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Abstract 

Background High-flow nasal cannula (HFNC) oxygen therapy is essentially a constant-flow, noninvasive respiratory 
support system similar to a noninvasive ventilator operating in constant-flow mode. The clinical outcome of HFNC 
oxygen therapy is strongly associated with the pressure generated by high-flow gas and the patient’s comfort level. 
This study was performed to explore the relevant factors affecting pressure and comfort of HFNC oxygen therapy 
in vivo.

Methods Thirty-five healthy volunteers were enrolled in the trial. They underwent placement of nasal cannulas 
of various inner diameters (3, 4 or 5 mm) and treatment with different HFNC devices [HFT-300 (Weishengkang Medical 
Technology Co., Ltd., Jiangsu China) or H-80 M (BMC Medical Co., Ltd., Beijing China)],and the nasal airway pressure 
and comfort were assessed. Multiple linear regression was used to determine predictors of airway pressure.

Results Multiple linear regression showed that the end-expiratory pressure was associated with the flow rate, 
sex, height, and cannula size. The end-expiratory pressure increased by 0.6  cmH2O per 1-mm increase in cannula 
diameter, decreased by 0.3  cmH2O per 10-cm increase in participant height (with a 0.35  cmH2O decrease for men), 
and increased by 1  cmH2O when the flow rate increased by 10 L/min  (R2 = 0.75, P < 0.05 for all variables in model). 
In addition, the pressure generated by the H-80 M device was higher than that generated by the HFT-300 device 
(P < 0.05). Discomfort manifested as difficulty in expiration, and its severity increased as the cannula diameter 
increased; however there was no significant difference in comfort between the two HFNC devices (P > 0.05).

Conclusion In volunteers undergoing HFNC oxygen therapy, the nasal cannula diameter, flow rate, sex, height, 
and device model can affect the nasal airway pressure, and the nasal catheter diameter and flow rate can affect com-
fort. These factors should be given close attention in clinical practice.

Trial registration ChiCTR2300068313 (date of first registration: 14 February 2023, https:// www. chictr. org. cn).
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Background
High-flow nasal cannula (HFNC) oxygen therapy is a 
new noninvasive respiratory support method that is 
being increasingly utilized in clinical practice. HFNC 
oxygen therapy provides heated and humidified oxygen 
at adjustable concentrations and flow rates through the 
nasal route. It is essentially a constant-flow, noninva-
sive support system that allows air leakage and is similar 
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to a noninvasive ventilator operating in constant-flow 
mode. HFNC oxygen therapy is utilized in a variety of 
conditions, such as hypoxemic respiratory failure and 
obstructive sleep apnea. Notably HFNC oxygen ther-
apy can improve clinical outcomes through a variety of 
mechanisms, including improvement in oxygenation [1], 
generation of positive intra-airway pressure [2–4], and 
reduction of airway resistance and respiratory work [5, 
6]. The end-expiratory pressure (EEP) generated by this 
therapy can also reduce the pressure difference between 
the airway and alveoli, prevent airway closure and gas 
trapping, and to some extent, counteract endogenous 
positive end expiratory pressure [7, 8]. Previous studies 
have preliminarily evaluated the effect of nasal cannu-
las on airway pressure in vitro [9, 10]. In addition, stud-
ies have shown that the comfort and tolerance levels are 
higher with HFNC oxygen therapy than with nasal can-
nula oxygenation and noninvasive ventilation [11, 12]. 
Treatment intolerance is associated with failure of non-
invasive respiratory after extubation of patients with 
chronic obstructive pulmonary disease [12], suggesting 
that comfort is associated with improved clinical out-
comes. Both the level of positive pressure and the degree 
of comfort have a critical impact on the therapeutic 
effect. Both single-level and double-levels noninvasive 
ventilators enable direct monitoring and control of pres-
sure. For HFNC oxygen therapy, the flow rate is the main 
regulatory parameter, and direct regulation of pressure is 
not possible. Therefore, the present study was performed 
to further explore the factors affecting pressure and com-
fort in HFNC oxygen therapy in vivo.

