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Abstract

High flow nasal cannula (HFNC) therapy is a form of respiratory support, where high
flowrates of heated and humidified gas are supplied to a patient via nasal cannula. This thesis
consists of two experimental studies designed to characterize the positive pressure and upper
airway washout effects of HFNC therapy. We characterized these effects by supplying HFNC to
five plastic adult airway replicas, extending from the nares to trachea. The first set of
experiments measured airway washout in a non breathing model, comparing 3 cannula and
HFNC flowrates of 30-90 L/min. Pressure was measured by connecting the airways to a lung
simulator and delivering HFNC therapy, with flowrates of 0-60 L/min. Post-hoc analysis revealed
clearance times decreasing with increasing flowrate and decreasing cannula size. A predictive
correlation for positive end expiratory pressure (PEEP) was developed using a minor losses
model of confined flow. The second set of experiments involved simulating breathing with CO;
production in the lungs during HFNC administration. Flowrates ranged from 0-60 L/min of
either air, pure oxygen or heliox gas. Washout of CO2 in the airways was heavily dependent
upon HFNC flowrate, and weakly dependent upon gas and airway geometry. Washout effect
was found to be independent of breathing minute volume. A second correlation for PEEP was

constructed based on minor losses, and accounting for differing gas density.
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Chapter 1 Introduction

Overview

High Flow Nasal Cannula (HFNC) therapy, often referred to as high flow therapy, is a
relatively recent development form of non-invasive ventilatory support. HFNC operates by
supplying high flowrates (>15 L/min in adults) of gas to the nares via nasal cannula to assist
breathing (1). HFNC has been used to treat a range of respiratory issues, from alleviating acute
respiratory distress, to aiding recovery post-extubation. The gas is heated to body temperature
and humidified to saturation, which minimizes patient discomfort from dryness, and decreases
the amount of work done to condition the inhaled gas (1-4). Dysart et al. describes two of the
primary benefits of the therapy are the exhaled gas washout, and positive pressure (1). Other
proposed benefits include reducing nasopharyngeal resistance, alveolar recruitment and
improving mucociliary clearance, and improved pulmonary compliance (1-4).

Respiratory Failure

Although hypercapnic respiratory failure is typically treated by non-invasive ventilation
(NIV), HFNC is a viable alternative to NIV (2, 3). HFNC has the advantage of not requiring a
facemask, and being an open system compared to other forms of respiratory support. It also
offers improved outcomes over conventional oxygen delivery. In patients with hypoxemic
respiratory failure due to chronic obstructive pulmonary disorder (COPD) PaCO; and minute
volume was found to decrease when undergoing HFNC (5, 6).

Particularly in the case of hypoxemia and acute respiratory distress syndrome (ARDS),
maintaining oxygenation is dependent on maintaining a high enough FiO, and Positive End

Expiatory Pressure (PEEP) (3). In patients experiencing moderate hypoxemic respiratory failure,



HFNC has shown significant improvement in oxygenation, with a delay of need to intubate,
attributed to the positive pressure effect and washout effects (7). In severe cases of respiratory
failure HFNC has shown some promise, reducing rate of intubation compared to conventional
oxygen, however further evidence is required to establish a clear guideline on use of HFNC in
ARDS compared to conventional delivery such as NIV which may offer better oxygenation (8, 9).
Meta analyses of HFNC compared to NIV in patients experiencing ARDS found consistently that
there was little difference in mortality; however patients did experience better comfort
undergoing HFNC (10-12). HFNC offers advantages in patient comfort compared to other
therapies, as it lacks the mask of NIV and constant positive airway pressure (CPAP) therapy.
Meanwhile, HFNC also has advantages in offering a positive pressure, which conventional
oxygen cannula does not offer. In a randomized trial of 310 patients with hypoxemic respiratory
failure, Frat et al. found that HFNC outperformed both conventional oxygen and NIV with
respect to 90 day mortality (13). Accounting for this, HFNC is a promising alternative to other
respiratory support therapies treating ARDS, but precise guides on when to select HFNC have

yet to be developed.

Intubation and Other Uses

Post-extubation recovery typically requires respiratory support immediately after in order to
prevent reintubation and further respiratory failure. HFNC is associated with a lower respiratory
and heart rate, and increased oxygenation during post-extubation (14). A meta-analysis by Zhao
et al. found that compared to conventional oxygen therapy, HFNC was associated with PaCO,,
and a reduction in need to reintubate (15). Compared to NIV, which requires a mask, HFNC was

found to be non-inferior during initial post-extubation period, with the exception of patient



comfort (15). Due to the open interface of the nasal cannula, it is possible to use HFNC during
tracheal intubation without interfering with the laryngoscopy. HFNC has shown promise in
preparing pre-intubation patients, showing 100% SpO2 and reduced severe hypoxemia (16, 17).

As a relatively new therapy, HFNC has several possible uses that are only now being
explored. Although CPAP is typically used to treat obstructive sleep apnea, as the pressure
prevents upper airway collapse, many patients find CPAP to be too uncomfortable to use
regularly. There is some evidence to suggest that HFNC may be an effective treatment for sleep
apnea, as the therapy creates a positive pressure in the upper airways, although typically
pressures lower than those induced in CPAP (18, 19). Similarly, there is some evidence to
suggest that HFNC may be an effective component of regular COPD, owing in part to the
increase in PEEP and improved mucocilliary clearance (20).

Positive Airway Pressure

One benefit proposed consistently of HFNC is the positive airway pressure that is generated.
Positive airway pressure is a target of many respiratory support systems, notably CPAP, which
maintains a consistent airway pressure, typically ranging from 4-20 cmH,0 in adults (21). In vivo
estimates by Parke et al. of pressure increase induced from HFNC ranges from 1.5-3.1 cmH20
at flowrates of 30-50 L/min (22). Although this pressure is smaller than other therapies, it has
been suggested that this positive pressure is sufficient to improve alveolar recruitment, and
thereby improve oxygenation and contribute to a reduced breathing frequency (1-4).

Although HFNC is an open interface, unlike CPAP and NIV, the pressures are still significant.
It has been suggested that this is due to the partial occlusion of the nares relative to the

additional flow from the cannula (1, 23). Frizzola et al. compared patients breathing with one



and two prongs inserted into the nares, and found that pressures reduced by approximately 0.5
cmH;0 (24). Furthermore, both in vivo and in vitro experiments where patients or models
undergoing HFNC breathed with open mouths, showed pressures dropping precipitously, and
often to negligible levels, when compared to unassisted breathing (23, 25-30). The occlusion
provided during HFNC disappears as the mouth is opened, with a much larger opening in the
flow system being provided.

The literature provided on pressure profiles relative to flowrates is varied. Earlier
experiments have suggested a linear relationship between increased pressure and HFNC
flowrate (26, 31), but these results have been contested. More recent in vitro experiments by
Nielsen et al. and Luo et al. also generally suggest a quadratic pressure correlation (29, 30, 32).
Modeling a physiologically accurate nasal cavity undergoing HFNC, Miller et al. notes that the
pressure distribution within the upper airways is not entirely consistent, even within distinct
regions of the airway (33).

Consider a simplified model of flow for a patient undergoing HFNC therapy. At the moment
between breaths, the only inlet for flow is the cannula, and the only outlet the nares. This
means the occlusion of the nares reasonably restricts flow, creating a backpressure. This is
supported in in vivo, in vitro and in silico experimentation, where cannula which occlude the
nares more result in greater pressures (24, 30, 33). Experiments comparing open and closed
mouth breathing reflect this, as well as those comparing one and two pronged cannula, with

airway pressures decreasing drastically where there is more area for flow to exit.



Upper Airway Washout

Another primary benefit of HFNC is the washout of the upper airway deadspace (1-4). During
breathing, a volume of exhaled air, which is high in Oz and low in CO,, is trapped in the
nasopharyngeal cavity. Due to the open interface, HFNC mixes in fresh gas into the exhaled gas
from the nasal cavity, thereby pushing out the exhaled gas. Although in healthy adults this
volume is small compared to the overall tidal volume, in some patients, such as those with
ARDS where breathing is shallow and rapid, this may have a greater impact. Current in vivo
experiments have shown a reduction in inhaled CO2 and more efficient breathing during HFNC
therapy (5, 7, 24, 34, 35).

In vitro and in silico experiments are capable of directly measuring the volume of inhaled
oxygen and CO; in ways which most in-vivo experiments cannot. Airway clearance consistently
increases with volumetric flow rate provided by the HFNC (30, 36, 37). At higher flowrates,
above 30-40 L/min in adults, these experiments show the advantages of increasing flowrates
with respect to diminishing clearance (30).

The specific mechanics of this mixing are not fully understood. Some CFD simulations have
shed some light on the mechanisms of gas mixing in the upper airways. Simulations by Van
Hove et al. demonstrated recirculation in the anterior nasal cannula corresponding with
reduction in CO2 (37). Miller et al. found similar vortices, following a central inward flow path,
resulting in mixing (33). While the positive pressure effect decreases significantly with open
mouthed breathing and less occlusive cannula, the clearance effect is enhanced, with more
rapid purging of the nasopharyngeal deadspace (24, 33, 36). This would indicate that the

increase in area through which exhaled gas can be forced out of the deadspace will correspond



with a decrease in overall CO; content, offering a complete circuit for the flow path, out of the
mouth.

Human Physiology

The respiratory system can be generally subdivided into three sections: the upper, central
and lower respiratory tract. The upper respiratory system consists of the airways outside of the
lung which bring air to the central airways (38, 39). The central airways consist of conducting
“pipes” which bring air to the lower respiratory tract (38, 39). The lower respiratory tract
consists of the portion of the lung which performs the gas exchange within the alveoli, diffusing
oxygen into the bloodstream, and CO; from the bloodstream into the air (39). The smallest
airways within the lungs, the respiratory bronchioles, are lined with gas exchanging alveoli,
terminating in alveolar sacs. Alveoli themselves are collapsible bubble shaped sections of the
lung, covered in networks of blood filled capillaries. Internally, alveoli are lined with a surface
tension lowering fluid: pulmonary surfactant, which ensures that alveoli are recruited during
breathing. During HFNC therapy, one possible reason positive airway pressure is as significant in
treating ARDS is it’s ability to keep alveoli fully inflated and capable of performing gas exchange
(39).

The upper respiratory tract includes the nasal and oral airways, as well as the trachea, larynx
and pharynx of the upper airways and bronchi in the central airways. Of particular interest to
the dynamics of HFNC are the airways extending from the nares to the trachea. This airway is
an exceptionally complex geometry with numerous folds, such as the nasal conchae, and local

minimum diameters, such as the nasal valve and epiglottis (39). The single airway branches into



two at the nasopharynx, and continues onto the nares (39). Because of its complex geometry,
gas flows through this region of the upper airway are especially difficult to model.

Variable Aspects of HFNC delivery

The most obvious aspect of HFNC delivery influencing its effectiveness is the flowrate
delivered. Both clearance and positive airway pressure increase during therapy when HFNC
flowrate is increased (23, 24, 26, 29-31, 36). Flowrate however is not the only consideration
clinicians must account for when prescribing HFNC, which may influence the other prescribed
outcomes. They must also consider the amount of oxygen mixed into the gas, the gas it’s mixed
in with, cannula sizing, and the specifics of the patients, such as breathing rate and airway size.

Commercial HFNC delivery systems include several cannula, designed to improve patient
outcomes and sized to improve comfort. Commercial HFNC are specially designed to best
provide therapy, with a special attention to patient comfort. The CFD simulation presented in
Miller et al. also found that smaller nasal cannula, corresponding to a higher flow velocity,
increased the clearance rate from 3.6 s to 2.2 s (33). The same study also found that the
selection of a large bore cannula increased the overall pressure compared to a smaller cannula.

One option clinicians have to improve oxygenation is to blend more oxygen into the gas
delivered during HENC therapy. This in turn will change fluid properties, although only slightly.
More dramatic changes in fluid properties are possible by using an alternative to air in HFNC.
Breathing heliox, a mixture of helium and oxygen, has for example been suggested as a way to
reduce resistance during breathing. Heliox has been combined with non-invasive ventilation,

and has shown some effectiveness in reducing the need to intubate (40-46). Little research has



been made to date to evaluate the effectiveness HFNC has when combined with gasses other
than air and oxygen.

Fluid Mechanics

During breathing the upper airways remain relatively static, with the airflow of breathing
being the result of expansion and contraction of the lung. It follows that flows within the upper
airways can be modeled as an internal confined flows, similar to those in a piping system. The
geometry of the upper airways makes direct comparison to traditional internal flows
challenging. Under normal conditions, flows in and out of the trachea are relatively easily
characterized, however this is further complicated by the inclusion of the flows from HFNC (38).
While flows in and out of the trachea are controlled primarily by the act of breathing, flows in
and out of the nares have a semi-confined jet entering them, adding an additional source of
flow.

One of the most important characterizations of a flow is the degree to which the flow is

laminar or turbulent. A relatively strong predictor of turbulence in flow is the Reynolds number,

written as
Re =24 [1-1]
u

where p is the gas density, u the flow velocity, [ is the characteristic length, and p is the gas
dynamic viscosity. The characteristic length is dependent upon the flow in question, but for
internal flows, it is typically some measure of the diameter of the flow passage. The flow
transitions from a smooth laminar flow to a turbulent one approximately between Reynolds
numbers of Re = 2300 to Re = 4000 for an internal cylindrical flow. Identifying the specific

flow velocity and characteristic length that are appropriate for characterizing the flow can pose



a particular problem for such an irregular geometry, and in this case, the transitional Reynolds
number may not be the same, due to the irregular geometry in question.

