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A B S T R A C T   

Two working mechanisms of Nasal High-Flow Therapy (NHFT) are washout of anatomical dead space and 
provision of positive end-expiratory pressure (PEEP). The extent of both mechanisms depends on the respiration 
aerodynamics and the corresponding pressure distribution: at end-expiration the onset of uniform pressure in-
dicates the jet penetration length, and the level of the uniform pressure is the PEEP. The clinical problem is that 
adequate measurements in patients are presently impossible. In this study, the respiratory pressure distribution is 
therefore measured in 3D-printed anatomically correct upper-airway models of an adult and an infant. Assuming 
that elastic fluctuations in airway anatomy are sufficiently small, the aerodynamics in these rigid models will be 
very similar to the aerodynamics in patients. It appears that, at end-expiration, the jet penetrates into or slightly 
beyond the nasal cavity, hardly depending on cannula size or NHFT flow rate. PEEP is approximately propor-
tional to the square of the flow rate: it can be doubled by increasing the flow rate by 40%. In the adult model, 
PEEP is accurately predicted by the dynamic pressure at the prong-exits, but in the infant model this method 
fails. During respiration, large pressure fluctuations occur when the cannula is relatively large compared to the 
nostrils.   

1. Introduction 

Nasal High-Flow Therapy (NHFT) is a method to provide non- 
invasive respiratory support to patients ranging from neonates to 
adults. A relatively high flow rate of heated, humidified and, optionally, 
oxygen-enriched air is supplied to the upper airway of a patient via a 
nasal cannula. The prongs of the nasal cannula are smaller than the 
nostrils, such that there is a loose fitting with an air leak. Via this leak, 
air can escape to the ambience at inspiration when the inspiratory flow 
rate is less than the device flow rate, or enter when the inspiratory flow 
rate exceeds the device flow rate. At expiration air escapes to the 
ambience. The working mechanisms of NHFT were first described by 
Dysart et al. [1], and in the present study the provision of Positive 
End-Expiratory Pressure (PEEP) and the washout of exhaled gases from 
the anatomical dead space are of interest. 

There were initial concerns about the unpredictable level of PEEP 
generated by NHFT [2], which led to a number of studies in infants [3, 
4], adults [5], models of infants [6–9], and models of adults [10–13]. 
Although all studies report an increase in PEEP with increasing flow 
rate, the level of PEEP generated could not be described by the flow rate 

only. Opening of the mouth is widely reported to significantly reduce 
pressure [4–6,8,9], although one study found very little effect [3]. The 
infant’s weight was found to be negatively correlated to pressure [3,4]. 
A larger outer diameter of the prongs, leading to higher occlusion rates, 
is associated with higher pressures [4,6,7,9,13], whereas a larger inner 
diameter of the prongs reduces PEEP [9]. Larger cannulae often have 
both larger inner (reducing PEEP) and outer (increasing PEEP) di-
ameters. Consequently, the pressure in some adult models was hardly 
affected by cannula size [11], or decreasing with increasing cannula size 
[12]. 

The extent of both PEEP and washout depends on the respiration 
aerodynamics and the corresponding pressure distribution. When 
gravitational effects can be neglected, which is the case for air, fluid- 
mechanical principles dictate that pressure is uniform in any channel 
without flow. During respiratory pauses (e.g. at end-expiration), there is 
no nett-flow through the airways. The NHFT jet that enters the nostrils 
will therefore reverse at some point along the airway channel. Between 
that point and the alveoli, pressure must be (spatially) uniform and its 
value equals the PEEP. The onset of uniform pressure marks the pene-
tration length of the jet, which is a measure for the washout effect of 
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NHFT. The further the jet penetrates into the nasal cavity, the higher the 
volume of CO2-rich air that can be cleared. The level of uniform pressure 
during a respiratory pause equals PEEP. However, little data of the 
pressure distribution is currently available. 

This paper presents measurements of the pressure distributions along 
infant and adult 3D-printed upper airway models, both without and with 
NHFT, and with or without respiration. The influence of cannula size, 
NHFT flow setting, and respiration on the pressure distribution is 
studied. The pressure distribution along the airway is used (a) to 
determine how the PEEP relates to cannula size and flow rate and (b) to 
estimate the jet penetration length into the upper airway. 