Methods
All participants involved in this study gave their informed 
consent. The institutional review board of our hospital 
approved the study (No.KYLL-202210-24, November 
2022). In total, 35 healthy adults (16 men, 19 women) 
aged 18 to 40 years were enrolled in this study, and all 
were university students. General demographic data were 
collected from all volunteers, including sex, age, height, 
weight, and body mass index (BMI). Individuals who 
had a history of upper respiratory infection in the past 
2 weeks, had a history of smoking, or used drugs influ-
encing cardiopulmonary function were excluded. Three 
different sizes (3, 4 and 5 mm) of nasal cannulas (Excel-
lentcare Medical Ltd., Huizhou, Guangdong Province, 
China), which were typical of the most commonly used 
sizes in our hospital, and two different HFNC devices 
[HFT-300 (Weishengkang Medical Technology Co, Ltd., 
Jiangsu China) and H-80 M (BMC Medical Co, Ltd., Bei-
jing China)] were used in the study.

Test procedure
Before the test, all participants were given an explana-
tion of the test procedure to ensure their understanding. 
The participants rested for 10 minutes before the start of 
the experiment to achieve a physiological steady state. 
During the study, the participant calmly sat in a vertical 
position with their mouth closed breathing through their 
nose (oxygen concentration of inhaled gas 21%, tempera-
ture 36 °C, and relative humidity 100%). A handheld digi-
tal manometer (AZ8252; AZ Instrument Corp., Taiwan, 
China) was used to measure the EEP and end-inspiratory 
pressure (EIP). One end of an anesthetic catheter (Henan 
Tuoren Medical Device Co., Ltd., Xinxiang, Henan, 
China) was inserted into the nasal cavity to a depth of 
4 cm, and the other end was connected to the handheld 
digital manometer through the adapter. A previous study 
showed that the pressure does not increase at a nasal 
depth beyond 3 cm [13]. The manometer transmitted the 
pressure data to the computer in real time through soft-
ware (Handheld Meter Data Logger version 3.10; Kingst 
History Data Review Beijing, China). The mean EEP and 
EIP were calculated by averaging the pressure from the 
peak of expiration and inspiration of each breath during 
the 2-minute recording (Fig. 1).

Assessment of differences in pressure and comfort using 
different nasal cannulas
The EEP, EIP, and comfort were measured with different 
nasal cannulas using the HFT-300 device. The flow rate 
was gradually increased from 0 to 60 L/min in increment 
of 10 L/min, and the recording began after the participant 
had taken five stable breaths. The respiratory pressure 
was recorded for 2 minutes, with a 5-minute rest before 
each flow rate adjustment (washout period). After meas-
urement of each flow rate, comfort was assessed using a 
visual analogue scale (Fig.  2). This assessment involved 
asking the participants questions about airway-related 
symptoms, such as dryness of the mouth, nose, or throat; 
dysphagia; expiratory dyspnea; or throat pain. The pro-
cedure was repeated at intervals of more than 2 hours 
(washout period) using the other nasal cannulas until 
measurements had been obtained with all three nasal 
cannulas. The utilization of the three nasal cannulas was 
random. During the washout period, the nasal catheter 
and anesthesia catheter were removed to avoid discom-
fort to the subject due to prolonged wear.

Assessment of differences in pressure and comfort using 
different devices
The EEP, EIP, actual flow in the pipeline and comfort 
were evaluated with the use of different devices. The par-
ticipant underwent a trial with each of the two HFNC 
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devices (the flow rate was set to 0, 10, 20, 30, 40, 50, and 
60 L/min) and a 4-mm cannula. The pressure of each flow 
rate in the pipeline was recorded continuously for 2 min-
utes, with a 5-minute interval between different flow 
rates (elution period). After each flow rate was meas-
ured, a visual analogue rating scale was used to deter-
mine the score. The actual output flow was measured in 
the pipeline using a Thermal mass flowmeter (TSI 5300; 
TSI Incorporated, Shoreview, MN, USA) installed in the 
respiratory hose in front of the nasal catheter. The above 
process was repeated with the other device 24hous later 
(washout period). The order of using the two devices was 
random. The nasal catheters and anesthesia catheters 
were removed during the washout period.