Gas flows in the upper airways during normal tidal breathing are typically on the scale of -
Re~1000 (47, 48). This places the flow just below the transitional regime, with some local
turbulence due to the irregular geometry. During normal breathing, the pressure drop across
the airways can be described by the Pedley model (49, 50). While applicable to bronchi and
bronchioles, this model cannot be used in the upper airways due to irregular geometry.
Additionally, the nasal airways during HFNC have a time varying flow in the form of breathing,
and an additional source of flow in the form of nasal cannula. In order to determine pressure
along a streamline, the Bernoulli equation is typically employed, where energy along a
streamline is balanced such that
Py +pgzy +5ui = P+ pgz; + 543 [1-2]
Where P represents pressure, g the force of gravity, z is elevation and the subscripts 1 and 2
refer to two points along a streamline. Due to the low density of air, and the small size of the
upper airways, the changes in elevation can be neglected in this case. This model of flow
however does not account for frictional losses of pressure, and relies on both points in question
being located on a single streamline. This model can be modified to account for viscous losses
in energy along the flowpath such that
(Py = Pp) = 2(uj — uf) + RQ* + ¥ kipu;® [1-3]
Where Q is the total flowrate, R is airway resistance between points 1 and 2, and k; represents
minor loss coefficient at point i, or energy lost due to individual geometric features of the flow

path.



In the case of nasal airways undergoing HFNC, three outlets/inlets of flow must be
considered. Those are gas entering via cannula, entering and exiting the trachea due to
breathing, and entering and exiting the nares to balance flow. This is illustrated in Figure 1-1. As
the air in the nasal airways is approximately incompressible and airway geometry is constant,
these three flows must balance at any time during the breathing cycle. During HFNC the
flowrate from the cannula is set at a constant value. Consider the pressure developed at the
trachea during a pause in the breathing cycle: the flowrate entering through the cannula must
be equal to that exiting the nares. Because flow enters and then exits the nares, even if the
fluid is static at the trachea, the internal pressure at the point where streamline “turns around”
to exit the nares will be the same as that at the trachea, as the remainder of the airway can be
considered as approximately static. Losses for flow both entering and exiting the nasal airways
must be accounted for, as the pressure at the cannula will increase to maintain a constant

flowrate, if resistance to the flow exiting the airway increases.
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Figure 1-1: A diagram of flows into and out of an upper airway between breaths. Blue arrows
represent possible sample streamlines, but are not to be taken as to scale.

Consider the diagram illustrated in Figure 1-1. If the space just outside the nares, the internal
pressure are named points 1 and 2 respectively, equation [1-3] can be rewritten as
(P, —Pp) = g(uf —u3) + X ky_ppu;_5? [1-4]
Neglecting flow between the trachea and the point at which flow “turns around” inside the
airway, the pressure at this internal point will be the same at the trachea during a pause in
breathing. As the space outside of the nares is approximately static atmosphere, it can be
assumed that there is negligible flow velocity, and that using gauge pressure, the surrounding
pressure is P, = 0. Because each airway is different, and the flow pattern will be dynamic
during the breathing cycle, the only point at which there is known fluid motion, excluding flow
from the trachea during breathing, is out of the cannula and through the nares. The rapid
expansion from the nares to the surrounding atmosphere is one minor loss that must be

accounted for, which can be written as kpqres exit PUnares - Additionally, there will also be
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resistance from the flow exiting against the counterflow exiting the nares. This resistance will
be proportional not to the flow velocity of the gas, but the difference between cannula and
nares flow velocities, such that a second minor loss can be accounted for as

kcounterfiowP (Unares — Ucannuia)?, NOting the sign of cannula flow to be negative. Combining
and rearranging for simplified coefficients, the pressure at the trachea during a pause in
breathing can be modeled as

Pinternat = KnaresPUnares” + KeannuiaPUcannuia Ucannuta = Unares) [1-5]
Which leaves only the empirical loss coefficients to be determined. As the cannula velocity is
larger than the nares velocity, it follows that the product of the two will be dominated by the
square velocity at the cannula. Although this model neglects major losses, because of the
inconsistencies in flow pattern, major losses will have to be considered more empirically.

Gas mixing in a semi-confined flow path is a complicated topic. Mixing occurs from a
combination of convection (due to fluid motion) and diffusion (due to random motion). With
respect to convection, which is often dominant in more dynamic flows, mixing increases with
the number and magnitude of turbulent eddies. As progressively smaller eddies begin to form,
mixing of two fluid elements increases. This in turn increases with increasing Reynolds number,
which is influenced by increasing flow velocity, and increases mixing of exhaled air with fresh
gas. The replacement of existing gas in a semiconfined space by jetting poses a challenging
guestion, even without additional sources of motion. Pitts et al. investigated the mixing of
turbulent axisymmetric jets into semi confined spaces, and found Reynolds number predicted

jet unmixedness, finding penetration to increase with Re (51). Furthermore, as Reynolds
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number increases, the distance which a jet can be expected to penetrate into an airway also
increases.

Much of the existing in vitro experiments relating to fluid mechanics relies on the use of rigid
upper airway replicas, including research in HFNC therapy (30, 37, 38, 52-56). During the
breathing cycle, the upper airways are not perfectly static. With the exception of conditions
such as sleep apnea however, these changes in dimension are minor. For the case of a
breathing patient, unsteady effects therefore must be considered. The Strouhal number
compares the relative influence of unsteady and convective flows, such that
T _ 41Q

se="

D~ mD3 [1-4]

Where 7 is the time constant for breathing inhalation, and D is the airway diameter. Typically
for large Strouhal numbers, unsteady components of flow can be ignored and average
convective components dominate. A typical tidal breathing pattern with a tidal volume of 500
mL and frequency of 18 breaths/min, with inhalation half that of exhalation, would result in
average inhalation flowrates of Q = 27 L/min, over the course of T = 1.11 s. The Finlay lung
model recommends a diameter of D = 1.81 cm at the trachea (38). In this case, the Strouhal
number is St = 107, which is sufficiently large to determine that convective effects dominate
unsteady effects in the upper airways.

Purpose of Research

It is the objective of this thesis to investigate how HFNC affects the upper airway clearance
of exhaled air, as well as the positive airway pressure resulting from the therapy. The in-vitro
experiments presented here attempt to do that, by providing HFNC therapy to physiologically

accurate upper airway replicas. Of particular interest are the design of cannula, HFNC flowrate,
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breathing pattern and gas delivered during therapy to a particular airway geometry. Due to the
relative nascence of HFNC, guidelines on use of the therapy are lacking. Some clinicians remain
unsure of the degree to which certain changes in HFNC, such as increasing flowrate, or
switching patients to a low-density gas will affect outcomes. By clearly linking changes in HFNC
delivery to the degree of upper airway deadspace clearance, and positive pressure, clinicians
will be better equipped to respond to changes in during therapy.

Thesis Structure

This thesis is presented in mixed-format of published and under review research. The first
chapter presents an overview of existing literature in the field of HFNC therapy. This ranges
from clinical uses of therapy to specifics of its mechanisms of action. Also presented here is a
background in the basic fluid sciences which will inform later experimental research. The
second chapter, currently in circulation in the journal Clinical Biomechanics, analyses HFNC use
in adult upper airway replicas. Using a non-breathing model, upper airway clearance time was
measured and compared with changes in cannula size and HFNC flowrate. Using a breathing
model, pressure was also compared with cannula size and HFNC flowrate. The third chapter,
currently under review, compares both upper airway clearance and positive airway pressure in
breathing upper airway replicas, while accounting for the influence of gas density. The fourth
and final chapter summarizes results of the second and third chapters, and presents possible

future venues for research.
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Chapter 2 Correlation of High Flow Nasal Cannula Outlet Area and Flow with
Non-Breathing Gas Clearance and Positive Pressure in Adult Upper Airway

Replicas

A very similar version of this chapter has been published as: Moore, C. P., Katz, I. M., Caillibotte, G.,
Finlay, W. H., Martin, A. R. (2017) “Correlation of high flow nasal cannula outlet area with gas clearance
and pressure in adult upper airway replicas” Clinical Biomechanics, DOI:
10.1016/j.clinbiomech.2017.11.003

Introduction

Acute respiratory failure is a cause of approximately 30% of ICU admissions, and symptoms
may persist despite treatment (57). Origins of such respiratory failure are numerous; acute
lung injury (ALI) or acute respiratory distress syndrome (ARDS), related to community- and
hospital-acquired pneumonias, sepsis, chest or head injury, aspiration, or other causes, can
rapidly progress to acute respiratory failure requiring noninvasive or invasive mechanical
ventilation (7, 13, 58) .

An increasingly common intervention for acute respiratory failure is the use of high flow
nasal cannula (HFNC) therapy to support patient breathing (7, 13, 59-62). HFNC delivers heated
and humidified mixtures of oxygen and air through specialized nasal cannulas (59). HFNC
typically delivers gas at up to 60 liters per minute (LPM), although higher flow rates, up to 100
LPM, have been investigated (31). Oxygen provided by HFNC has been shown to improve
oxygenation and reduce ventilation requirements in critical care subjects (59). In a recent large,

randomized clinical trial enrolling patients with non-hypercapnic acute hypoxemic respiratory
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failure, HFNC oxygen therapy resulted in reduced mortality in the ICU and at 90 days, as
compared with standard oxygen therapy or noninvasive ventilation (13).

While data for hypoxemic patients using HFNC is promising, existing reports do not
conclusively characterize the underlying mechanisms of action, especially for patients on
palliative care, or at risk of respiratory failure due to muscle fatigue (63, 64). Delivery of high
flows in excess of patient inspiratory flow rates allows the fraction of inhaled oxygen (FiO;) to
be tightly controlled by adjusting the oxygen concentration in the delivered gas mixture.
Additionally, the provision of high flow incurs a small positive distending pressure, which may
improve ventilatory mechanics and maintain alveolar patency similar to the maintenance of
continuous positive airway pressure (CPAP) (1). However, computational fluid dynamics (CFD)
simulations suggest pressures equivalent to those of continuous positive airway pressure
(CPAP) above 6 cmH;0 are not typical (37).

Another primary benefit that is proposed of HFNC is the ability to washout exhaled carbon
dioxide (CO;) from the nasal cavity, such that a higher concentration of oxygen can be inspired,
especially during weak or injured breathing (1, 37). For this mechanism, the nasopharyngeal
dead space becomes a reservoir for fresh gas, which ensures that during the beginning of
inspiration the inhaled oxygen volume is maximized, while washing out CO;, thus increasing
alveolar efficiency. It has been suggested that a primary advantage of HFNC therapy over
conventional CPAP is this continuous washout, or dead space clearance, mechanism (1).

The nasopharyngeal space is a complex geometry, making dead space clearance challenging
to model analytically. Experimental results reported by Moller et al. in a static, geometrically

realistic nasopharyngeal replica indicated that the use of high flow has the capacity to increase

16



the rate at which dead space gas is replaced (65), for therapy flows of up to 45 LPM. As the flow
rate received from the cannula increased from 15 to 45 LPM, a statistically significant decrease
in clearance half times was measured (65). Similarly, Van Hove et al. (37) experimentally
evaluated CO; clearance in a realistic nasal cavity replica to confirm CFD simulations done in the
same geometry, concluding that CO> clearance increased with delivered flow rates up to 60
LPM. Previously, studies of aerosol deposition during HFNC have demonstrated significant
backflow through the nasal passages, which may indicate increased clearance (66, 67).
Additionally, Gardner et al. (68) demonstrated experimentally CO; clearance of upper airways
in accurate replicas of infant upper airways.

In the present study, we examined the influence of HFNC flow rate on clearance times and
tracheal pressures in vitro in five adult nasal airway replicas. Use of multiple geometries
permitted insight into intersubject variability in gas clearance and airway pressure arising from
variation in nasopharyngeal geometry. In addition, the potential influence of nasal cannula size
was investigated by repeating experiments for two HFNC used with commercial high flow

delivery systems, and a standard cannula commonly used for low-flow oxygen administration.
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Methods

Nasal Airway Replicas

Figure 2-1: Side and front view of upper airway replica. Specific replica shown corresponds to
"Subject 2".

Nasal airway replicas were constructed in acrylic using rapid prototyping (Invision SR 3-D
printer) based on magnetic resonance imaging (MRI) scans of healthy adult subjects as
described elsewhere (69). The subjects were originally selected in Golshahi et al. (2011) from a
larger set of subjects to represent a wide range of pressure drops from the nares to the trachea
of the replicas (69). The nasopharynx and larynx were constructed separately and then joined
with screws and sealing glue to form the complete model (69). Oral airways were not included
in the replicas. This reflects the closed-mouth condition, where distending pressure effects
have been shown to be greatest (70). Demographic and geometric parameters for the replicas
are listed in Table 2-1. Subject volume, surface area and path length are described in Golshahi

et al. (2011), and nares areas of the printed replicas were measured using precision calipers to
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measure diameters, and approximated as elliptical. The replica of Subject 2 is shown in Figure
2-1.Replicas included the face and airways from the nares to the trachea. Inclusion of the face
allowed a natural placement of the cannula in the replica nares. Nonetheless, cannulas were
removed and repositioned before each experimental replicate, in order to capture uncertainty
in prong positioning within the nares. Cannula were inserted fully into the nares, allowing the
base of the cannula to touch the columella.

Table 2-1: Rapid prototyped upper airway replica subject parameters. Data from Golshahi et al.
(69)

Subject Sex Airway Nares to Internal Nares Average Airway
Volume, V Trachea Length, Surface Area, Opening Cross Sectional
(mm?3) L (mm) As (mm?) Area, A, Area, Ac=V/L(mm?)
(mm?)
2 F 44567 241 28718 63.8 185
5 F 35859 210 23532 89.2 171
6 M 50125 269 31345 89.0 186
8 M 47264 223 28936 82.2 212
9 M 45267 239 25086 103.5 189

Gas Clearance Measurements

For gas clearance measurements, dry oxygen at room temperature was supplied to the
cannula from a regulated cylinder (Praxair Canada, Edmonton, AB Canada). The flow rate of
oxygen to the cannula was controlled by a mass flow controller (MCR-100SLPM-D/5M, ALICAT
Inc., AZ USA) to allow variability in flow rate provided. Flow rates of 30, 60 and 90 standard LPM
were tested to include the extreme range of clinical flows (31). Although humidified gases are
supplied during HFNC therapy in the clinical settings, the changes in viscosity, density and
diffusivity between dry room temperature air and oxygen, and humidified 37 °C air and oxygen

are less than 10%, and will have a minimal effect on clearance trends.
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Transport within adult upper airways is dominated by advection over diffusion (71), such
that measurent of oxygen wash-in correlates directly with air wash out. Furthermore, wash-in
of oxygen during HFNC therapy is a key function of the therapy when supply oxygen rich gas to
patients (72). In the present experiments, clearance of air from the nasal airway replicas was
determined by measuring the increase in oxygen concentration over time.