2. Methods 

2.1. Experimental setup 

Rigid 3D-printed upper-airway geometries of an infant and an adult 
were used. The infant model is known as the SAINT-model [14], a 
Caucasian girl of 9 months. Since the model has a relatively small right 
nostril, a symmetric version was also constructed by mirroring the larger 
left nostril (including nasal cavity) over the nasal septum. This model 
will be referred to as “symmetric infant”. Both models were printed 
using Digital Light Processing (DLP) with EnvisionTEC RC31 material. 
The male adult model was obtained from [15] and modified with 
permission from the author. It was printed using Selective Laser Sin-
tering (SLS) with PA 12 nylon and, to prevent air leakage, impregnated 
afterwards. Both the infant and the adult models have closed mouths. 

The digital models were modified to include small-diameter pres-
sure-measurement holes normal to the airway walls. The locations, 
centred in the airway, are shown in Fig. 1a and b for respectively the 
asymmetric infant and the adult model, with labels indicated for later 
reference. The locations of the symmetric infant are identical to the left 
nasal cavity and the pharynx to trachea locations of the asymmetric 
infant. After 3D-printing, the holes were post-processed to ensure that 
the holes were open, and brass tubes were placed in (the outer part of) 
the holes. This appeared impossible in holes 1 and 2 in the asymmetric 
infant model, so these were closed. Hole 9L of the symmetric infant had 
to be closed because the brass tube broke off during construction. During 
the measurements, the pressure was measured at all locations using two 
pressure scanners (NetScanner model 9216, Measurement Specialities, 
Les Clayes-sous-Bois, France) with a sampling time of 6 ms (167 Hz). 

To avoid condensation of water in the model and subsequent water 
build-up in the model and tubing, dry unheated air was supplied. By 
comparing the kinematic viscosity, it can be determined that heating to 
body temperature and fully humidifying the air typically decreases the 
Reynolds number with 8% compared to dry air at room temperature 
[16–18], which has hardly any effects on the flow field topology. Flow 
was obtained from a wall source, led through a flow controller 
(EL-FLOW Select F-201AV-50K-AAD-33-V, Bronkhorst, The 
Netherlands) and then into the inlet of the empty humidification 
chamber (MR290, Fisher & Paykel Healthcare Ltd., New Zealand) placed 
in the Airvo 2 system (Fisher & Paykel Healthcare Ltd., New Zealand). 
The Airvo device was turned off throughout the measurements, such 
that the use was restricted to making the connection between industrial 
fittings (flow controller) and medical connectors (the cannulae). Three 
different cannula sizes were used in both models. The inner and outer 
diameters of the cannulae and the occlusion rates in the nostrils of both 
models are summarized in Table 1. The nostril areas, used in the 
calculation of the occlusion rates, were estimated from the digital 
models. For more details about the cannulae and pictures of the 
cannulae in the noses of the adult and asymmetric infant, the reader is 
referred to a previous study [19]. It is noted that the calculated occlusion 
rate of the large cannula in the right nostril of the infant model exceeds 
100%, meaning that the prong was somewhat compressed to fit into the 
nose. This is evidently clinically unacceptable, but the results are still 
included for reasons of completeness. 

A breathing simulator was connected to the trachea. Different res-
piratory patterns were obtained from literature and prescribed to the 
breathing simulator. Healthy [21] and COPD [22] respiratory profiles 
were tested for the adult model, and non-obstructed, moderately 
obstructed and severely obstructed patterns, all obtained from ref. [23], 
were tested for the infant models. The respiratory patterns were scaled 
to chosen tidal volumes and cycle lengths based on numbers represen-
tative for healthy subjects: 450 mL and 4 s for the adult and 85 mL and 
1.76 s for the infants. More details about the breathing simulator and the 
respiratory profiles can be found in ref. [19]. 

2.2. Data collection and processing 

For the measurements without respiration, pressures were recorded 
during 10 s for all settings (model, flow rate and cannula). The pressure 
at a certain location is calculated as the mean of all measured samples to 
limit the influence of sensor errors. 

