright (C) 2020 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



RESPIRATORY CARE Paper in Press. Published on August 25, 2020 as DOI: 10.4187/respcare.07737

IN VITRO SIMULATION OF INO via NAsAL CANNULA

to the one proposed in this study, which incorporated the
inspiratory time (Equation 2).

Another limitation of this study is that the rigid airway
model used does not rigorously reproduce the surface prop-
erties of the fluid-lined upper airways, nor does it include
nasal hairs or cilia. While these fine geometric features
may influence flow features in their close proximity, their
influence on bulk flow is less certain. The assumption that
the respiratory passages can be approximated as smooth
surfaces allows representative boundary conditions to be
met using modern three-dimensional printing processes, for
which surface roughness is limited to a few micrometers.*®
Our previous study reported by Chen et al** assessed in
vitro O, concentrations measured in rigid airway models
and noted that average inhaled O, concentrations were in
good agreement with values measured in vivo.*’

Conclusions

In the present work, noninvasive administration of NO
via nasal cannula was evaluated in vitro, using CO, as a
surrogate gas.Nasal cannula type had minimal effect on
noninvasive continuous flow NO delivery, whereas breath-
ing pattern and supply flow strongly influenced average
inhaled NO concentrations evaluated at the trachea.
Delivery efficiency was higher at lower supply flows and
for breathing patterns that had a high minute volume.
While average inhaled NO concentrations were reasonably
well predicted with flow-weighted calculations, there was a
wide variation in inhaled concentration among different
breathing patterns. Inhaled mass flow of NO provides a
more consistent dosing metric for noninvasive delivery of
continuous flow NO because variation across breathing pat-
terns was small.
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