The oxygen concentration was sampled at a rate of 34.5 Hz at the trachea and larynx of the
model using a laser diode gas analyzer (GA-200; iWorx Systems Inc., NH USA, accurate to
0.01%). Tracheal oxygen concentration was monitored by placing a standard breathing circuit
gas sampling adapter at the exit of the replica. This arrangement positioned the entrance to
the sample line 1 cm downstream from the exit of the replica. Oxygen concentration in the
larynx was monitored by inserting the sample line at the distal exit and placing the sampling
port approximately 8 cm proximal to the exit of the replica, using sample line length as the
point of reference. A diagram of the system is shown in Figure 2-2. Between tests,
atmospheric air was drawn into the replica to return oxygen content to 21%. During testing, the
replica was plugged at the trachea, such that tests represent replacement of air with oxygen

during a breath hold.
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Figure 2-2: A diagram of the dead space clearance model. Oxygen is supplied from the HFNC
gas supply, which replaces the air normally within the airway replica. The gas analyzer sample
line is placed at the exit of the model, located at the trachea, or within the model at the larynx.

A sampling flow rate of 250 ml/min was used throughout. Sampling flow rates of 100
ml/min, 250 ml/min and 400 ml/min were compared in preliminary tests when supplying 30
SLPM of oxygen through a straight commercial cannula. While 400 ml/min was found to affect
the measured rate of clearance, the difference in clearance times between 100 ml/min and 250
ml/min sample was negligible for times to achieve 50%, 75% and 95% oxygen (Student’s t-test,
p>0.05).

Data from the gas analyzer was collected using a custom data acquisition program (Labview;

National Instruments, TX USA). The time expended between 25%, 50%, 75% and 95% oxygen
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concentration in sampled gases was determined using a custom Matlab® (Mathworks, Natick,
MA USA) code to analyze the text file outputs. The start time coinciding with 25% oxygen was
chosen so as to avoid false starts as baseline oxygen concentration fluctuated occasionally
above 21% due to noise. Clearance time measurements were repeated five times for each

combination of airway replica, flow rate and cannula.

Figure 2-3: Cannula used in testing. Shown are large (top), medium (middle) and small
(bottom) cannula.

Three commercial cannulas were tested in order to explore a range of cannula sizes, shown
in Figure 2-3. Two of these cannula are designed for use with high flow therapy (Adult Cannula;
Vapotherm®, Exeter NH USA), (Optiflow™ 5-series size L; Fisher & Paykel®, Auckland New
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Zealand), and the third is a generic straight cannula (Adult Nasal Cannula 1104; Teleflex Medical
Inc., NC USA). The outlet diameters, corresponding to the inner diameter, of the cannula prongs
were measured and used to calculate areas, which are displayed along with the Reynolds
number of the oxygen flow in Table 2-2. Outlet areas were used to determine the Reynolds
number exiting the cannula. Outlet areas were assumed to be elliptical and the area was
determined by measuring minimum and maximum diameter. The Reynolds number is

calculated as:

_)\/% [2-1]

14
2(%

v

Re =
where A is the area of the cannula outlet estimated by measuring the inner diameter and

approximating the area to an ellipse, V is the volumetric flow rate and v the gas kinematic

viscosity. Cannula outlet areas were approximated as circular for simplicity (the use of an

elliptical length scale in the Reynolds number gave negligible changes to the results).

Volumetric flow was set by the mass flow controller, calibrated to pure oxygen. Here the

viscosity for oxygen for standard atmospheric temperature and pressureis v = 1.4 *

107> m?/s.

Table 2-2: Cannula outlet area, corresponding to the cannula inner diameter, cannula prong

outer area, corresponding to the cannula outer diameter, and Reynolds number at tested flow
rates exiting the cannula outlet.

Cannula Optiflow Generic Vapotherm

size L (Large) Straight (Medium) Adult (Small)

Cannula outlet area, Ai (mm?) 21.65 9.62 7.07
Cannula outer area, Ao (mm?) 25.13 15.90 14.52
Reynolds Number at 30SLPM 8.66E+03 1.30E+04 1.52E+04
Reynolds Number at 60SLPM 1.73E+04 2.60E+04 3.03E+04
Reynolds Number at 90 SLPM 2.60E+04 3.90E+04 4.83E+04
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Distending Pressure Measurements

In order to determine distending pressures resulting from nasal high flow therapy, airway
replicas were connected at the outlet through a short length of standard 22 mm diameter
breathing circuit tubing to a mechanical lung simulator (ASL5000; Ingmar Medical Inc.,
Pittsburgh PA USA). Data was sampled at a rate of 500 Hz to a precision of 0.001 cmH;0. A
sinusoidal breathing pattern was imposed, with a tidal volume of 500 ml at a breathing
frequency of 18 min', chosen to be comparable with Chanques et al.(25) Real-time pressure
and volume data was recorded by the lung simulator for 5 successive breaths. The pressure
recorded is essentially equal to that averaged over the replica outlet (i.e. the trachea), as the
tubing connecting the replica to the lung simulator produced negligible frictional pressure
losses, estimated to be less than 0.04 cmH20, or 1% of pressure amplitude throughout the flow
breathing cycle when no oxygen is supplied. As such, the pressure reading from the lung
simulator is here referred to as tracheal. Airflow was provided from a house compressed air
line, through the nasal cannula at rates of 0, 30 and 60 LPM using the three commercial
cannulas described above, with flow controlled using a mass flow controller (MCR-100SLPM-
D/5M, ALICAT Inc., AZ USA). The 90 LPM flow was omitted from the pressure measurements
due to high tracheal pressures observed at 60 LPM flows. Three repetitions for each test were
performed.

Pressure waveform data was output by the lung simulator, and a script written in MATLAB®
was used to extract the maximum, minimum, and mean pressures for each breath, as well as
the positive end expiratory pressure (PEEP), defined as detected airway pressure at end of

expiration cycle (no breathing flow).
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Statistical Methods

In order to determine significance of trends, 3-factor ANOVA was performed on oxygen
content sampled at the larynx and trachea, and tracheal pressure during tidal breathing. Post-
hoc analysis was performed to isolate and compare the influence of cannula selection and flow
rate. Tukey HSD post hoc was used as the primary statistical analysis. Multi-variable linear
regression was performed to test tracheal pressure dependence on flow, cannula and subject
variables. All statistical analysis was performed in the SPSS environment (IBM SPSS; IBM Corp.,
NY USA).

Results

Clearance Time

Average tracheal and laryngeal clearance times for the five replicas are shown in Figure 2-4.
Clearance time is defined as the time measured between 25% and 50%, 75% or 95% oxygen at
the sample point. Clearance time decreases from the larger to the smaller cannula for all flow
rates and at both the trachea and the larynx. Additionally Figure 2-4 shows that as oxygen flow
rate increases, the clearance time decreases. This trend is consistent with the theory for fully
mixed volumes where the time constant for wash-in is the quotient of container volume, and

volume flow (65).
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Figure 2-4: Average clearance times of all subjects, from 25% to 75% oxygen, sampled at the
trachea (left) and larynx (right). Error bars represent the propagated standard deviations of the
subject means (n=5).

The influence of subject, flow rate and cannula on clearance times are all statistically
significant (P<0.001). Two and three variable interaction was also present (P<0.05) in all cases
except in the case of tracheal measurements of 25%-50% oxygen (0.15<P<0.48), implying the 3
factors cannot be accurately assessed in isolation. The results of the post-hoc test for clearance
time between 25%-50%, 25%-75% and 25%-95% oxygen at both the trachea and larynx confirm
(P<0.01) that the clearance times were slower for the largest cannula than for the two smaller
cannulas. Further, the small cannula resulted in faster clearance times than the medium
cannula (P<0.01) for the tracheal measurements; however, the difference was not statistically

significant (0.095<P<0.401) in the case of laryngeal sampling.
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Figure 2-5: Average pressures of 5 subjects (n=3), measured at cycle maximum (top, left),
cycle minimum (top, right), cycle mean (bottom, left) and positive end of expiration pressure
(PEEP) (bottom, right). Pressures extracted from pressure waveform over 5 breaths measured by
the mechanical lung to approximate tracheal pressure in breathing subjects. Error bars
represent the propagated standard deviations of the subject means (n=5). Note: 1 cmH;0 =
98.07 Pa.

The average pressures for the three cannulas in the five airway replicas are presented in
Figure 2-5. Pressures are gauge values compared to the atmosphere. For all four pressure
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parameters displayed in Figure 2-5, there was a significant effect of cannula selection, subject
selection, and flowrate (P<0.001). Additionally, simple factor interaction was also present
between the three independent variables (P<0.001). Post hoc analysis showed in all cases an
increase in pressure from large to medium to small cannula (P<0.001), as well as the expected
increase in pressure with increasing cannula flow rate (P<0.001).

Discussion

Cannula Clearance Performance

Cannula selection is a major factor in determining clearance time. Average clearance times,
shown in Figure 2-4, show that the small cannula consistently has shorter clearance times than
the larger cannulas.

The effect of both supply flow rate and cannula outlet diameter on clearance time is
captured by the Reynolds number, as Re « V/d. The clearance time is plotted as a function of
Reynolds number for each replica in Figure 2-6, where gas properties correspond to 100%
oxygen. For a given replica geometry, clearance time is seen to decrease with increasing
Reynolds number. This corresponds with a decrease in cannula diameter or an increase in
supplied flow rate. The correlation shown however is not consistently strong for all replicas
studied, ranging from R? = 0.20 to R? = 0.94. This intersubject variability likely reflects the
lack of subject geometric factors in our definition of the Reynolds number. Although mixing
increases with turbulence, it is likely that because this is not a simple geometry, other

considerations beyond Reynolds number and turbulence have a significant influence.
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While geometric effects, such as the curvature of cannula, may influence clearance times,
given the strong influence of cannula outlet area, the exit velocity is likely the dominant
governing flow field parameter. This is supported by the Reynolds number dependence seen in
Figure 2-6. The Reynolds number is a measure of the importance of fluid inertia compared with
viscous effects in determining momentum transport. Based on the Reynolds numbers exiting
the cannula, (Re > 4000) the flow exiting the cannula can be expected to be turbulent and
dominated by inertial effects. As the flow is directed into an enclosed space, the penetrating
depth of the oxygen flow will be dictated by its exit momentum. Thus, all else being equal,
higher velocities of oxygen flowing into the nasal geometry can be expected to give faster
clearance. This conclusion is supported by Miller et al. (2016) where computational simulations
of HFNC showed that purging of upper airway increases with the greater flow energy resulting
from higher velocity gas exiting the cannula (73). In addition to these simple momentum
considerations, higher jet velocities exiting the cannula can be expected to produce higher
shear at the edge of the jet, increasing turbulent mixing (74), again leading to faster clearance.
This turbulent mixing may also explain the decreased clearance time experienced at the larynx.
As flow velocity increases, the intensity and convective penetration of the turbulence increases
as well. As the larynx is proximal to the trachea, the larynx can be expected to be exposed to
more turbulent mixing and thus faster clearance.

It has been previously hypothesized that the wider cannula bore of some specialized HFNC
improves their performance by avoiding discomfort due to high airflow velocity, or jetting (1).
However, this approach to increasing comfort could decrease effectiveness. Indeed, the model

with the largest exit cross section consistently has the longest clearance time. Conversely,
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smaller exit cross sectioned cannula achieved shorter clearance times, implying increased
clearance rate with flow velocity exiting the cannula.

Cannula Distending Pressure

Minimum, maximum and mean tracheal pressures for the Optiflow™ cannula were reported
previously in Chanques et al.(25), where clinical patients with tracheostomies underwent high
flow oxygen therapy (HFOT) while breathing normally, and pressure was measured through the
tracheostomy. The tracheal pressures found by Chanques et al.(25) are in reasonable
agreement with those measured in the replicas and shown in Figure 2-5. For example,
Chanques et al. (16) report a 25-75%" percentile range of mean pressures of 1.3 to 2.5 cm H,0
(130 to 245 Pa) for Optiflow™ cannula supplied with 30 LPM, where cannula size was selected
according to patient nostril size. The mean pressure measured in vitro in the present study for
30 LPM flow supplied through the Optiflow™ size L cannula was 1.06 cm H,0, with a standard
deviation of 0.31 cm H,0 (104 + 30 Pa). Thus, the in vitro model employed here appears to
reasonably approximate the pressures measured in vivo.

While there is intersubject variability in tracheal pressures in the present study, reflected by
the error bars seen in Figure 2-5, there is no significant difference in pressure resulting from
cannula selection at 0 LPM flow, even when controlling for subject geometry. This suggests that
the extent of occlusion of the airways by the cannula has little effect on the pressure
differences measured. The differences between cannula performances at higher flow rates are
likely due instead to the higher flow velocity provided by the smaller cannulas.

These trends of increasing tracheal pressure with increased flow velocity at the cannula

outlet may in part reflect pressure and flow changes described by a mechanical energy balance,
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Py +2pvi =Py +-pvi+H [2-2]
where P represents the pressure at a point along a flow streamline (point 1 or 2), v the flow
velocity, p is the density and H represents frictional pressure losses between points 1 and 2
(where gravity has been neglected). Equation (2-2) describes a balance between pressure and
kinetic energy. By forcing the oxygen flow through a smaller area and thus at a greater velocity,
the flow enters at a larger kinetic energy that can be converted into pressure downstream.