For the measurements with respiration, the respiratory profile was 
repeated continuously, causing constantly changing pressures in the 3D- 
printed model. Pressures were recorded during 50 s (infants) or 100 s 
(adult), resulting in approximately 25 full respiration cycles. Due to 
turbulence these cycles were not completely similar, also not after 
applying a low-pass filter, which complicates analysis. Therefore, a 
single representative pressure-time curve per measurement location was 
constructed from the recorded (unfiltered) signals as follows. The 
pressure-time signals were cut into N respiration cycles (approximately 
25) based on the minima in the flow rate of the breathing simulator, and 
the times were shifted such that all cycles started at zero. Next, Fourier 
series with 20 frequencies, the same number as used for the prescribed 
respiratory curve, were constructed for all respiration cycles, such that N 
Fourier series were obtained. Lastly, a single pressure-time curve was 
constructed by taking the average of the N Fourier coefficients per 
frequency. 

3. Results 

The results are divided into two subsections. The first subsection 
presents the measurements without respiration (simulating a respiratory 
pause), the second presents the measurements with respiration. All 
pressures are relative to ambient conditions. 

Table 1 
Cannula dimensions and nostril occlusion rates.   

Cannula din 

[mm] 
dout 

[mm] 
Occlusion 
right nostril 
[%] 

Occlusion left 
nostril [%] 

Adult S 4.8 5.4 13.7 13.3 
M 5.1  

[13] 
6.1  
[13] 

17.5 17.1  

L 6.0  
[13] 

7.2  
[13] 

24.4 23.8 

Infant S 1.35 3.0 79.4 50.5 
M 1.55  

[20] 
3.17  
[20] 

88.7 56.4  

L 2.35  
[20] 

3.82  
[20] 

129* 81.9 

Symmetric 
infant 

S 1.35 3.0 50.5 50.5 
M 1.55  

[20] 
3.17  
[20] 

56.4 56.4  

L 2.35  
[20] 

3.82  
[20] 

81.9 81.9 

din: inner diameter of cannula; dout : outer diameter of cannula; Outer diameter 
was determined at the widest point of the prong. Occlusion is defined as the total 
outer area of the prong divided by the estimated nostril area. *Calculated value; 
in practice occlusion equals 100% and the prong is slightly compressed.  
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3.1. Without respiration 

3.1.1. Pressure along the airway 
The zero-respiration airway pressures are shown at various device 

flow rates for the adult model in Fig. 2a (small cannula) and Fig. 2b 
(large cannula), and for the infant model with small cannula in Fig. 3a 
(asymmetric nostrils) and Fig. 3b (symmetric nostrils). Results for the 
remaining cannula sizes are similar to the ones shown here and can be 
found as supplementary material. It is observed that the pressure in all 
cases becomes (approximately) uniform at some point, marking the 
penetration length of the jet. In front of this point (i.e. smaller distance 
from nostrils), two general trends are observed in the transition towards 
the uniform pressure: (a) the pressure increases towards the constant 
pressure (adult with small and medium cannula, left nostril of the infant 
model with all cannula sizes, and the symmetric infant model with all 
cannula sizes), or (b) the pressure decreases towards the constant 
pressure (adult with large cannula and right nostril of the infant model 
with all cannula sizes). 

For the adult model, the pressure appears to be uniform from 
approximately 35 mm in the right nostril (pressure location 3R) or 55 
mm in the left nostril (5L). The difference is most likely caused by 
anatomical differences. Despite the different pressure distributions with 
the different cannulae, there is no clear influence of the cannula size on 
the penetration length of the jet. Also the flow rate doesn’t have a clear 
influence on the jet penetration length. 

Similarly, the jet penetration length in the asymmetric infant model 
is influenced neither by the cannula size nor by the flow rate. The 
pressure is uniform from approximately 93 mm (location 20), just before 
the oropharynx starts (near location 21). Noteworthy, the jet extends 
further into the airway in the asymmetric infant model than in the adult 
model. 

The symmetric infant model shows very different patterns compared 
to the asymmetric infant model. The pressure increases up to approxi-
mately 20 mm (location 3L and 3R) in both nostrils, beyond which it is 
almost constant over some distance. The pressure then converges at the 
end of the nasal cavity. Just like the other models, there is no clear in-
fluence of the cannula size or the flow rate on the pressure pattern. 
Although the right nostril is a mirrored version of the left nostril, the 
pressure appears to be slightly higher in the right nostril for all cases. 