Statistical analysis
The data were analyzed using SPSS Version 25.0 
(IBM Corp., Armonk, NY,USA). Data conform-
ing to a normal distribution with as confirmed by the 

Shapiro–Wilk test are expressed as mean ± standard 
deviation. Data not conforming to a normal distribu-
tion are expressed as median and interquartile range. 
The Wilcoxon signed rank test was used to compare the 
EEP, EIP, and comfort level of different nasal catheters 
and devices, and the Mann Whitney U test was used 
to compare the differences in pressure between sexes. 
Differences in actual output flow rates were evaluated 
using paired t-tests. Multiple linear regression was used 
to determine predictors of EEP. The regression models 
were visually assessed using residual histograms and 
residual versus predicted plots. A P-value of < 0.05 was 
considered statistically significant. Our power analysis 
was conducted prior to the experiment. Considering a 
type 1 error of 0.05 and power of 90% we calculated an 
initial sample size of 30 participants. To allow for a 10% 
dropout rate, we aim for a sample size of at least 34 par-
ticipants (Table S1).

Fig. 1 Flowchart

Fig. 2 Visual analog scale. Comfort score. A score of 0 indicates no discomfort; 1, little bit discomfort; 2, little more discomfort; 3, even more 
discomfort; 4, whole lot more discomfort; 5, worst discomfort
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Results
Basic information of participants
In total, 35 healthy volunteers were recruited in this 
study, including 16 men and 19 women. Their mean 
age was 24.54 ± 1.98 years, and their mean BMI was 
21.05 ± 2.01 kg/m2 (Table 1).

Differences in pressure and comfort between different 
nasal cannulas
When the flow rate reached 30 L/min, the EEP produced 
by the three nasal cannulas began to differ (5 > 4 > 3 mm, 
P < 0.05), and the difference gradually became more 
obvious as the flow rate increased. When the flow rate 
reached 60 L/min, the EEP produced by the 5-mm tube 
was 7.18 (4.18)  cmH2O, that produced by the 4-mm 
tube was 6.01 (2.21)  cmH2O, and that produced by the 
3-mm tube was 5.26 (1.88)  cmH2O. The difference in 
EEP between the 4- and 5-mm tubes was more signifi-
cant than that between the 3- and 4-mm tunes (Table 2, 
Fig. 3).

We also found a significant difference in EEP between 
the two sexes when using the 5-mm cannula. When the 
flow rate was 20 L/min, the EEP was 1.76 (1.19)  cmH2O 
in men and 2.96 (1.42)  cmH2O in women. When the flow 
rate reached 60 L/min, the EEP was 6.05 (4.80)  cmH2O in 
men and 8.79 (3.39)  cmH2O in women. (Table 3, Fig. 4). 
Notably, the effect of the nasal cannula on the EIP was 
not as significant as that on the EEP (Table 4).

When the flow rate reached 30 L/min, the partici-
pants began to experience dyspnea, and the discomfort 
increased as the internal diameter of the nasal cannula 
increased (Fig.  5, Table  S2). Other types of discomfort, 
(e.g., dryness of the mouth, nose, or throat dryness, dys-
phagia, and throat pain), showed no significant difference 
between the three nasal cannulas (Table S2).

Linear regression of factors affecting EEP
An association was found between the EEP and the flow 
rate, sex, height and cannula size  by  linear regression. 
The EEP increased by 0.6  cmH2O per 1-mm increase 
in the cannula diameter, decreased by 0.3  cmH2O per 
10-cm increase in participant height (with a 0.35  cmH2O 
decrease for men), and increased by 1  cmH2O when the 
flow rate increased by 10 L/min  (R2 = 0.75, P < 0.05 for all 
variables in model) (Table 5).

Effect of HFNC device model on nasal airway pressure 
and comfort
When the flow rate reached ≥20 L/min, and the EIP 
and EEP of the two devices were significantly different 
(H-80 M > HFT-300, P < 0.05), and the pressure difference 
as the flow rate increased. When the flow rate reached 
60 L/min, the difference between the two devices reached 
1.16 (1.09)  cmH2O for EEP and 0.62 (1.30)  cmH2O for 
EIP (Table 6). There was no significant difference in com-
fort between the two devices (Table S3).

Finally, the actual output flow rate was evaluated in the 
pipeline of the two devices. The flow rate measured by 
the H-80 M was significantly higher than that of the HFT-
300 (P < 0.01) (Table 7, Fig. 6).