In addition, during HFNC therapy, flow exits the nasal airways through the annular space
between a subject’s nares and the outer cannula prong walls (determined by measuring the
maximum and minimum diameters of the nares, and approximating the area to an ellipse,
subtracting the cannula occlusion). This space represents an area constriction, or pinch point,
that may contribute significant energy losses, H in equation (2-2). Such losses generally
correlate with the square of the local flow velocity. Accordingly, an attempt was made to
correlate measured PEEP values with the squares of velocities exiting the cannula outlet and
through the constriction at the nares:

PEEP = C1pViannuia + C2PViares + Cs [2-3]
Where C;, C, and C5 are constants and for air at standard temperature and pressure, p =
1.225 kg/m3

Assuming there is a pause in breathing at the end of expiration, and treating air as

incompressible, mass flow balance dictates that the flow rate through the cannula is exactly

equal and opposite to that exiting through the nares at the moment PEEP is measured, and the
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above equation can be rewritten as

2 2
PEEP = Cyp + Czp( ) + [2-4]

Acannnula) Anares,open

The open nares area is determined as the nares area unoccluded by cannula. The total nares
areas (for both nares combined) are listed in Table 2-1.
Anaresopen = An — Acannula [2-5]
Multiple regression of PEEP measured for all replicas following the format of eqn. (4) results
in an adjusted Pearson’s squared coefficient of R? = 0.906, where

)2 +1.462p (L

nares,open

PEEP = 0.026p (~——

cannnula

2
) + 5.549 pa [2-6]

The predicted PEEP is compared directly to that measured in Figure 2-7. While the value of C; is
small relative to C,, both are significant (2-factor regression, P<0.001). Despite the smaller
coefficient, the influence of flow exiting the cannula is greater than that exiting through the
nares, as the squared velocity at the cannula is much greater than that exiting the nares. Note
that in equation (2-4) C; and C, are unitless and PEEP is given in Pa.

The strong predictive capability of egn. (2-6) supports the notion that flow velocity exiting
the cannula and out of the nares are the primary parameters of importance in determining
cannula performance. Outliers can be seen in Figure 2-7, and appear to increase in magnitude
with the predicted PEEP. This may reflect unaccounted factors influencing PEEP, such as regions

of flow separation unique to each geometry.
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Figure 2-7: A comparison of measured PEEP and PEEP predicted by equation (2-6). Error bars
represent 1 standard deviation of PEEP measured at the trachea (n=3)

The pressure measured at the trachea increases both with an increase in cannula flow
velocity and an increase in nares flow velocity (see equation (2-6)). For the cannula designs and
sizes included in this study, the velocity exiting the cannula dominated; however, should the
cannula prong size increase relative to the size of a subject’s nares, the velocity at the nares
may become increasingly significant.

In order to maximize upper airway pressure, it may be possible to increase flow velocity at
both the cannula and the nares by having thick-walled cannula prongs with narrow inner
diameters. Increasing cannula wall thickness however may increase clearance times, as it is
likely that minimal nasal occlusion leads to an increased rate of gas clearance. As such, greater
cannula wall thickness may increase tracheal pressure at the expense of reduced clearance

times.
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Study Limitations

Several limitations to our in vitro study design can be noted. First, gas clearance
experiments were conducted without simulating cyclic breathing through the airway replicas.
Therefore, no conclusion can be drawn regarding the influence of breathing parameters (e.g.
tidal volume, breath frequency) on clearance rates. Addition of simulated breathing would be
expected to increase clearance rates (65). Results presented above should therefore be
interpreted as indicating relative differences in static clearance rates between nasal cannulas
and at different flow rates, but not predictive of absolute clearance rates with breathing
included.

Second, use of rigid airway replicas in both the clearance and pressure experiments ignores
any potential influence of high flow therapy on upper airway geometry. Such influence might
be particularly relevant for HFNC therapy used to treat patients with upper airway collapse, as
in obstructive sleep apnea. The potential for HFNC therapy to alleviate upper airway
obstruction is not evaluated here (18). Likewise, the present study did not evaluate the
influence of mouth position (open or closed), or position of the soft palate and vocal cords, on
clearance rates or pressures generated during HFNC therapy.

Finally, while the present study employed adult airway replicas, inclusion of child and infant
airways could allow for more generalized predictions with respect to effects of high flow nasal
cannula design on clearance rate and airway pressure.

Conclusions

Both upper airway clearance rate and tracheal pressure increased with flow rate in our high

flow therapy measurements. The clearance rate and tracheal pressure also increased with
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decreasing cannula outlet diameter. The dependence upon outlet velocity and nares velocity of
tracheal pressure follows that expected from a mechanical energy balance. As both increased
flow rate and tracheal pressure are generally associated with improved clinical outcomes, it

may be that a smaller cannula outlet could be used to improve these outcomes.
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Chapter 3 High Flow Nasal Cannula: Influence of Gas Type and Flow Rate on Airway
Pressure and CO; Clearance in Adult Nasal Airway Replicas

A very similar version of this chapter is at the time of writing under review for publication. The

authors listed are: Moore, C. P., Katz, I. M., Pichelin, M., Caillibotte, G., Finlay, W. H. and Martin, A. R.

Introduction

High flow nasal cannula (HFNC) therapy is a form of non-invasive respiratory support that
has been used to treat respiratory failure in adults (1, 2, 72). The therapy uses heated and
humidified gas, delivered through specialized nasal cannula to patients at high flow rates. Gas
flows typically range in adults from 15-60 LPM, although higher flowrates have been considered
(31, 59). In adults, HFNC therapy is often used to treat a variety of respiratory disorders, such as
acute respiratory failure in chronic obstructive pulmonary disorder (COPD) (1, 2, 75). When
compared to conventional oxygen therapy, HFNC has shown reduced reintubation and
improved secondary outcomes, and similar outcomes to other forms of respiratory support,
such as non-invasive ventilation, in post-extubated patients (14, 72, 75-77).

One of the primary mechanisms of action of HFNC, which distinguishes it from other forms
of respiratory support, is the upper airway washout effect (1, 2). As HFNC uses an open
interface, the gas flowing from the cannula displaces exhaled air from the upper airway,
thereby increasing the volume of oxygen and decreasing the amount of CO; re-inhaled. In vitro
and in silico studies investigating the upper airway washout effect have found CO; clearance
increases with flow rate, although this increase is less pronounced at higher flow rates (30, 37,

78). Recent in vitro experiments done in realistic adult nasal airway replicas found that faster
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gas clearance corresponded with higher flow rates and with smaller cannula outlet area (33,
78).

A second mechanism of action widely attributed to HFNC therapy is in the potential to
deliver positive distending pressure at the upper airway. HFNC has been reported to offer a
pressure similar to that of continuous positive airway pressure therapy (CPAP) (1, 2). Positive
distending pressure has been associated with positive outcomes for many respiratory disorders,
most notably during acute respiratory failure (2). Several correlations for the level of positive
pressure and flow rate during HFNC therapy have been suggested (26), and there exists
evidence that the pressure at the trachea increases quadratically with HFNC flow rate (30, 78).
Based on a mechanical energy balance, Moore et al. proposed an empirical relationship for
predicting positive end expiratory pressure (PEEP) at the trachea as a function of the squares of
average flow velocities exiting the cannula and exiting the nasal airway through the nares (78).

Due to their lower flow resistance, it has been hypothesized that the administration of low
density gases, such as helium-oxygen mixtures (heliox), improves oxygenation and reduces
work of breathing (79, 80). One study of infants with acute bronchiolitis undergoing HFNC
therapy found significant improvement in blood oxygenation when using helium-oxygen
mixtures compared with air/oxygen (81). Although many studies have investigated the
influence of heliox on the effectiveness of respiratory support during invasive and non-invasive
ventilation (40-46), little work has been done to examine how gas properties affect pressure
and clearance in the upper airways during HFNC therapy.

In the present study, an in vitro experimental model was developed to test the effects of gas

delivery using HFNC on upper airway pressure and gas washout. Flow rates were varied across a
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range typically used to treat adults experiencing respiratory failure. Experiments were
conducted for three different gases: air, oxygen and a mixture of helium and oxygen. Three
cannula sizes were evaluated. Five realistic adult nasal airway geometries were used, to

provide insight into intersubject variation in airway pressure and washout resulting from

variation in airway geometry.
Methods

Experimental Setup

02/C02 gas analyser
Sample Line

Mass Flow Controller Q=200 mL/min

Air-02/He-02 gas _>
Q=0-60 L/min

Data collection from gas

analyser 02/C0O2 % and lung
’L simulator pressure, volume

Lung simulator breathing controller

Mass flow controller
€02 exhaled gas line
Q=200 ml/min

Lung Simulator

Figure 3-1: Diagram of experimental setup, HFNC therapy on an upper airway replica served

by a breathing lung simulator.

The experimental apparatus is illustrated in Figure 3-1. In order to simulate adult breathing

during administration of high flow therapy, anatomically accurate 3-dimensional replicas of

closed-mouth adult airways, extending from nares to trachea, were connected to a lung

simulator (ALS 5000; Ingmar Medical Inc., Pittsburg PA USA) at the trachea. These replicas were

originally described by Golshahi et al (69), and have been used previously for evaluating HFNC
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therapy (Moore et al. (78)). Upper airways geometries were obtained from magnetic resonance
imaging (MRI) scans of adult volunteers breathing tidally in a closed mouth position and were
constructed in acrylic plastic. Subject parameters are listed inTable 3-1, as described in Golshahi
et al. and Moore et al. (69, 78). The tubing connecting the trachea to the lung simulator was
selected in order to approximate the conducting airway volume between the trachea and
terminal bronchioles of a typical adult, with a volume of 182.5 cc, and a length of 46 cm (38).
Pressure drop along tubing of this length at peak inspiration is estimated to be 0.9 Pa for the
present breathing flowrates and was thus neglected.

Table 3-1: Rapid prototyped upper airway replica dimensions. Data from Golshahi et al. (69) and
Moore et al. (78).

Subject Sex Airway Nares to Internal Nares Average Cross
Volume, Trachea Surface Area, Opening Area, Sectional Area,

V (mm3) Length, L (mm) As (mm?) An (mm?) A=V/L (mm?)

2 F 44567 241 28718 63.8 185

5 F 35859 210 23532 89.2 171

6 M 50125 269 31345 89.0 186

8 M 47264 223 28936 82.2 212

9 M 45267 239 25086 103.5 189

To simulate high flow therapy, gas was provided through a mass flow controller (MCR-
100SLPM-D/5M; ALICAT Inc., AZ USA) at volumetric flow rates of 0, 15, 30 and 60 standard litres
per minute (SLPM). Two specialized high flow therapy cannula, Vapotherm Adult and
Vapotherm Adult Small (Vapotherm®, Exeter NH USA) and one generic cannula (Adult Nasal
Cannula 1104; Teleflex Medical Inc., NC USA) were tested. Cannula dimensions are listed in
Table 3-2. Additionally, experiments were conducted for three different gases: air, oxygen and a

helium-oxygen mixture (He:0,=80:20 by volume). Supplied gases were provided dry, at room
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temperature (Praxair Canada Inc, Mississauga, ON Canada). Measurements at O SLPM were
replicated three times, without repetition between gasses.

Table 3-2 Cannula Dimensions used in HFNC therapy

Cannula Inner Outer Diameter Type

Diameter (mm) (mm)
Generic Cannula 3.5 4.5 Generic straight
Vapotherm Adult 3.0 4.8 Specialized HFNC
Vapotherm Adult Small \ 1.9 \ 2.7 Specialized HFNC

The breathing simulator breathing pattern is illustrated in Figure 3-2. The breathing pattern
was set to have a tidal volume of V=0.5 L, a frequency of f=18 breaths/minute, and
inspiratory/expiratory ratio of i:e=1:2. Parameters were selected to reflect a typical adult tidal
breathing pattern, and were similar to those used in previous studies investigating airway
pressures delivered during HFNC (25, 78). Volume, flow and pressure parameters were
measured by the lung simulator, including tracheal pressure. Breathing parameters, such as
PEEP, minimum and maximum pressure, were recorded at the trachea by the lung simulator’s

proprietary software.
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Figure 3-2: Sample CO; concentration (top) and lung volume (bottom) waveforms for the
airway replica of subject 2, without HFNC. Alignment of time axes between the two plots was
estimated by visual inspection.

In order to simulate the carbon dioxide (CO,) content in exhaled gas, pure CO; (Praxair

Canada inc., Mississauga ON Canada) was injected at the entrance to the lung simulator. The
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flow rate was set at 200 ml/min using a mass flow controller (MCR-20SLPM-D/5M; ALLICAT Inc.,
AZ USA). This flow was selected to reflect a physiologically relevant rate of CO, produced during
normal breathing for a minute volume of Vn=9L, and produced an average per-breath CO;
content of approximately 2%. A sample tracheal CO; trace is shown in Figure 3-2, alongside the
volume waveform of the lung simulator. The shape and peak of the waveform are generally in
agreement with in-vivo capnographs in the literature (37, 82).

CO; and O3 content was measured by a sample line connecting the trachea to a gas analyzer
(GA-200; iWorx Systems Inc. NH USA, accurate to 0.01%). The gas analyzer was calibrated for a
range of 18.7-99.9% oxygen and 0-10% CO,, using the high accuracy setting. Sampling occurred
at a flow rate of 200 ml/min to balance the CO; flow supplied to the circuit. Sample tests
showed negligible influence of sample flow rate on measured CO; concentration waveforms. A
custom code in the Labview environment (Labview; National Instruments, TX USA) was used to
collect oxygen and CO; concentrations over time from the gas analyzer at a sample rate of
approximately 33 Hz.

In order to reach steady state gas concentrations in the lung simulator, tests were run for a
full minute before recording 30 seconds of pressure and gas concentration data. Each
combination of test conditions (gas, cannula, replica, flowrate) was repeated three times.
Cannula were removed from the replicas and replaced for a given combination of gas type,
cannula, and replica after each individual series of measurements spanning HFNC flow rates

from 0 to 60 SLPM.
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Influence of breathing pattern

In addition to comparing effects of gas, cannula, airway geometry and flowrate, a
comparison of breathing patterns was conducted. The original breathing pattern was modified
in two ways that multiplied the minute volume by 1.5. The additional breathing patterns had
f=27 breaths/minute and Vi=0.5 L, and f=18 bpm and V:=0.75 L. These breathing patterns were
tested using the Vapotherm Adult cannula and air, for a full range of flowrates. The protocol of
recording 30 s of breathing, after steady state conditions were achieved was performed in
these tests, with 3 repetitions.