3.1.2. PEEP 
The uniform pressures in the distal airway at zero-respiration con-

ditions are, by definition, equal to the positive end-expiratory pressures 
(PEEP). The PEEP has been calculated for each case by taking the 
average of the three most distal data points. In Fig. 4 the PEEP in the 
adult model is plotted against the supplied flow rate for the different 
cannula sizes. It is observed that at a given flow rate the pressure is 
higher for smaller cannula sizes. The maximum PEEP generated is 
relatively low, approximately 300 Pa (about 3 cmH2O) for 50 L/min 
flow and the small cannula. The figure also shows the dynamic pressure 
of the NFHT jet, 

pdyn =
1
2

ρ

⎛

⎜
⎝

Qd

2 π
4d

2
in

⎞

⎟
⎠

2

=
2ρ

π2d4
in

Q2
d (1)  

(ρ: air density in kg/m3, Qd: device flow rate in m3/s, din: inner diameter 
of the cannula in m), and a power-law fit of the pressure to the device 
flow rate for each of the cannula sizes. It is seen that the dynamic 
pressure gives an accurate approximation of the delivered PEEP for all 
cannula sizes in the adult model. For frictionless steady flow, the PEEP 
would equal the sum of the static pressure and the dynamic pressure 
(Bernoulli’s principle). Hence, PEEP is equal to the dynamic pressure 
when losses between the prongs and the trachea are small and the static 
pressure at the prongs is close to atmospheric pressure, which is ex-
pected for low nostril occlusion. 

A similar plot for the asymmetric infant model is presented in Fig. 5a. 
It is observed that, in contrast to the adult model, pressure increases for 
larger cannulae, although the differences are, especially at lower flow 
rates, small. Since the dynamic pressure decreases for a larger cannula 
(at a given flow rate), it is clear that the PEEP cannot be approximated 
by the dynamic pressure in this case. Indeed, large differences between 
PEEP and dynamic pressure are observed for all cannula sizes. Clearly, 
the situation of frictionless steady flow with nearly atmospheric pressure 
at the prongs does not hold for this model. It is seen that the exponents of 
the power-law fits are lower than in the adult case, around 1.8. This may 
indicate a different flow behaviour compared to the adult model. 

Finally, the PEEP for the symmetric infant is shown in Fig. 5b. The 
pressure increases with cannula size, but the difference between the 
small and medium cannula is small. It is observed that the pressure 
levels generated by the small and medium cannula are much lower 
compared to the asymmetric infant model. Clearly, a high occlusion rate 
in only one nostril already results in high levels of PEEP. 

3.2. With respiration 

3.2.1. Airway and cannula resistance 
The resistance of the airway to respiratory flow has been investigated 

by measuring the pressures during respiration without a cannula. The 
results for the healthy (adult) and non-obstructed (infants) respiratory 
profiles are shown in Figs. 6, 7 a and b at several locations: the first 
available points in both nostrils, the first point behind the point where 
the two nasal cavities merge, a point near the beginning of the 
oropharynx, and the last point in the trachea. For the symmetric infant 
model, two additional points (3L and 3R) have been included to 
compare to the original geometry. It is observed that the pressure drop 
over the whole nasal cavity is higher for the symmetric infant model 
than for the asymmetric infant model. A more thorough investigation of 
all measurement locations shows that there is a relatively large pressure 
drop between points 8 and 7 in both nostrils in the symmetric infant, 
which is absent in the asymmetric infant. This indicates that there is a 
constriction in the symmetric infant at this point. 

The airway resistance of the models, defined as the pressure drop 
from the trachea to the atmosphere divided by the respiratory flow rate, 
is shown in Table 2 for peak inspiration and peak expiration during the 
healthy (adult) or non-obstructed (infants) respiratory profile. It is noted 
that the airway resistance is flow-dependent, and hence the absolute 
values of the resistance change for the various respiratory profiles. 
Insertion of the cannula (without applying NHFT) increases the aero-
dynamic resistance. The percentile change in resistance due to the 
inserted cannula is shown in the table as well. For the adult model, the 
added resistance is low: less than 10% increase for all cases. In contrast, 
the resistance is increased significantly in both infant models. Where the 
increase may still be considered reasonable for the small and medium 
cannula in the symmetric infant model, increases of over 60% are 
observed during peak expiration for the large cannula. For the asym-
metric infant model, which has a highly occluded right nostril, even the 
smallest cannula increases the resistance during expiration by almost 
70%. 