Discussion
In this study, the observed EEP in adults was differ-
ent (either higher or lower) from that in earlier studies 
[14, 15]. This may have been due to the use of different 
geometries. Notably, the present study involved in vivo 
experiments, which are more closely related to clinical 
reality than previous airway models. Our study showed 

Table 1 Basic information of research subjects

Total Male Female

Age(years) 24.54 ± 1.98 24 ± 1.10 25 ± 2.43

height(cm) 167.37 ± 7.68 174 ± 3.54 161.79 ± 5.38

Body weight (kg) 59.23 ± 8.79 62.63 ± 12.46 54.26 ± 6.93

BMI (kg/m2) 21.05 ± 2.01 20.64 ± 3.84 20.70 ± 2.12

Total 35 16 19

Table 2 EEP produced by different nasal cannulae in HFNC at different flow rates

Values are median (IQR), # represents P < 0.05 compared to 5 mm cannula at the same flow rate, * represents P < 0.05 compared to 4 mm cannula, & represents P < 0.05 
compared to EEP difference between 5 mm and 4 mm cannula at the same flow

Flowrate(L/min) 5 mm 4 mm 3 mm 5 mm–4 mm 4 mm–3 mm

0 0.65(0.32)* 0.51(0.40)# 0.47(0.35)# 0.14(0.45) 0.07(0.36)

10 1.34(0.98)* 0.94(0.46)# 0.86(0.55)# 0.50(1.03) 0.08(0.60)&

20 2.08(1.75)* 1.70(0.80)# 1.43(0.85)# 0.50(1.43) 0.13(0.58)&

30 3.12(2.06)* 2.31(0.82)# 2.31(0.92)#* 0.59(1.71) 0.23(0.90)&

40 4.92(2.53)* 3.25(1.19)# 3.25(1.13)#* 0.86(1.64) 0.11(0.98)&

50 6.21(2.93)* 4.47(1.81)# 4.24(1.82)#* 1.03(2.04) 0.41(1.35)&

60 7.18(4.18)* 6.01(2.21)# 5.26(1.88)#* 0.95(2.26) 0.07(0.36)
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that height, nasal cannula size, sex, and flow rate can 
affect the EEP and that the EEP increases as size of the 
nasal cannula increases. Research by Hebbink et al. [10] 
found that whereas the pressure decreased with the 
cannula size in an adult model, the reverse was true for 
an infant models, this appears to contradict the findings 
of our research. Possible reasons for this discrepancy 
include the use of a larger nasal cannula, leading to a 
higher nostril occlusion rate (area of the prong divided 
by the nostril area), less gas leakage, and increasing 
EEP. However, a larger inner diameter can also result 

in a lower dynamic pressure of the HFNC jet, which 
reduces EEP. The occlusion rate in our experiment may 
be closer to that in the infant model in the above exper-
iment (> 50%), although we did not measure the occlu-
sion rate. The increase in cannula size mainly resulted 
in a decrease in gas leakage (increasing EEP) rather 
than a reduction in the HFNC jet (decreasing EEP).

Sex also has a significant effect on nasal airway pres-
sure. The EEP was higher in women than in men in our 
study, and this difference between the two sexes was more 
significant with increasing nasal cannula size and flow. 

Fig. 3 The EEP produced by different nasal cannulae in HFNC at different flow rates. # represents P < 0.05 compared to 5 mm cannula at the same 
flow rate, * represents P < 0.05 compared to 4 mm cannula

Table 3 The EEP produced by different nasal cannulae for different gender

The value is the median (IQR), # represents the significant difference in EEP between different genders under the same flow rate and the same nasal cannula, P < 0.05

Flow rate 5 mm cannula 4 mm cannula 3 mm cannulae

(L/min) Man Woman Man Woman Man Woman

0 0.63(0.21) 0.70(0.54) 0.48(0.52) 0.49(0.37) 0.43(0.43) 0.53(0.38)

10 1.17(0.49) 1.58(1.07) 0.96(0.55) 0.95(0.66) 1.00(0.74) 0.85(0.43)

20 1.76(1.19) 2.96(1.42)# 1.31(0.61) 1.75(0.90) 1.06(0.79) 1.65(0.70)