Analytical Methods

A code was written in the MATLAB® environment (MathWorks Inc., Natick MA USA) to
process the CO2 concentration data. For each experimental repetition, average gas
concentration was calculated over each breath and then averaged for the 9 breaths. The
inhaled volume of CO; was calculated by numerically integrating the CO, waveform over the
flowrate provided by the lung simulator. The forward rectangle rule was used in this
integration. The start of expiration was identified manually in the CO; waveform as the local
minimum at which point CO2 content began rising at a rate above 4 %CO,/s. The exhalation and
inhalation periods are labeled in Figure 3-2.

In order to evaluate the influences of cannula, gas type, flow rate, and replica, a 4-factor
ANOVA was performed comparing average CO; concentration and PEEP. The Tukey HSD post
hoc method was utilized to determine the relative influence of factors. Normality within the
replica group was ensured for tracheal clearance data, defined as P>0.01 using the Kolmogorov-

Smirnov test. Normality in data was not achieved for CO; clearance and PEEP. Equal variance
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was violated in clearance time and pressure data, defined as P>0.01 in the Levene’s test,
however ANOVA is robust towards mild heteroscedasticity where cells are equal (83). All R?
values presented are adjusted to account for variable size. Statistical analysis was performed in
the SPSS environment (IBM SPSS; IBM Corp., NY USA). Multiple variable linear regression
analysis was performed on PEEP to compare the relative influences of flow rate, gas density,
gas viscosity and geometric factors, including nares area and path length from the nares to the
exit of the replica. Multiple combinations of parameters were compared to determine a simple
predictive relationship for PEEP, based on existing fluid mechanical models.

Results

Clearance

4-way ANOVA shows significant influence of airway geometry, cannula selection, gas
selection and HFNC flowrate (p<0.001) as well as all pairwise and triplet interactions (p<0.01).
Overall predictive power of the model is R?=0.993. Post-hoc analysis reveals that although all
factors were significant, the influence of cannula was comparatively small, with a mean
difference of 0.02% CO, (Generic vs Vapotherm® Adult cannula). This is one-tenth the influence
of replica geometry (0.2% CO, comparing subject 6 and 8) and a third that of gas (0.06 % CO>

comparing oxygen and He/0O3).
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Figure 3-3: Average CO; per breath, averaged for all replicas, is presented for different

cannula and gas type. Error bars represent standard deviation around the average (n = 5).

The average CO; per breath, averaged over all airway geometries, is shown in Figure 3-3.
There is a consistent decrease in CO, with increasing HFNC flowrate. This decrease appears to

taper off at higher flow rates, especially for flows greater than 30 L/min. There is no consistent

difference between the three cannula.
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Figure 3-4: Average CO; concentration over the breath is compared for individual airway
replicas for air, heliox, and oxygen. Values compared were obtained using the Vapotherm Adult
Cannula, at 60 LPM flow. Geometry numbers correspond with those listed inTable 3-1. Error
bars represent one standard deviation (n=3).

Figure 3-3 also indicates small but consistent differences between gases when comparing
the breath-averaged CO; concentration averaged across the five airway replicas, with oxygen
producing the lowest average CO;, and air producing the greatest. However, Figure 3-4 shows
that the influence of gas type was inconsistent between individual airway replicas. Figure 3-4
displays data for the Vapotherm adult cannula and 60 SLPM HFNC flowrate; however, the
inconsistent influence of gas type between replicas is representative of all other test conditions.
While oxygen delivery produced the lowest average CO;, the average CO; from tests involving
air and heliox are inconsistent, with some geometries indicating a higher and some a lower

average CO:; for air.
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Figure 3-5: A comparison of estimated inhaled volume of CO, and average tracheal CO,.
Estimated volume of CO, was determined numerically, by estimating start of breath and
integrating over known breathing pattern. Average CO; is a simple time weighted average of
CO; measured.

The average inhaled volume of CO, was estimated using the known flowrates through the
lung simulator. This estimate is compared with average CO; per breath in Figure 3-5. Generally,
there is a good correlation of R?=0.89 between the two measures of HFNC clearance. Inhaled
volume of CO; is of particular interest, as it has direct physiological implications for a patient,

both in terms of limiting gas exchange, and by representing O; that is not being inhaled. By
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correlating inhaled volume of CO; to average CO,, the easily measured average CO; can be
compared in the place of the physiologically relevant inhaled volume of CO,.

Effect of Minute Volume
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Figure 3-6: Average CO,/breath for the replica geometry of subject 2, using the Vapotherm
Adult cannula, with modified breathing patterns. Error bars represent standard deviation of the
average of 3 repetitions.

A comparison of average CO; for the V=750 ml and the f=27bpm data can be seen illustrated
in Figure 3-6. A reduction in average CO, was seen compared to the V=500 ml and f=18 bpm
cases. Both the higher frequency and higher tidal volumes result in an approximately equal
reduction in average CO,. Normalizing average CO; to the 0 SLPM HFNC respective test case can
be seen in Figure 3-7. In the case of normalized average CO; content, there is negligible

difference in relative reduction of CO..
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Figure 3-7: Average relative normalized CO,/breath for replica subject 2 geometry, using
Vapotherm Adult cannula, with modified breathing patterns. CO; normalized to data at 0 L/min
HFENC flow. Error bars omitted for clarity, see Figure 3-6 for relative uncertainties in
measurement.

Pressure

The average PEEP of 9 breaths were recorded during HFNC supplied. The average PEEP of all
replicas is compared in Figure 3-8. There is a consistent trend of increasing pressure with flow
rate. Regression indicates that a quadratic relationship between flow rate and PEEP holds for all
cases (R2>0.99). Four factor ANOVA of flow rate, gas type, cannula, and replica geometry found
each to be significant (p<0.001). Post hoc analysis shows the helium oxygen mixture gives the
lowest pressure, and the oxygen gas has the highest pressure (p<0.001), with the tracheal
pressure during air HFNC being much closer to that of oxygen than heliox. In all cases, the

Vapotherm Adult Small cannula resulted in the highest PEEP, followed by the Vapotherm Adult
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Normal, and finally the generic cannula resulted in the lowest pressure (p<0.001). The relative

effects of gas and cannula appear to be on the same order of magnitude.
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Figure 3-8: Average PEEP for all replica geometries, controlled for cannula and gas selection,
compared with HFNC flowrate. Trendlines presented for individual case quadratic best fit. Error
bars represent standard deviation around the average (n = 5).

The influence of airway geometry is evident in Figure 3-9. The quadratic trend of increasing
pressure with respect to HFNC flow rate holds for all five geometries. This trend was suggested
in previously published literature (29, 30, 78). The influence of replica geometry is of the same
order of magnitude as gas and cannula, with PEEP more than doubling between the lowest

pressure replica (subject 9) and the highest (subject 2).
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Figure 3-9: Comparison of PEEP with respect to flowrate for each airway geometry. Cases
compared are breathing air, with Vapotherm® adult cannula selected. Trendlines presented for
individual case quadratic best fit. Error bars represent 1 standard deviation, N=3.

Discussion

Factors Influencing Gas Clearance

The ANOVA results demonstrate that the dominant factor in reduction of inhaled CO: is the
flow rate. The significant decrease in CO; with increasing flowrate has been previously
documented (30, 84). Additionally, Figure 3-3 gives evidence that the clearance effect
asymptotically approaches a local floor value, in agreement with Nielsen et al. (30). Figure 3-3
shows this decrease in average CO> strongly corresponds with inhaled volume of CO,. Clinically,
this indicates that cannula flow rates approach 30-60 LPM, there would be diminishing returns
associated with further increasing flow rate, so that other considerations such as patient

comfort and distending pressure, should take precedence.
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Although airway geometry has a definitive influence on gas clearance, the reason for this is
not entirely evident. Although the difference in average CO; at 60 LPM between geometries has
a range of 0.2% with highest and lowest CO> (subject 6 and 8), Figure 3-5 shows that this
corresponds to a nearly 50% change in inhaled CO; volume. No correlation was found between
the airway volume, nares to trachea path length, surface area, or nares area with the average
CO;. This indicates that the influence of airway geometry is more complicated than could be
captured using these parameters. One possibility is that the HFNC jet penetration depth is a
dominant factor in clearance, with the penetration in turn being affected by airway shape in the
form of the size of any pinch point. Although cannula influence was shown to have a weak
correlation with airway clearance in Moore et al., the inclusion of breathing in the experiment
has further reduced the influence of cannula size (78). Computational simulations of HFNC
performed by Van Hove et al. show a correlation between volume of inhaled CO; and jet
penetration (37). Volume of inhaled CO; is in turn shown to strongly correlate with average CO>
per breath in Figure 3-5. The velocity distributions shown by Van Hove et al. indicate that the
distribution of velocity is heavily influenced by geometry, with the HFNC jet interacting strongly
with the nasal concha. These same velocity distributions also show jet penetration changing
considerably over the breathing cycle, which may explain the reduced influence of cannula size.

Similarly, ANOVA indicates that although HFNC gas type has a significant effect on clearance,
the effect is not consistent. While oxygen has the lowest average CO; for all the geometries
Figure 3-4 shows that the difference in measured average CO; between air and heliox is replica-
dependent. The ANOVA results show a strong interaction between gas and airway geometry

(p<0.001), reflecting the inconsistent results of gas and airway on CO; clearance. The lack of a
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meaningful influence of heliox versus air on CO; clearance in the present study is consistent
with the findings reported by Selium and Sultan, where infants undergoing HFNC with He/O;
instead of air/O; improved Pa0,, but did not improve PaCO; in the blood (81).

The inconsistent interaction of HFNC gas and airway geometry is of interest and highlights
the importance of three-dimensional airway structure on convection and diffusion of gases in
the nasal airway geometry. Unfortunately, the geometric complexity of these airways requires a
large parameter space to capture, making simplistic analysis and explanation elusive. This may
explain why there is not a clear correlation of increased mixing with higher Reynolds number.

Minute Volume Effect on CO; Clearance

Generally, the results shown in Figure 3-6 and Figure 3-7 indicate that minute volume is the
determining factor when estimating effect of changing breathing pattern on average CO;
concentration, at least in the controlled experiments presented here, where CO; was injected
at a constant rate for all the breathing patterns. However, the decrease in CO; relative to
baseline values for zero HFNC flow rate was similar for each breathing pattern studied, though
this does not account for changes in breathing pattern beyond frequency and tidal volume.

Constructing a Predictive Model for Pressure

As mentioned above, there is a consistent quadratic relationship between HFNC flow rate
and PEEP. This is reflective of similar patterns found previously in literature (29, 30, 78).
Furthermore, previous work by Moore et al. identified a correlation to predict PEEP based on
the squares of the flow velocities through the cannula and out the nares
PEEP = CypairUiares + C2Pairtheannuia + Cs [3-1]

Where U, gres aNd Ucannuia represent the end-expiratory flow velocities exiting the nares and
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entering through the cannula respectively and p,;; is the density of air (78). The C; are
constants determined through regression analysis.

The first two terms on the right hand side of Equation (3-1) represent the total static and
dynamic pressure in the flow as it enters an airway replica through the cannula. The first term
models an orifice-type loss through the annular space between the cannula and nares. Static
pressure in the cannula is assumed to increase in order to maintain a constant HFNC flow rate
in proportion to this orifice-type loss. The second term represents the dynamic pressure in the
flow entering the replica through the cannula. As equation (3-1) was based on experiments
performed using air alone, only the density of air appears. In the present study, Figure 3-8
indicates there is a clear influence of gas type on PEEP, with the densest gas appearing to
deliver the greatest pressure at a given HFNC flow rate. Therefore, to best predict PEEP for the
present data set gas density was included as a variable in equation (3-2) below.

PEEP = 0.018pgu§annula + 0.726pgu,2mm,S + 23.8 Pa [3-2]

Including gas density considerably improved the prediction of PEEP (R?=0.759 for equation
(3-2), compared with R?=0.514 for equation (3-1) with best-fit constants). This provides
evidence that the correlation originally described by Moore et al. can be extended to other
gases and cannula types (78). Furthermore, the magnitude of the third term is small, on the
scale of pressures at 15 LPM (23.8Pa=0.243 cmH,0, compared with the average pressure at 15
LPM flow using heliox and air of 0.123 cmH,0 and 0.542 cmH,0 respectively). This term exists
primarily as an empirical correction to the minor losses model proposed here, which accounts

for other possible losses and may correct where the model does not fit perfectly.
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Conclusion

In the present study, the average upper airway CO; concentration during tidal breathing
decreased as the HFNC flow rate increased. The marginal decrease in CO; decreased with
increasing flowrate above 30 I/min. Compared with HFNC flow rate, cannula size and delivered
gas type had only minor influence on upper airway CO; concentration.

In contrast, HFNC flow rate, cannula size, and gas type, all had notable influence on tracheal
pressure. Tracheal PEEP increased with HFNC flow rate in an approximately quadratic pattern
over the range of flow rates studied here (15 to 60 I/min). Additionally, the less dense gas,
heliox, considerably reduced PEEP. Confirming findings in previous studies, smaller cannula also
resulted in greater PEEP (78). A predictive correlation for PEEP was proposed, based on the gas
density and the squares of gas velocities entering the nares through the cannula and exiting the
nares around the cannula. The inclusion of gas density in this correlation improved the
correlation compared to predictions which do not include a gas density term. Compared with
HFNC administration of air or oxygen, HFNC administration of heliox is expected to result in

similar CO; clearance from the upper airway, but markedly lower positive airway pressure.
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Chapter 4 Conclusions and Recommendations

Summary

This thesis is a collection of published and submitted works, aimed to characterize the
pressure and washout effects of high flow nasal cannula (HFNC) therapy. Positive airway
pressure and washout of exhaled air are two of the proposed primary mechanisms by Dysart et
al. by which HFNC therapy treats respiratory distress (1). These characterizations of pressure
and washout effects of HFNC may be used to aid in the creation of device specific guidelines for
clinical environments. Furthermore, the ability to predict the relative changes in pressure and
washout delivered by HFNC will allow for improved design of delivery devices. The relationships
here account for intersubject variability in airway geometry, as well as the specifics of HFNC
delivery.

Airway washout of exhaled air was modeled in two phases. The first considered a non-
breathing model where the time to purge an upper airway model of air, while delivering HFNC,
was considered. Five airway geometries were compared for intersubject differences, as well as
three commercial cannulas, and flowrates ranging from 30-90 L/min. Using 3-way ANOVA, it
was determined that cannula design, flowrate and airway geometry were relevant factors in
determining washout time of the non-breathing upper airways. Furthermore, this washout
correlated strongly with higher flowrates and more weakly with decreasing cannula size.