3.2.2. Airway pressures during NHFT 
The pressure in time at the various locations with NHFT are shown in 

Fig. 8a and b for the adult model with the small and large cannula, 
respectively. Similarly, Fig. 9a and b show the pressure in respectively 
the asymmetric infant and symmetric infant model with small cannula. 
In all plots, the PEEP (determined as described in Section 3.1.2) is shown 
to indicate the inspiration (tracheal pressure below PEEP) and expira-
tion (tracheal pressure above PEEP) phases. Also the results without 
NHFT are presented, showing the increased pressure due to the cannula. 

The base level of the pressure and the pressure amplitude increases 
when flow is supplied through the cannula. Also the distribution of the 
pressure changes: the pressure drop during expiration over the nose 
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(adult) or over the nasal cavity (infant) is increased compared to the 
pressure drop over the entire model. This is the result of the reversing 
jet, which increases the flows in the nose, but not in the trachea due to 
the limited jet-penetration length. Hence, the observed pressure distri-
butions during expiration are comparable to those observed without 
respiration. When the device flow rate exceeds the inspiratory flow rate, 
there is also a nett outflow of air during inspiration. In the adult model, 
where all pressures are positive for the highest flow rate, similar pres-
sure distributions are observed as for the case without respiration: 
pressures in the nose are lower than in the trachea for the small cannula, 
and higher for the large cannula. Lastly, it is important to note the effect 
of nostril occlusion in the asymmetric infant model. With high flow 
rates, the pressure in the narrow right nostril equals the pressure in the 
nasopharynx, or, for the fully occluding large cannula, even exceeds 
tracheal pressures. 

4. Discussion 

This study reveals the pressure distribution along upper airway 

geometries of an adult, asymmetric infant, and symmetric infant 
experimentally, with and without respiration and NHFT. From these 
measurements, PEEP was determined, the jet penetration length was 
estimated, the added airway resistance due to the cannula was deter-
mined, and the influence of NHFT on airway pressure was shown. 
Although PEEP and washout during NHFT have been a popular research 
topic during recent years, the present study is, to the authors’ knowl-
edge, the first one with measured pressures at a relatively fine spacing 
along the airway. The remainder of this section discusses the relations of 
the pressure distribution to PEEP and washout, and the limitations of the 
study. 

4.1. PEEP 

The observed PEEP in the adult model is relatively low, with a 
maximum of about 300 Pa (approximately 3 cmH2O) at 50 L/min of 
NHFT. PEEP is considered to be one of the main working mechanisms of 
NHFT [1], and NHFT is sometimes used instead of Continuous Positive 
Airway Pressure (CPAP) because of the improved patient comfort [24]. 

Fig. 1. Side (top panel) and bottom view (bottom panel) of the infant and adult airway with the pressure measurement holes indicated. The pressure measurement 
holes are labelled for later reference, where higher numbers are located deeper to the lungs, and L and R refer to left and right, respectively. The nostrils are located at 
the right-hand side, the trachea is at the bottom in the top panel. 
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However, the levels of PEEP measured in the adult model in this study 
are significantly lower than the PEEP provided in CPAP. Earlier studies 
on NHFT show both higher [5,12,13] and lower [11,13] levels of PEEP 
than found in this study, but comparison is difficult because of the use of 
different geometries. From a clinical point of view, the finding that PEEP 
is close to the dynamic jet pressure in the adult model may be relevant. 
Possibly, this might be a good way to approximate PEEP for low oc-
clusion rates, but further verification is required. 

In the asymmetric infant model, PEEP levels over 1000 Pa (approx-
imately 10 cmH2O) are observed with the large cannula. For the small 
and medium cannula with the maximum flow rate (8 L/min), PEEP is 
still relatively limited with less than 300 Pa (approximately 3 cmH2O). 
In other studies, observed PEEP levels were either lower [9], or both 
lower and higher depending on the occlusion rate [7,20]. It is 

recommended by Kushida et al. [25] to start CPAP at minimally 4 
cmH2O (392 Pa) in patients with obstructive sleep apnea. These pressure 
levels are only observed in the present study when using the large (fully 
obstructive) cannula, or by exceeding the maximum prescribed flow rate 
with smaller cannulae. Hence, PEEP will most likely be below CPAP 
levels in clinical practice, unless highly occluding cannulae are used. 