30 2.58(1.92) 4.05(1.95)# 2.11(0.66) 2.49(1.69)# 2.04(1.10) 2.47(0.95)#

40 3.84(2.94) 5.57(2.52)# 3.20(0.75) 3.67(2.44) 2.91(1.92) 3.61(0.78)#

50 5.11(3.73) 7.24(2.68)# 4.47(0.99) 4.99(2.68) 3.81(2.15) 4.75(1.45)

60 6.05(4.80) 8.79(3.39)# 5.63(1.69) 6.69(2.68)# 4.98(1.80) 5.82(1.89)
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Groves et  al. [2] also evaluated healthy volunteers and 
assessed the relationship of the airway pressure with body 
height and flow rate. They found that with each 10-cm 
increase in height, the EEP decreased by 0.5  cmH2O, 
and the mean EEP in men was 0.6  cmH2O lower than 
that in women. The pressure difference between the two 
sexes may be due to the smaller body size of women than 
men, resulting in a lower nasal volume and less air leak-
age at the same flow rate. Women may benefit more than 
men at the same flow rate, potentially providing a clini-
cal reference for the adjustment of treatment parameters. 

When administering HFNC oxygen therapy to men, the 
flow rate should be appropriately increased to achieve 
the target treatment pressure and the desired therapeutic 
effect compared with women.

Race and age may also have an impact on the EEP, 
although these variables were not explored in our study. 
Corey et al. [16] evaluated the cross-sectional area of the 
nasal cavity in different ethnic groups and found a sig-
nificant difference in the cross-sectional area between 
populations. In another study, the minimum cross-sec-
tional area of the nasal cavity in neonates was approxi-
mately 0.114  cm2, which was much smaller than that of 
adults [17]. With the same nasal catheter size, a smaller 
nasal cross-sectional area is associated with more severe 
occlusion, less air leakage and a higher EEP level at the 
same flow rate. In our study, the effect of the nasal can-
nula diameter on the EIP was not as significant as that 
on the EEP. This may have been due to the fact that at 
the same flow, there is less leakage of air through the 
nose when inhaling than when exhaling. The diameter 
of the nasal catheter does not readily affect the EIP by 
affecting gas leakage. The effect of the nasal catheter on 
the EIP becomes apparent only when high flow exceeds 
the inspiratory flow rate, resulting in the significant gas 
leakage.

Although an increased inner diameter of the nasal can-
nula leads to increase the pressure in the nasal airway, it 

Fig. 4 The EEP of 5 mm nasal cannula with flow rate for different gender. Values are median (IQR). When the target pressure reaches 2  cmH2O 
and above, the difference of the required flow rate between different genders can be up to 10 L/min

Table 4 EIP produced by different nasal cannulae in HFNC at 
different flow rates

Values are median (IQR), # represents P < 0.05 compared to 5 mm cannula at the 
same flow rate, * represents P < 0.05 compared to 4 mm cannula

Flow rate 
(L/min)

EIP
5 mm 4 mm 3 mm

0 −0.82(0.48) −0.68(0.58) −0.66(0.35)

10 −0.58 (0.47) −0.61(0.58) − 0.43(0.56)#

20 −0.07(0.56) − 0.08(0.55) − 0.13(0.55)

30 0.19(0.63) 0.28(0.54) 0.22(0.80)

40 1.02(1.21) 0.96(0.79) 0.94(1.21)#

50 1.77(1.51)* 1.49(1.24)# 1.62(1.51)

60 2.88(1.89)* 2.27(1.41)# 2.26(1.56)#
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also results in more expiratory difficulties. Previous stud-
ies have shown that the most predominant discomfort 
associated with HFNC oxygen therapy in healthy adult 
volunteers in the awake state is dyspnea [18, 19], which 
is similar to our results. When the flow rate increases, 
the gas supplied by the ventilator causes some resistance 
to expiration. The body can protect the lungs from dry 
or cold inhaled air by reducing the airflow in the upper 
airways and trachea [20]. The warmed humidified gas 

provided by the HFNC avoids airway spasm and facili-
tates the discharge of secretions from the airway, improv-
ing comfort and tolerability [21, 22]. Another study [23] 
showed that the humidity of inhaled gas during HFNC 
oxygen therapy is influenced by the flow rate and inspira-
tory flow rate, but does not fall below 30 mg/L, remaining 
sufficient to meet the patients’ needs.