The second phase of investigating upper airway washout involved measuring washout during
tidal breathing, through the measurement of CO; content. The same upper airway geometries
were compared, and in addition to three cannula and flowrates ranging from 0-60 L/min, air,

oxygen and heliox (He/0,:80/20) were also compared. Post-hoc analysis revealed that gas
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flowrate was the dominant factor in determining washout, with comparatively weaker
influences from gas and airway geometry. Comparatively less change in average CO, was
observed when comparing flowrates above 30 L/min. Changes in minute volume had no
significant effect on CO; washout.

The positive end expiratory pressure (PEEP) was also measured in the same five upper
airway geometries, while breathing was at a set rate. A predictive correlation based on minor
losses was constructed to predict PEEP when breathing air. The minor losses were based on
flow velocities in the cannula and nares. In the second phase of research, this predictive
correlation was extended to account for gas densities.

Future Work

In this study, experiments were performed to measure the positive airway pressure and gas
washout in adult airway replicas. Further analysis of the existing gas clearance data presented
in Chapter 3 will allow for possible prediction of changes in inhaled CO; volume. Additionally,
the analysis of pressure presented in Chapter 3 leaves room for improvement, such as by better
accounting for laminar minor losses.

This study focused exclusively on adult upper airway replicas, and thus conclusions cannot
be extended to other age categories, such as infants. It is possible that the conclusions relating
to both upper airway washout and positive pressure during HFNC delivery cannot be extended
to infant airways, due in part to their different size, shape and breathing pattern. These
experiments could be extended to use upper airway replicas of infants and children under
administration of HFNC therapy. The use of helium-oxygen mixtures is of particular interest to

pediatric patients, where reducing airway resistance is more important in the treatment of
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respiratory distress. Of the experiments involving breathing, only constant volume breathing
was considered. This is not physiologically accurate, especially as breathing is adaptive to
environment.

This study uses in vitro replicas of upper airways. In vivo experiments are recommended to
specifically validate the existing predictions more thoroughly, especially with respect to
controlling breathing in patients. Historically, although in vivo experiments have been
conducted to measure washout and positive airway pressure, direct and controlled
experiments are costly and complicated. Special attention should be given to HFNC device

specific effects.
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Appendix A Raw Data for Chapter 2

Table A-1: Clearance time data from non-breathing tests presented in Chapter 2. Each test was
repeated 5 times.

Subject Cannula O2Flow Tracheal Tracheal Tracheal Laryngeal Laryngeal Laryngeal
(SLPM) Clearance Clearance Clearance Clearance Clearance Clearance
Time 25- Time 25- Time 25- Time 25- Time 25- Time 25-
50% (s) 75% (s) 95% (s) 50% (s) 75% (s) 95% (s)
2 | lLarge 30 2.237 6.63 16.82 1.12 2.985 12.868
2 | Large 30 2.841 6.487 14.638 1.38 3.196 10.61
2 | lLarge 30 6.974 10.246 17.352 1.667 3.85 10.574
2 | Large 30 3.643 7.347 15.757 1.064 2.413 9.771
2 | lLarge 30 4.572 8.705 20.102 1.293 2.942 8.949
2 | lLarge 60 3.215 6.402 13.561 1.608 3.736 10.516
2 | lLarge 60 2.87 6.629 15.182 0.919 2.127 7.212
2 | Large 60 2.5 6.615 17.502 1.149 2.383 7.647
2 | large 60 3.342 6.527 13.544 1.874 3.912 12.072
2 | Large 60 5.951 9.654 17.836 1.091 2.789 10.778
2 | Large 90 2.325 6.545 17.679 0.776 1.782 4.484
2 | Large 90 2.927 6.575 14.809 1.236 2.415 5.193
2 | Large 90 3.511 6.696 13.728 0.66 1.657 5.997
2 | Large 90 2.842 6.517 14.533 1.236 2.989 6.375
2 | Large 20 3.273 6.459 13.577 1.033 2.843 10.109
2 | Medium 30 2.669 6.287 14.409 0.689 1.636 8.639
2 | Medium 30 1.979 6.112 17.336 0.746 2.122 11.26
2 | Medium 30 2.868 6.485 14.56 0.689 1.636 6.315
2 | Medium 30 3.244 6.401 13.41 0.804 2.297 11.31
2 | Medium 30 2.906 6.495 14.561 0.604 1.493 4.342
2 | Medium 60 2.008 5.999 17.25 0.774 2.239 10.476
2 | Medium 60 2.881 6.554 14.819 0.66 1.927 11.224
2 | Medium 60 3.186 6.256 13.23 0.544 1.463 4.652
2 | Medium 60 2.871 6.401 14.388 0.516 1.407 4.94
2 | Medium 60 1.922 5.998 17.193 0.661 1.522 5.806
2 | Medium 90 2.611 6.086 13.864 0.717 1.721 8.207
2 | Medium 20 5.654 8.641 15.14 0.63 1.55 9.854
2 | Medium 90 3.16 6.145 12.837 0.633 1.467 10.052
2 | Medium 20 3.099 6.058 12.772 0.633 1.495 7.617
2 | Medium 90 2.699 6.23 14.265 0.631 1.55 8.554
2 | Small 30 2.323 7.318 18.569 0.776 1.869 7.058
2 | Small 30 2.586 6.094 14.284 0.948 2.44 11.661
2 | Small 30 2.007 5.859 17.077 0.833 1.868 6.855
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Small 30 2.726 6.314 14.465 0.862 2.153 9.815
Small 30 1.867 5.97 17.367 0.804 1.868 6.58
Small 60 2.726 6.315 14.61 0.776 2.271 11.89
Small 60 1.867 5.913 17.138 0.746 1.781 6.152
Small 60 2.81 6.424 14.519 0.891 1.924 6.557
Small 60 2.755 6.458 14.887 0.807 1.986 10.627
Small 60 3.136 6.246 13.233 0.718 1.723 8.704
Small 920 1.892 5.996 17.019 0.687 1.578 4.017
Small 920 2.723 6.252 14.261 0.805 1.925 6.673
Small 920 2.84 6.372 14.471 0.661 1.696 5.404
Small 90 3.302 7.291 18.313 0.69 1.666 4.97
Small 90 2.698 6.27 14.288 0.718 1.811 8.448
Large 30 2.18 4.075 8.132 0.603 1.263 3.821
Large 30 1.979 4.277 9.412 0.576 1.266 4.083
Large 30 1.461 3.702 11.424 0.604 1.236 2.875
Large 30 1.867 4.19 9.614 0.69 1.466 4.138
Large 30 2.153 3.99 7.866 0.489 1.093 3.132
Large 60 1.979 3.615 7.318 0.345 0.777 2.04
Large 60 1.723 3.787 8.381 0.546 1.18 2.643
Large 60 1.218 3.168 11.031 0.345 0.718 1.523
Large 60 1.779 3.846 8.611 0.431 0.805 1.783
Large 60 1.788 3.741 7.999 0.517 1.091 2.787
Large 20 1.665 3.618 8.154 0.401 0.746 1.838
Large 90 1.09 2.611 11.36 0.344 0.746 1.779
Large 920 1.034 2.585 11.225 0.288 0.517 1.092
Large 90 1.605 3.614 8.324 0.257 0.688 1.722
Large 20 1.634 3.615 8.238 0.316 0.719 1.524
Medium 30 2.44 3.846 6.717 0.487 1.005 3.558
Medium 30 1.55 2.928 6.084 0.374 0.834 2.588
Medium 30 1.519 3.296 7.312 0.546 1.062 2.511
Medium 30 1.063 2.585 8.468 0.431 0.949 6.121
Medium 30 1.376 3.042 6.657 0.288 0.633 1.64
Medium 60 1.12 2.067 3.817 0.517 0.862 1.867
Medium 60 1.091 2.189 4.718 0.287 0.604 1.783
Medium 60 0.662 1.322 3.589 0.259 0.602 1.58
Medium 60 1.12 2.27 4.508 0.344 0.688 1.606
Medium 60 1.233 2.15 3.874 0.287 0.633 1.524
Medium 920 1.004 1.634 3.037 0.23 0.46 1.006
Medium 920 0.66 1.405 3.557 0.259 0.518 1.151
Medium 920 0.517 1.004 2.698 0.345 0.689 1.553
Medium 920 0.918 1.722 3.559 0.432 0.892 1.812
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Medium 920 0.918 1.579 2.899 0.288 0.604 1.208
Small 30 1.466 2.614 4.797 0.403 0.891 2.213
Small 30 1.32 2.815 5.719 0.403 0.863 2.224
Small 30 0.918 1.864 5.716 0.374 0.747 1.753
Small 30 1.263 2.698 5.569 0.373 0.747 1.725
Small 30 1.776 2.902 4.998 0.345 0.69 1.495
Small 60 1.062 1.779 3.185 0.289 0.519 1.036
Small 60 0.92 1.867 3.762 0.374 0.719 1.953
Small 60 0.574 1.205 2.929 0.287 0.574 1.206
Small 60 0.891 1.866 3.819 0.259 0.661 1.868
Small 60 1.064 1.84 3.302 0.403 0.748 1.811
Small 20 0.861 1.436 2.583 0.26 0.547 1.065
Small 90 0.717 1.406 2.928 0.258 0.575 1.35
Small 20 0.372 0.717 1.911 0.316 0.632 1.586
Small 90 1.035 2.039 4.077 0.287 0.603 1.238
Small 20 1.204 2.123 3.787 0.201 0.373 0.946
Large 30 3.073 7.779 15.931 1.091 2.267 6.143
Large 30 3.817 8.897 17.422 0.689 1.636 5.368
Large 30 2.039 7.952 18.028 0.704 1.537 6.448
Large 30 4.276 10.098 20.294 0.718 1.609 5.855
Large 30 3.023 7.845 16.054 0.689 1.636 5.314
Large 60 2.869 7.002 14.263 0.746 1.35 3.504
Large 60 2.326 7.321 15.126 0.603 1.092 3.246
Large 60 1.674 6.699 15.173 0.603 1.234 4.421
Large 60 3.215 7.692 15.153 0.574 1.177 4.056
Large 60 2.669 7.062 14.534 0.546 1.12 3.649
Large 90 2.267 6.001 12.602 0.489 1.035 3.881
Large 20 3.385 7.058 13.575 0.648 1.223 3.693
Large 920 1.062 531 12.169 0.547 1.036 3.135
Large 20 1.926 6.029 12.701 0.402 0.891 3.082
Large 90 3.252 6.956 13.271 0.69 1.179 3.215
Medium 30 2.981 8.063 17.823 0.403 0.949 9.797
Medium 30 2.815 8.084 16.929 0.431 0.947 6.896
Medium 30 1.499 7.192 17.297 0.458 0.975 6.403
Medium 30 2.868 8.265 18.196 0.488 1.063 6.059
Medium 30 2.898 7.748 15.958 0.374 0.89 7.212
Medium 60 2.527 6.688 14.326 0.661 1.353 13.155
Medium 60 2.325 6.726 14.581 0.374 1.006 9.688
Medium 60 1.576 6.486 14.465 0.517 1.12 8.642
Medium 60 2.21 6.686 14.321 0.43 1.034 15.042
Medium 60 2.522 6.683 14.088 0.575 1.264 11.116
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Medium 920 2.181 5.198 11.259 0.431 1.236 16.754
Medium 90 1.981 5.256 11.549 0.545 1.292 26.167
Medium 920 1.148 4.537 11.253 0.46 1.351 34.77
Medium 90 1.894 4.975 11.033 0.516 1.32 28.809
Medium 920 2.153 5.195 11.538 0.459 1.119 15.582
Small 30 2.554 6.919 15.271 0.574 1.233 5.254
Small 30 2.464 7.229 16.615 0.488 1.06 3.642
Small 30 1.433 6.716 15.222 0.487 1.09 8.102
Small 30 2.462 7.224 17.014 0.459 1.004 13.261
Small 30 2.584 6.841 14.915 0.516 1.118 14.58
Small 60 1.894 5.224 11.141 0.401 0.918 4.306
Small 60 1.782 5.225 11.223 0.461 0.977 9.968
Small 60 0.89 4.767 11.009 0.43 0.976 13.929
Small 60 0.89 4.927 12.245 0.487 1.004 6.145
Small 60 1.956 5.268 11.213 0.431 0.948 5.579
Small 90 1.578 4.22 9 0.488 0.976 5
Small 920 1.434 4.101 9.215 0.432 0.921 12.578
Small 90 0.782 3.597 9.742 0.417 0.935 20.041
Small 20 1.406 4.159 9.447 0.432 0.892 3.934
Small 90 1.58 4.279 9.56 0.402 0.861 13.662
Large 30 2.38 4.217 8.237 1.121 2.155 5.457
Large 30 2.268 4.42 8.84 1.12 2.155 5.426
Large 30 1.579 3.876 10.363 1.206 2.325 6.726
Large 30 2.328 4.478 8.842 1.107 2.172 5.744
Large 30 2.64 4.505 8.466 1.291 2.325 5.666
Large 60 2.134 3.597 6.617 0.718 1.38 3.335
Large 60 1.922 3.562 6.773 0.807 1.581 3.974
Large 60 1.149 2.672 7.033 0.719 1.437 3.739
Large 60 1.836 3.445 6.688 0.748 1.495 3.677
Large 60 2.065 3.528 6.515 0.833 1.639 4.112
Large 20 1.753 3.016 5.27 0.574 1.062 2.471
Large 90 0.918 2.01 4.394 0.574 1.264 3.474
Large 20 1.119 2.094 4.907 0.632 1.265 3.624
Large 90 1.435 2.726 5.223 0.575 1.235 3.475
Large 20 1.694 2.958 5.255 0.603 1.321 3.589
Medium 30 1.904 3.397 6.735 0.748 1.437 3.36
Medium 30 1.722 3.473 7.492 0.691 1.409 3.682
Medium 30 1.15 2.88 8.112 0.632 1.349 3.85
Medium 30 1.494 3.357 8.668 0.775 1.552 4.681
Medium 30 1.922 3.7 7.295 0.604 1.179 3.392
Medium 60 1.607 2.728 4.879 0.632 1.293 3.593
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Medium 60 1.147 2.352 4.737 0.632 1.178 3.134
Medium 60 0.861 1.779 4.678 0.777 1.495 3.45
Medium 60 1.233 2.468 4.824 0.603 1.205 2.841
Medium 60 1.578 2.696 4.823 0.746 1.496 4.108
Medium 920 1.264 2.24 3.905 0.431 0.92 2.299
Medium 920 0.804 1.779 3.704 0.489 0.949 2.315
Medium 90 0.774 1.376 3.395 0.576 1.178 2.729
Medium 920 0.889 1.923 3.703 0.487 0.919 2.183
Medium 90 1.293 2.355 4.106 0.603 1.207 3.734
Small 30 2.212 3.879 7.468 0.718 1.436 3.687
Small 30 1.723 3.418 6.84 0.577 1.123 2.762
Small 30 1.587 3.625 9.423 0.603 1.292 3.275
Small 30 2.068 4.077 8.611 0.891 1.725 4.512
Small 30 2.152 3.761 7.119 0.576 1.15 2.708
Small 60 1.664 2.899 5.311 0.548 1.094 3.077
Small 60 1.147 2.381 4.994 0.489 1.006 2.528
Small 60 0.747 1.58 4.173 0.719 1.293 3.39
Small 60 1.176 2.418 5.003 0.431 0.92 2.155
Small 60 1.627 2.863 5.242 0.689 1.38 3.075
Small 920 0.89 1.779 3.502 0.345 0.833 1.868
Small 90 0.918 1.636 3.501 0.517 0.977 2.01
Small 920 0.574 1.12 2.755 0.488 1.179 2.874
Small 90 0.803 1.462 2.927 0.459 0.919 2.097
Small 20 0.889 1.721 3.156 0.546 0.978 1.992
Large 30 2.727 6.286 11.595 0.373 0.804 1.752
Large 30 1.752 4.712 9.565 0.343 0.688 1.407
Large 30 1.265 5.597 12.946 0.315 0.661 1.35
Large 30 2.41 6.514 12.544 0.23 0.489 1.12
Large 30 2.498 5.771 10.687 0.259 0.576 1.207
Large 60 1.724 1.724 7.518 0.2 0.401 0.774
Large 60 1.119 1.119 10.219 0.172 0.345 0.689
Large 60 1.147 1.147 10.772 0.2 0.373 0.718
Large 60 2.039 2.039 9.96 0.172 0.344 0.659
Large 60 1.693 1.693 6.862 0.202 0.403 0.776
Large 920 0.86 1.577 3.271 0.172 0.345 0.661
Large 20 1.894 4.937 9.299 0.172 0.317 0.633
Large 90 0.344 0.918 3.184 0.173 0.346 0.661
Large 20 0.373 0.746 2.067 0.182 0.384 0.757
Large 90 2.095 4.853 8.815 0.202 0.374 0.72
Medium 30 1.637 3.732 7.262 0.575 1.264 8.53
Medium 30 1.264 3.243 8.446 0.661 1.81 17.989
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Medium 30 0.69 2.881 11.787 0.66 1.666 17.583
Medium 30 1.461 3.902 8.119 0.631 1.436 11.323
Medium 30 2.44 5.598 10.343 0.632 1.523 15.174
Medium 60 1.063 2.382 9.797 0.258 0.487 1.09
Medium 60 1.865 4.881 9.389 0.346 0.719 4.193
Medium 60 0.947 4.048 13.06 0.489 1.091 3.76
Medium 60 1.092 2.678 7.076 0.518 1.179 4.424
Medium 60 1.866 4.993 9.585 0.402 0.862 2.24
Medium 920 1.693 3.385 6.455 0.46 0.891 11.732
Medium 920 2.009 5.454 11.557 0.343 0.66 2.009
Medium 90 1.091 4.452 9.509 0.315 0.63 10.381
Medium 90 0.975 2.238 8.272 0.431 0.803 2.154
Medium 920 2.211 5.28 12.457 0.43 0.861 1.837
Small 30 1.032 1.922 4.249 0.374 0.805 1.955
Small 30 1.004 1.866 4.363 0.288 0.661 1.897
Small 30 0.43 1.291 5.978 0.374 0.803 14.675
Small 30 1.264 3.1 7.491 0.345 0.805 8.531
Small 30 1.551 3.187 11.805 0.372 0.832 25.202
Small 60 0.43 1.091 2.243 0.46 0.92 2.125
Small 60 0.66 1.176 2.869 0.431 0.862 1.724
Small 60 0.229 0.486 2.954 0.258 0.545 19.03
Small 60 0.43 1.205 2.639 0.517 1.178 4.883
Small 60 0.575 1.437 3.447 0.431 0.949 24.622
Small 90 0.344 0.918 2.037 0.201 0.43 1.179
Small 920 0.315 0.831 1.895 0.402 0.804 2.125
Small 90 0.286 0.629 2.151 0.602 1.274 14.921
Small 20 0.344 0.689 1.981 0.491 1.037 2.446
Small 90 0.862 1.522 3.158 0.546 1.122 2.989