The symmetric infant clearly shows lower PEEP levels for the small 
and medium cannula than the asymmetric infant. Interestingly, PEEP in 
the symmetric infant with large cannula (81.9% occlusion) is very 
similar to PEEP in the asymmetric infant with small cannula (79.4% and 
50.5% occlusion). Hence, it seems that PEEP is to a large extent deter-
mined by the most occluded nostril. From a clinical point of view, this 
implies that the smallest nostril should be leading in the selection of the 
cannula size. It is noted, however, that a single-prong cannula may 

Fig. 2. Adult model: pressure (pa) along the airway without respiration for different device flow rates (Qd) with two cannula sizes.  

Fig. 3. Infant models: pressure (pa) along the airway without respiration for different device flow rates (Qd) using the small cannula.  

R.H.J. Hebbink et al.                                                                                                                                                                                                                           



Medical Engineering and Physics 104 (2022) 103805

6

generate lower pressures than the equally-sized double-prong cannula 
[9], indicating that the occlusion of the other nostril cannot be neglec-
ted. More research on the single-prong cannula is desired, especially 
because of the unexpected lower pressure when the dynamic jet pressure 
is four times higher at the same flow rate. 

The relation between cannula size and PEEP appears to be contra-
dictory: whereas PEEP decreases with cannula size in the adult model, 
the reverse is true for the infant models. For the used cannulae, an in-
crease in cannula size has two effects: the increase in outer diameter, 
leading to a higher nostril occlusion rate which increases PEEP, and a 
larger inner diameter, resulting in a lower dynamic pressure of the NHFT 
jet which reduces PEEP. In the adult model, occlusion rates were low: 
less than 25%. Indeed, the increase in airway resistance due to the 

cannulae appears to be very limited, and therefore it seems plausible 
that the increase of the inner diameter (reducing PEEP) has a more 
pronounced effect than the increase of the outer diameter (increasing 
PEEP). Consequently, the smallest cannula generates the highest PEEP. 
In contrast, the occlusion rates in the infant models are higher: at least 
50%. Airway resistance indeed increases markedly by these cannulae, 
and consequently the effect of occlusion rate dominates over the lower 
jet pressure. It should be noted that the effect of PEEP with cannula size 
can also depend on the cannula geometry, which was different for the 
infant and the adult model. Presumably the highest PEEP can be deliv-
ered using a thick wall cannula with small inner and large outer 
diameter. 

From a clinical point of view, it is important to note that all mea-
surements in the present study indicate that the PEEP level behaves 
approximately quadratic in the flow rate. This roughly means that the 
PEEP is doubled when the flow rate is increased by 40%. 

Fig. 4. Adult model: Positive End-Expiratory Pressure (PEEP) against device 
flow rates (Qd) for three cannula sizes, compared with the dynamic pres-
sure (pdyn). 

Fig. 5. Infant models: Positive End-Expiratory Pressure (PEEP) against device flow rates (Qd) for three cannula sizes, compared with the dynamic pressure (pdyn).  

Fig. 6. Adult model: airway pressure (pa) as a function of time at various lo-
cations (as indicated in Fig. 1b) during healthy respiration without a cannula. 
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4.2. Washout 

The jet penetration length is an indication for the extent of the 
washout effect. At end-expiration or end-inspiration, the penetration 
length is equal to the distance between the prong exits and the location 
where the pressure becomes uniform: within (adult and symmetric in-
fant) or just after (infant) the nasal cavity. In front of the point where the 
pressure is uniform, two opposite trends in pressure are observed 
depending on the specific case: an increase and a decrease towards the 
constant pressure. The increase is expected from the idea that the NHFT 
jet reverses and forms an annular return jet, which requires a pressure 
drop to overcome the resistance of the model. Obviously, the nasal 
cavity has a complex geometry, and the NHFT jet may flow along the 
wall instead of through the centre of the channel. Also the formation of 
vortices is likely due to the turbulent nature of the flow. These fluid 
mechanical phenomena can explain the decreasing pressure in both 

nostrils, as observed in the adult model with large cannula. 
In the asymmetric infant model, the pressure in the narrow right 

nostril largely decreases, whereas the pressure in the left nostril in-
creases, and the pressure becomes uniform behind the nasal cavity 
(where both nostrils merge). This combination may be caused by a 
’circulating flow’: flow entering one nostril leaves through the other, 
which is possible when the resistance in one nostril is much larger than 
the resistance in the nasal cavity and the other nostril. Indeed, the right 
nostril is clearly smaller than the left nostril, and a large increase in 
airway resistance was observed with the cannula inserted, which can 
only be explained by an increased resistance in (the beginning of) the 
nostril. Also, the symmetric infant shows increasing pressure in both 
nostrils and has a smaller increase in resistance, indicating that the 
asymmetry may indeed be of influence. 