Chikata et al. [23] compared the humidification per-
formance of different HFNC devices using a simulated 
lung system and found differences between the differ-
ent machines. There were also differences between the 
data provided by the manufacturer and the clinical data 
obtained in the study [24]. At the same flow rate in our 
study, the actual output flow rates of the two devices 
measured in the pipeline were different, which may 
be the main reason for the different nasal airway pres-
sures produced by the two machines. The differences in 
nasal airway pressures and output flow rates produced 
by the different devices in this experiment suggest that 
the working performance of the two machines differ. 

Fig. 5 Dyspnea in different nasal cannulae

Table 5 Linear regression

Predictors Male gender P-Value 95% 
confidence 
Interval

Height per 10 cm −0.30 < 0.01 −0.5 −0.11

Flow per 10 L/min 1 < 0.001 0.97 1.06

Male gender −0.35 < 0.05 −0.65 −0.05

Cannula diameter per 1 mm 0.60 < 0.001 0.49 0.71
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This should be of concern in the clinical setting. The 
absence of differences in the comfort levels between 
the two machines may have been due to the fact that 
the differences in performance between the two devices 
was not sufficient to cause changes in the subjective 
comfort level.

This study is limited by the fact that it was conducted 
on healthy volunteers rather than patients. Differ-
ences in comfort levels are likely to be present between 
patients and healthy volunteers. The comfort level may 
be the result of a combination of various physiological 
mechanisms [25]. However, expiratory pressures may 
not be markedly affected.

Table 6 The pressure produced by different devices

Values are median (IQR), * represents P < 0.05 compared to EEP of HFT-300 at the same flow rate, # represents P < 0.05 compared to EIP of HFT-300 at the same flow rate

Flow rate(L/min) EEP EIP

HFT-300 H-80 M Gap of EEP HFT-300 H-80 M Gap of EIP

10 0.94(0.46) 1.07(0.57) −0.03(0.02) − 0.61(0.58) −0.55(6.32) − 0.01(0.31)

20 1.70(0.80) 1.93(0.85)* 0.20(0.55) −0.08(0.55) −0.06(0.54)# 0.11(0.53)

30 2.31(0.82) 2.87(1.34)* 0.37(0.59) 0.28(0.54) 0.64(0.67)# 0.17(0.47)

40 3.25(1.19) 4.39(1.88)* 0.66(1.01) 0.96(0.79) 1.54(1.07)# 0.48(0.78)

50 4.47(1.81) 5.71(22.78)* 1.07(1.22) 1.49(1.24) 2.25(1.30)# 0.72(0.74)

60 6.01(2.21) 7.40(3.21)* 1.16(1.09) 2.27(1.41) 3.12(1.45)# 0.62(1.30)

Table 7 The actual measured flow rate of devices

Value is the mean ± SD, * represents P < 0.01 compared to HFT-300, output flow 
difference = output flow (H-80 M) - output flow (HFT-300)

Pre-set flow 
rate(L/min)

HFT-300 H-80 M Difference in 
actual output 
flow rate

10 8.69 ± 0.49 11.21 ± 0.78* 2.53 ± 0.85

20 18.06 ± 1.49 21.65 ± 0.65* 4.03 ± 1.24

30 26.47 ± 0.77 32.52 ± 0.59* 6.23 ± 0.51

40 35.26 ± 2.18 43.85 ± 2.08* 9.26 ± 1.85

50 43.99 ± 2.22 53.10 ± 1.31* 9.10 ± 2.43

60 51.68 ± 0.99 62.71 ± 1.49* 11.07 ± 1.84

Fig. 6 The actual output flow rate of different models of high-flow humidification therapy instruments. Values are median and standard deviation. 
The closer the data points are to the diagonal line, the closer the actual output flow is to the preset flow
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Conclusion
The nasal cannula diameter, flow rate, sex, height, and 
device type can affect the nasal airway pressure, and the 
nasal cannula diameter and flow rate have an impact 
on comfort of  HFNC oxygen therapy. Clinical should 
be aware of the impact of these factors on pressure and 
comfort.

Abbreviations
HFNC  High-flow nasal cannula
EEP  End-expiratory pressure
EIP  End inspiratory pressure
SD  Standard deviation
IQR  Median and interquartile range
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