Table A-2: Pressure data from breathing tests presented in Chapter 2. Standard deviations for
tests presented include 9 breaths, repeated 3 times.

Subject Flowrate Cannula Pmax Uncertainty Pmin Uncertainty Pmean Uncertainty PEEP Uncertainty
(SLPM) (cmH20) (cmH20) (cmH20) (cmH20)
2 0 | Large 3.8365 0.029854 -3.5955 0.024146 | 0.049112 0.003882 -0.05097 0.017026
2 Medium 3.6287 0.031568 -3.4832 0.023081 | 0.024018 0.002332 -0.04318 0.026625
2 0 | Small 3.646 0.031887 -3.5027 0.026306 | 0.019715 0.002331 -0.0501 0.024388
2 30 | Large 5.9532 0.05808 -2.7514 0.025443 1.5092 0.007005 1.4544 0.057589
2 30 | Medium 6.7031 0.14722 -2.6734 0.14938 1.9209 0.075579 1.8299 0.19235
2 30 | Small 7.5597 0.055966 -2.3182 0.030853 2.7033 0.013805 2.9822 0.070784
2 60 | Large 10.322 0.081826 0.3975 0.055287 5.322 0.051085 5.3359 0.13563
2 60 | Medium 13.643 0.42309 1.3162 0.07827 7.1125 0.058789 6.7665 0.43077
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60 | Small 17.268 0.16074 3.9344 0.105 11.079 0.034544 11.786 0.067293
Large 1.583 0.020768 -1.4792 0.018209 | 0.017338 0.002032 -0.05498 0.027087

0 | Medium 1.5379 0.020222 -1.4381 0.016293 | 0.018636 0.001386 -0.04883 0.022427
Small 1.5167 0.022112 -1.4313 0.025015 | 0.015937 0.001993 -0.05132 0.032113

30 | Large 3.3787 0.033719 -0.85028 0.024905 1.2463 0.010834 1.266 0.043205
30 | Medium 4.4318 0.12634 -0.87185 0.025588 1.5581 0.009569 1.3781 0.20946
30 | Small 5.0525 0.042011 -0.90359 0.031003 2.0943 0.011696 2.3631 0.10469
60 | Large 7.3841 0.060122 1.7655 0.042318 4.6151 0.009538 4.6917 0.11761
60 | Medium 11.414 0.61769 1.76 0.04951 5.9104 0.066827 5.9333 0.91135
60 | Small 14.525 0.071395 2.1667 0.14101 8.499 0.031158 9.3144 0.23266
0 | Large 7.816 0.039353 -7.0906 0.026146 0.1213 0.003951 -0.05325 0.016811
Medium 7.7595 0.033721 -7.0691 0.030118 0.10979 0.0031 -0.06104 0.018317

0 | Small 7.7662 0.032471 -7.0656 0.058202 0.11414 0.002982 -0.05305 0.02
30 | Large 8.7857 0.04481 -6.6074 0.040443 0.84825 0.005715 0.69332 0.023984
30 | Medium 9.1149 0.31852 -6.4591 0.042062 1.0143 0.023757 0.75379 0.095903
30 | Small 10.135 0.033904 -6.2069 0.0401 1.8235 0.010618 1.8652 0.075382
60 | Large 11.266 0.048911 -5.1087 0.043871 2.8888 0.0045 2.7983 0.088241
60 | Medium 15.374 0.53899 -4.0344 0.47811 5.0397 0.19567 4.6491 1.3497
60 | Small 15.815 0.47094 -2.607 0.12654 6.6892 0.27798 7.0498 0.46285
Large 1.6813 0.015279 -1.5615 0.012899 | 0.018501 0.001563 -0.05001 0.015689

0 | Medium 1.5658 0.021915 -1.4967 0.022769 | 0.008769 0.002156 -0.04618 0.018817
Small 1.5916 0.017841 -1.516 0.019247 | 0.010875 0.001614 -0.04281 0.022107

30 | Large 2.879 0.036973 -1.0261 0.020538 0.93291 0.007661 0.99225 0.061361
30 | Medium 5.5673 0.098942 -0.18804 0.047416 2.61 0.014432 2.5757 0.18471
30 | Small 4.1475 0.074683 -0.26468 0.04672 1.9294 0.008048 1.9467 0.076353
60 | Large 5.8478 0.068105 0.63635 0.035798 3.3445 0.008488 3.5285 0.11214
60 | Medium 14.856 0.24776 3.3698 0.1981 9.0658 0.044852 9.911 0.2793
60 | Small 11.379 0.12104 4.0069 0.072393 7.639 0.016547 7.6252 0.25264
0 | Large 3.7507 0.061259 -3.6082 0.031783 | 0.028189 0.005963 -0.05348 0.012767
Medium 3.6513 0.06428 -3.5544 0.054897 | 0.020591 0.006749 -0.05196 0.016119

0 | Small 3.6707 0.067836 -3.5678 0.033523 | 0.019949 0.006705 -0.05086 0.025246
30 | Large 4.786 0.07645 -3.074 0.032441 0.78148 0.004336 0.67821 0.035708
30 | Medium 5.1856 0.058488 -2.9267 0.030441 1.0569 0.008942 0.96584 0.03152
30 | Small 5.8863 0.076835 -2.4806 0.044769 1.6845 0.009736 1.6872 0.035326
60 | Large 7.1737 0.068094 -1.5101 0.042733 2.7881 0.009116 2.7379 0.02082
60 | Medium 8.7206 0.13402 -0.82261 0.14832 3.924 0.053575 3.9384 0.11013
60 | Small 11.589 0.11428 1.1541 0.066184 6.3761 0.013279 6.41 0.12205
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Appendix B Raw Data for Chapter 3

Table B-1: Clearance and Pressure data from breathing tests presented in Chapter 3. Standard
deviations for tests presented include 9 breaths, repeated 3 times.