The observation that the jet reverses in the nasal cavity confirms 
findings reported by earlier studies. Pressure waveforms were measured 
in an adult airway model using pressure catheters in the nasopharynx, 
supraglottis, carina, and test lung [26], which showed that the 
end-expiratory pressures at these locations were very close. By per-
forming particle image velocimetry (PIV) studies on an adult model, 
Spence et al. [27,28] demonstrated that the jet reversed early in the 
nasal cavity, and that the recirculation region increased during inspi-
ration and decreased during expiration. However, visualization studies 
without respiration showed effective clearance of a tracer gas from the 
complete nasal cavity [29,30], which seems to be in contradiction with 
limited jet penetration. Miller et al. [31] performed CFD-simulations to 
reveal the flow pattern during NHFT for two cannula sizes with open 
mouth and without respiration, showing that most of the flow left via the 
mouth. 

It is also useful to compare to more fundamental studies on jets in 
tubes, as one may approximate the complex geometry of the nasal cavity 
as a circular tube. In congruence to this study, it was found that the jet 
does not reach the end of long dead-end tubes, but is reversed sooner 
[32,33]. Interestingly, a simulation study on a confined turbulent 
axisymmetric jet in counterflow [34] showed that, upon increasing the 
jet-to-counterflow velocity ratio, the jet penetration length increased to 
an asymptote of approximately 3.57 times the tube diameter. If a similar 
limit exists for the irregularly shaped nasal cavity, this would imply that 
during a respiratory pause the penetration length of the NHFT jet de-
pends neither on the supplied flow rate nor on the cannula size! Indeed, 
no clear effects were observed from the cannula size on the jet pene-
tration without respiration. In fact, when the nostril area is approxi-
mated by a circle, the asymptote of 3.57 times the nostril diameter 
would give a jet penetration of 52 to 53 mm in the adult model, which is 
very close to the 55 mm observed in the left nostril. However, further 
research is needed in which the jet penetration length is determined 
more accurately, such that the effects from cannula size, cannula posi-
tioning, and flow rate can be studied in more detail. Also the effect of 
high or full occlusion of one nostril (like in the asymmetric infant) might 
be interesting, as this may cause circulation of the jet instead of rever-
sion in both nostrils. 

As expected, the present measurements confirm that NHFT does not 
provide alveolar washout: there is still considerable dead space between 
the alveoli and the flushed part of the nasal cavity. The cannula size or 
flow rate did not seem to have a significant influence on jet penetration 
and the maximum volume of air that can be cleared. However, a higher 
flow rate still results in faster clearance of dead space, and can therefore 
still be beneficial for the washout effect. Despite the remaining dead 
space, clinical results on gas exchange during NHFT are positive [35]. 

4.3. Limitations 

Obviously, the present study has some limitations. First of all, the 
number of upper airways is limited: only one adult and one infant ge-
ometry were tested. Therefore, the influence of the airway anatomy 
could not be studied. Although one model suffices to show the order of 

Fig. 7. Infant models: airway pressure (pa) as a function of time at various 
locations (as indicated in Fig. 1a) during non-obstructed respiration without 
a cannula. 

Table 2 
Resistance Δp/Qa of the airway between nostrils and trachea (last measurement 
point) at peak inspiration/expiration of the healthy (adult) and non-obstructed 
(infants) respiratory profile without NHFT and without cannula, and percentile 
change due to various cannula sizes (data presented as mean ± standard 
deviation).   

Cannula Infant Symmetric infant Adult 

Peak 
expiration 

none 762 ± 8.9 Pa/ 
(L/s) 

1926 ± 13.0 Pa/ 
(L/s) 

97 ± 6.4 Pa/ 
(L/s) 

S 68.7 ± 2.2 % 17.6 ± 1.0 % 0.0 ± 11.1 % 
M 75.8 ± 1.9 % 24.7 ± 0.8 % 0.4 ± 8.8 %  
L 135.6 ± 2.6 % 63.2 ± 1.0 % 9.3 ± 10.8 % 

Peak 
inspiration 

none 1673 ± 21.8 
Pa/(L/s) 

2719 ± 17.4 Pa/ 
(L/s) 

144 ± 18.2 
Pa/(L/s) 

S 32.7 ± 2.7 % 11.6 ± 0.8 % − 3.6 ± 16.7 
% 

M 39.4 ± 2.4 % 16.3 ± 0.9 % 0.5 ± 16.4 %  
L 64.6 ± 2.1 % 47.8 ± 0.9 % 5.8 ± 16.0 % 

Resistance is calculated as the mean and standard deviation of the series of re-
sistances evaluated at the inspiration or expiration peaks of the individual 
respiration cycles. 
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Fig. 8. Adult model: airway pressure (pa) as a function of time during healthy respiration with Nasal High-Flow Therapy at 5 measurement points (as indicated 
in Fig. 1b). 

Fig. 9. Infant models: airway pressure (pa) as a function of time at different measurement points (as indicated in Fig. 1a) during non-obstructed respiration with 
Nasal High-Flow Therapy using the small cannula. 
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PEEP-levels and jet penetration lengths, studying more geometries is 
required to determine numerical relations for clinical practice. Also, it is 
noted that the symmetric infant model is not representative for any stage 
in the nasal cycle of congestion and decongestion of the nasal conchae of 
the asymmetric version. Instead, the symmetric airway should be 
considered as a different geometry. Although a fully symmetric airway is 
anatomically unlikely, the aerodynamics are most probably comparable 
to airways with nearly symmetric nostrils and nasal valves. 

Secondly, the upper airway models are rigid and not elastic. Hence, 
the models are anatomically correct, but the physical features differ 
from humans. 

Thirdly, each cannula was tested at one position only. Positioning 
was done following the clinical guidelines where possible to mimic a 
realistic clinical situation. In the infant model, larger insertion lengths of 
the prongs increase pressures (and vice versa), but quantifying this effect 
is beyond the scope of this study. 

Fourthly, both respiration and NHFT were simulated using cold dry 
air. Hence, the Reynolds numbers for the mentioned flow rates would be 
up to 8% lower in the clinical situation with 100% humidity and body 
temperature. However, from a fluid-mechanical point of view the flow 
pattern is not significantly affected by this relatively small increment of 
the Reynolds number, and also the tested Reynolds numbers are relevant 
for the clinical situations (i.e. the clinical situation with flows that are 
8% lower than mentioned is tested). 

Finally, when applying NHFT in patients with respiratory distress, 
the respiration frequency, flow rate, and tidal volume will be higher 
than in the experiments, and airway resistance may be higher. Conse-
quently, airway pressures during respiration will increase in that case. 

5. Conclusion 

Working mechanisms of NHFT include the washout of anatomical 
dead space and provision of PEEP. The extent of both working mecha-
nisms depends on the respiration aerodynamics and the corresponding 
pressure distribution, but adequate measurements in patients are 
impossible. The present study presents the pressure distribution along 
3D-printed anatomically correct rigid upper airway models of an adult 
and an infant. 

Without respiration, pressure becomes uniform, and the onset of 
uniform pressure indicates the jet penetration length. The jet penetrates 
into the nasal cavity of the adult and symmetric infant model, and 
slightly beyond of the nasal cavity of the symmetric infant model. 
Consequently, washout is limited to (a part of) the nasal cavity. The jet 
penetration length hardly depends on cannula size or NHFT flow rate. 

The level of uniform pressure equals PEEP. PEEP-levels are low 
compared to CPAP. PEEP and flow rate are related approximately 
quadratically: PEEP is roughly doubled when the flow rate is increased 
by 40%. In the adult model, PEEP is accurately predicted by the dynamic 
pressure at the prong-exits, but this method fails in the infant models. 
The relation of PEEP to cannula size depends on the inner and outer 
diameter of the cannula: a thick-wall cannula would generate most 
PEEP. For the tested cannulae, PEEP increases with decreasing cannula 
size for the adult model, whereas the reverse is true for the infant 
models. 

Simulations with respiration and without NHFT showed that the 
resistance of the cannulae in the adult model was negligible. The resis-
tance is increased more in the symmetric infant model, and most in the 
asymmetric infant model. The obstruction in the small right nostril of 
the asymmetric infant model appears to largely influence the resistance, 
and cannula size may therefore best be determined based on the smallest 
nostril. 

Further research is needed to determine the influences of geometry, 
cannula insertion length, heating and humidifying, and cannula 
obstruction. 
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