Subject Gas Cannula Flow Average SD (%) PEEP SD
(SLPM) €O2 (%) (cmH20)  (cmH20)
2 | Air Generic 0 1.9009 | 0.055984 | -0.01837 | 0.007632
2 | Air Generic 15 1.7478 | 0.027238 0.41054 | 0.016626
2 | Air Generic 30 1.6822 | 0.031024 1.6812 0.11997
2 | Air Generic 60 1.6013 | 0.032485 6.616 0.29156
2 | Air Vapotherm Adult 0 1.9034 | 0.04255 | -0.01642 | 0.008468
2 | Air Vapotherm Adult 15 1.7367 | 0.036953 0.80594 | 0.012687
2 | Air Vapotherm Adult 30 1.6382 | 0.031467 3.1242 | 0.042382
2 | Air Vapotherm Adult 60 1.533 | 0.043756 11.506 0.11674
2 | Air Vapotherm Adult S 0 1.8748 | 0.033003 | -0.02395 | 0.010238
2 | Air Vapotherm Adult Small 15 1.7012 | 0.042088 0.85096 | 0.023096
2 | Air Vapotherm Adult Small 30 1.6183 | 0.029209 3.4562 | 0.065151
2 | Air Vapotherm Adult Small 60 1.5084 | 0.035585 13.989 0.20239
2 | He/O2 | Generic 0 1.9009 | 0.055984 | -0.01837 | 0.007632
2 | He/O2 Generic 15 1.7323 0.04962 0.10327 0.00984
2 | He/O2 | Generic 30 1.6836 | 0.045358 0.39578 | 0.011154
2 | He/O2 Generic 60 1.6015 | 0.041382 1.6005 | 0.060185
2 | He/O2 | Vapotherm Adult 0 1.9034 | 0.04255 | -0.01642 | 0.008468
2 | He/O2 | Vapotherm Adult 15 1.7263 | 0.037771 0.18438 | 0.008955
2 | He/O2 | Vapotherm Adult 30 1.6811 | 0.046469 0.68079 | 0.007036
2 | He/O2 | Vapotherm Adult 60 1.5778 | 0.034216 2.5568 | 0.019932
2 | He/O02 | Vapotherm Adult S 0 1.8748 | 0.033003 -0.02395 | 0.010238
2 | He/02 | Vapotherm Adult Small 15 1.7651 | 0.054979 0.21563 | 0.009283
2 | He/O02 | Vapotherm Adult Small 30 1.6925 | 0.042569 0.84838 | 0.016427
2 | He/O2 | Vapotherm Adult Small 60 1.6068 | 0.037458 3.4829 | 0.020037
2 | Oxygen | Generic 0 1.9009 | 0.055984 | -0.01837 | 0.007632
2 | Oxygen | Generic 15 1.6944 | 0.066207 0.44748 | 0.029645
2 | Oxygen | Generic 30 1.538 | 0.027481 1.7241 | 0.077511
2 | Oxygen | Generic 60 1.4447 | 0.034373 7.023 0.36066
2 | Oxygen | Vapotherm Adult 0 1.9034 | 0.04255 | -0.01642 | 0.008468
2 | Oxygen | Vapotherm Adult 15 1.6716 | 0.057667 0.77961 | 0.013531
2 | Oxygen | Vapotherm Adult 30 1.5407 | 0.040881 3.009 | 0.037036
2 | Oxygen | Vapotherm Adult 60 1.4396 | 0.039934 11.526 0.07097
2 | Oxygen | Vapotherm Adult S 0 1.8748 | 0.033003 -0.02395 | 0.010238
2 | Oxygen | Vapotherm Adult Small 15 1.6612 | 0.034107 1.0425 | 0.021489
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Oxygen | Vapotherm Adult Small 30 1.5306 | 0.034294 4.2349 | 0.062978
Oxygen | Vapotherm Adult Small 60 1.4654 | 0.060804 16.78 0.13125
Air Generic 0 2.0166 | 0.035805 | -0.02642 | 0.006804
Air Generic 15 1.7862 | 0.031856 0.38458 | 0.025543
Air Generic 30 1.7242 | 0.028732 1.7909 0.13006
Air Generic 60 1.6206 | 0.034979 7.0119 0.29266
Air Vapotherm Adult 0 2.0467 | 0.038851 | -0.03098 | 0.007628
Air Vapotherm Adult 15 1.8171 | 0.029095 0.65918 | 0.010392
Air Vapotherm Adult 30 1.6998 | 0.027398 2.5815 | 0.036793
Air Vapotherm Adult 60 1.5805 | 0.047187 9.8878 0.15584
Air Vapotherm Adult S 0 2.0599 | 0.039101 | -0.02447 | 0.007702
Air Vapotherm Adult Small 15 1.8342 | 0.041008 0.72744 | 0.028075
Air Vapotherm Adult Small 30 1.7078 | 0.031802 2.7307 | 0.058889
Air Vapotherm Adult Small 60 1.6066 | 0.046606 9.8807 0.19343
He/O2 | Generic 0 2.0166 | 0.035805 | -0.02642 | 0.006804
He/02 Generic 15 1.6065 | 0.032249 | 0.095722 | 0.010097
He/O2 | Generic 30 1.4792 | 0.029949 0.38506 | 0.019538
He/O2 | Generic 60 1.3476 | 0.023629 1.2402 | 0.026078
He/02 | Vapotherm Adult 0 2.0467 | 0.038851 | -0.03098 | 0.007628
He/O2 | Vapotherm Adult 15 1.8376 | 0.045842 0.15748 | 0.007283
He/02 | Vapotherm Adult 30 1.6949 | 0.031792 0.60902 | 0.010365
He/O2 | Vapotherm Adult 60 1.5879 | 0.031969 2.3293 | 0.017829
He/O2 | Vapotherm Adult S 0 2.0599 | 0.039101 -0.02447 | 0.007702
He/O2 | Vapotherm Adult Small 15 1.6588 0.02955 0.17247 | 0.008641
He/02 | Vapotherm Adult Small 30 1.5507 | 0.040008 0.68618 | 0.017639
He/O2 | Vapotherm Adult Small 60 1.4188 | 0.027268 2.6175 | 0.037303
Oxygen | Generic 0 2.0166 | 0.035805 | -0.02642 | 0.006804
Oxygen | Generic 15 1.7572 0.03257 0.40141 | 0.022065
Oxygen | Generic 30 1.6514 | 0.031377 1.86 0.06147
Oxygen | Generic 60 1.5395 | 0.032274 7.3949 0.38052
Oxygen | Vapotherm Adult 0 2.0467 | 0.038851 -0.03098 | 0.007628
Oxygen | Vapotherm Adult 15 1.7297 | 0.032979 0.76189 | 0.012987
Oxygen | Vapotherm Adult 30 1.5932 | 0.025803 2.9593 | 0.033438
Oxygen | Vapotherm Adult 60 1.5075 | 0.054456 11.307 0.11094
Oxygen | Vapotherm Adult S 0 2.0599 | 0.039101 -0.02447 | 0.007702
Oxygen | Vapotherm Adult Small 15 1.7617 | 0.025862 0.86722 | 0.016868
Oxygen | Vapotherm Adult Small 30 1.6149 | 0.020756 3.3479 | 0.049985
Oxygen | Vapotherm Adult Small 60 1.4926 | 0.038263 12.545 0.17829
Air Generic 0 1.7765 | 0.065892 | -0.01233 | 0.007457
Air Generic 15 1.6143 | 0.039213 0.35703 | 0.013866
Air Generic 30 1.5466 | 0.032032 1.3479 | 0.063067
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Air Generic 60 1.4779 | 0.024624 3.5552 0.19431
Air Vapotherm Adult 0 1.875 | 0.047516 -0.017 0.00679
Air Vapotherm Adult 15 1.6339 | 0.038395 0.49566 | 0.011344
Air Vapotherm Adult 30 1.5726 | 0.039371 1.914 | 0.029367
Air Vapotherm Adult 60 1.4936 0.03653 6.2517 | 0.080716
Air Vapotherm Adult S 0 1.8645 | 0.039225 | -0.01509 | 0.007195
Air Vapotherm Adult Small 15 1.6164 0.03021 0.38786 | 0.016727
Air Vapotherm Adult Small 30 1.5466 | 0.037405 1.4858 | 0.030168
Air Vapotherm Adult Small 60 1.4941 | 0.034136 5.9021 0.1133
He/O2 | Generic 0 1.7765 | 0.065892 | -0.01233 | 0.007457
He/O2 | Generic 15 1.6015 | 0.044069 | 0.038933 | 0.006102
He/02 | Generic 30 1.5293 | 0.043654 0.30968 | 0.013133
He/O2 | Generic 60 1.4027 | 0.030764 0.92963 | 0.018267
He/02 | Vapotherm Adult 0 1.875 | 0.047516 -0.017 0.00679
He/02 | Vapotherm Adult 15 1.6272 | 0.046224 0.13027 | 0.006859
He/02 | Vapotherm Adult 30 1.5387 | 0.037152 0.51521 | 0.010391
He/O2 | Vapotherm Adult 60 1.4128 | 0.037066 1.9136 | 0.016172
He/02 | Vapotherm AdultS 0 1.8645 | 0.039225 | -0.01509 | 0.007195
He/02 | Vapotherm Adult Small 15 1.5935 | 0.042124 0.11557 | 0.008666
He/02 | Vapotherm Adult Small 30 1.4657 | 0.039008 0.42538 | 0.010774
He/0O2 | Vapotherm Adult Small 60 1.3753 | 0.027779 1.5435 | 0.026716
Oxygen | Generic 0 1.7765 | 0.065892 | -0.01233 | 0.007457
Oxygen | Generic 15 1.5757 | 0.043901 0.37755 | 0.019831
Oxygen | Generic 30 1.5051 | 0.023921 1.3892 | 0.055117
Oxygen | Generic 60 1.4129 | 0.029363 5.3292 0.14584
Oxygen | Vapotherm Adult 0 1.875 | 0.047516 -0.017 0.00679
Oxygen | Vapotherm Adult 15 1.5602 | 0.035995 0.52554 | 0.021718
Oxygen | Vapotherm Adult 30 1.4749 | 0.034751 2.0435 | 0.023923
Oxygen | Vapotherm Adult 60 1.3839 | 0.042916 7.0995 0.21755
Oxygen | Vapotherm Adult S 0 1.8645 | 0.039225 -0.01509 | 0.007195
Oxygen | Vapotherm Adult Small 15 1.5634 0.04534 0.46299 | 0.017705
Oxygen | Vapotherm Adult Small 30 1.4529 | 0.035721 1.4891 | 0.031048
Oxygen | Vapotherm Adult Small 60 1.3915 | 0.036839 5.8481 | 0.077772
Air Generic 0 1.979 | 0.047246 | -0.01845 | 0.009452
Air Generic 15 1.7821 | 0.048676 0.7737 0.03717
Air Generic 30 1.6596 | 0.030711 2.9311 0.23741
Air Generic 60 1.5751 | 0.027819 9.2126 0.53649
Air Vapotherm Adult 0 2.0255 | 0.050787 -0.02029 | 0.011119
Air Vapotherm Adult 15 1.8636 | 0.033077 0.6643 | 0.019725
Air Vapotherm Adult 30 1.7744 | 0.043441 2.5232 | 0.039508
Air Vapotherm Adult 60 1.6899 | 0.076053 9.2662 0.10844
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Air Vapotherm Adult S 0 2.0397 | 0.049017 | -0.02388 | 0.008809
Air Vapotherm Adult Small 15 1.8745 0.03312 0.7704 | 0.029507
Air Vapotherm Adult Small 30 1.7493 0.02872 2.6954 | 0.078903
Air Vapotherm Adult Small 60 1.6464 | 0.047911 10.086 0.15763
He/O2 | Generic 0 1.979 | 0.047246 | -0.01845 | 0.009452
He/02 Generic 15 1.9334 | 0.087129 0.18647 | 0.007145
He/02 | Generic 30 1.8014 | 0.10085 0.7609 0.03067
He/02 Generic 60 1.6582 | 0.088212 1.3857 0.13898
He/02 | Vapotherm Adult 0 2.0255 | 0.050787 | -0.02029 | 0.011119
He/02 | Vapotherm Adult 15 1.8623 | 0.048259 0.13639 | 0.007246
He/02 | Vapotherm Adult 30 1.795 | 0.044834 0.54231 | 0.009132
He/0O2 | Vapotherm Adult 60 1.6074 | 0.032861 2.0907 | 0.027821
He/02 | Vapotherm AdultS 0 2.0397 | 0.049017 | -0.02388 | 0.008809
He/0O2 | Vapotherm Adult Small 15 1.8689 | 0.057895 0.1417 | 0.006319
He/02 | Vapotherm Adult Small 30 1.8145 | 0.097878 0.70307 | 0.010951
He/0O2 | Vapotherm Adult Small 60 1.5847 | 0.044127 2.9455 | 0.018818
Oxygen | Generic 0 1.979 | 0.047246 | -0.01845 | 0.009452
Oxygen | Generic 15 1.7728 | 0.049581 0.68531 | 0.086016
Oxygen | Generic 30 1.6063 | 0.030492 3.154 0.21882
Oxygen | Generic 60 1.5129 | 0.039288 9.1513 0.46205
Oxygen | Vapotherm Adult 0 2.0255 | 0.050787 -0.02029 | 0.011119
Oxygen | Vapotherm Adult 15 1.8051 | 0.045275 0.73886 | 0.015088
Oxygen | Vapotherm Adult 30 1.6787 0.04099 2.7469 | 0.055048
Oxygen | Vapotherm Adult 60 1.6041 | 0.070224 10.245 0.11515
Oxygen | Vapotherm Adult S 0 2.0397 | 0.049017 -0.02388 | 0.008809
Oxygen | Vapotherm Adult Small 15 1.8096 | 0.032677 0.95274 | 0.020459
Oxygen | Vapotherm Adult Small 30 1.6591 0.04649 3.9107 | 0.053426
Oxygen | Vapotherm Adult Small 60 1.5256 | 0.043864 14.857 0.14007
Air Generic 0 1.9155 | 0.066434 | -0.01748 | 0.007512
Air Generic 15 1.6957 | 0.035461 0.20857 0.00958
Air Generic 30 1.6258 | 0.026249 0.89297 | 0.026476
Air Generic 60 1.5926 | 0.037529 3.38 0.11922
Air Vapotherm Adult 0 1.9343 | 0.054987 -0.01824 | 0.007582
Air Vapotherm Adult 15 1.6802 | 0.030458 0.28579 | 0.005467
Air Vapotherm Adult 30 1.6093 0.03927 1.1038 | 0.017294
Air Vapotherm Adult 60 1.5796 | 0.033861 4.1754 | 0.057587
Air Vapotherm Adult S 0 1.9104 | 0.037553 -0.0223 | 0.007281
Air Vapotherm Adult Small 15 1.6651 0.03781 0.35417 | 0.013162
Air Vapotherm Adult Small 30 1.6034 | 0.028826 1.2017 | 0.023811
Air Vapotherm Adult Small 60 1.5594 | 0.028716 4.342 0.055
He/02 | Generic 0 1.9155 | 0.066434 | -0.01748 | 0.007512
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He/02 Generic 15 1.6058 | 0.045309 | 0.040527 | 0.006468
He/02 | Generic 30 1.5067 | 0.039749 0.19631 | 0.011101
He/02 Generic 60 1.4511 | 0.035789 0.76152 | 0.018599
He/02 | Vapotherm Adult 0 1.9343 | 0.054987 | -0.01824 | 0.007582
He/02 | Vapotherm Adult 15 1.6204 | 0.044955 | 0.045848 0.00807
He/02 | Vapotherm Adult 30 1.5189 | 0.042753 0.19768 | 0.008283
He/02 | Vapotherm Adult 60 1.4676 | 0.035994 0.77944 | 0.009433
He/O2 | Vapotherm AdultS 0 1.9104 | 0.037553 -0.0223 | 0.007281
He/02 | Vapotherm Adult Small 15 1.6288 | 0.049302 | 0.076664 | 0.010398
He/02 | Vapotherm Adult Small 30 1.5149 | 0.047019 0.29005 0.0101
He/02 | Vapotherm Adult Small 60 1.4594 | 0.048067 1.1183 | 0.012775
Oxygen | Generic 0 1.9155 | 0.066434 -0.01748 | 0.007512
Oxygen | Generic 15 1.6081 | 0.031789 0.28737 | 0.013361
Oxygen | Generic 30 1.4977 | 0.026394 1.1608 | 0.026271
Oxygen | Generic 60 1.4434 | 0.029073 4.1088 0.20767
Oxygen | Vapotherm Adult 0 1.9343 | 0.054987 -0.01824 | 0.007582
Oxygen | Vapotherm Adult 15 1.5785 | 0.028776 0.31644 | 0.016669
Oxygen | Vapotherm Adult 30 1.4916 | 0.037938 1.2082 | 0.016137
Oxygen | Vapotherm Adult 60 1.4548 | 0.033309 4.536 | 0.053964
Oxygen | Vapotherm Adult S 0 1.9104 | 0.037553 -0.0223 | 0.007281
Oxygen | Vapotherm Adult Small 15 1.6136 0.04017 0.48749 | 0.040972
Oxygen | Vapotherm Adult Small 30 1.5008 0.02652 1.5493 | 0.023013
Oxygen | Vapotherm Adult Small 60 1.4464 0.03385 3.4221 | 0.044858
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