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BACKGROUND: High-flow nasal cannula (HFNC) is supposed to provide additional PEEP com-
pared with conventional oxygen therapy. However, the exact determinants of this PEEP effect are
unclear. We investigated the factors that might affect the PEEP and compared PEEP performance
among 3 HFNC devices. METHODS: Three available HFNC devices were evaluated: the AIRVO
2 device and 2 mechanical ventilators (SV300 and Monnal T75). A device consisting of a test
lung (5600i) and an airway model (AMT(IE)) was used to simulate spontaneous breathing. The
flows ranged from 0 to their maximum flow with an interval of 10 L/min. The pressures were
measured at 4 sites (nasopharynx, supraglottis, carina, and lung) under compliances of 50 and
100 mL/cm H2O and tidal volume of 300, 500, and 700 mL with the mouth closed or open. The
influencing factors were determined by multiple linear regression. The sum of squares reduction
test was used to compare working curves of PEEP effect among 3 devices. Pairwise comparisons
were conducted by using Tukey’s multiple comparisons test within an overlap of flow from 0 to
50 L/min. RESULTS: A quadratic curved relationship between PEEP and flow was observed
(coefficients were 8.97 � 10�3 for flow and 4.79 � 10�4 for a quadratic element of flow, respec-
tively) but evanished when the mouth was open. The PEEP increased along with lung compliance
(coefficient was 2.58 � 10�3). Despite the difference in working curves, both the mechanical ven-
tilators performed slightly better than the AIRVO 2 device at higher flows (40 and 50 L/min).
CONCLUSIONS: The mouth status, flow, and compliance were the 3 major influencing factors of
PEEP effect, whereas performance of the 2 mechanical ventilators was slightly superior to that of
the AIRVO 2 device at higher flows. Key words: PEEP effect; HFNC device; AIRVO 2 system;
ventilator. [Respir Care 2017;62(7):888–895. © 2017 Daedalus Enterprises]

Introduction

High-flow nasal cannula (HFNC) oxygen therapy has
become a promising novel approach of respiratory support

in clinical settings. Multiple physiological benefits have
been demonstrated, such as providing stable inspiratory
oxygen concentration,1 washing out dead space,2,3 reduc-
ing work of breathing,4 sufficient humidification,5 and
PEEP effect.6,7 Previous studies have shown that HFNC
performs better than conventional oxygen therapy8,9 and is
comparable to noninvasive ventilation support in patients
with moderate respiratory failure or risk of re-
intubation.10,11

The advantage of HFNC over conventional oxygen ther-
apy may be partially attributed to PEEP effect.8,12 The
flow, which is associated with additional expiratory resis-
tance and residual capacity, is considered the major deter-
minant of PEEP. Since it is almost impossible to measure
pressures in the lung directly, investigators have taken
nasopharynx or tracheostomy pressure as an alterna-
tive.6,7,9,13-15 Groves et al6 reported an average expiratory
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pharyngeal pressure increment of 0.8 cm H2O/10 L/min in
healthy volunteers. Parke et al7,9 confirmed a similar pres-
sure-flow relationship in elective cardiac surgery subjects.
However, a computed simulation16 reported a slightly dif-
ferent quadratic relationship between flow and PEEP, which
suggested that air flow played a more important role in the
development of PEEP. Moreover, the impact of other fac-
tors (such as tidal volume [VT], lung compliance, or air-
way resistance) on the PEEP level remains to be eluci-
dated.8

HFNC can be delivered through a special device (Op-
tiflow system, Fisher & Paykel Healthcare, Auckland, New
Zealand) comprising a humidifier and an oxygen/air blender
or a more advanced device (AIRVO 2 system, Fisher &
Paykel Healthcare, Auckland, New Zealand) with an in-
dependent air compressor and humidifier. In the last few
years, some manufacturers have installed the HFNC mod-
ule under standby mode in conventional ventilators, taking
advantage of the more stable and manageable air source of
these conventional ventilators. The aim of the present study
is to compare the effect of different HFNC devices (the
AIRVO 2 system and 2 conventional ventilators) on PEEP
level by using a respiratory simulation system. In addition,
the impact of different clinical settings (eg, mouth status,
VT, and lung compliance) on the PEEP level was also
investigated.

Methods

HFNC Devices

Three HFNC devices, including the AIRVO 2 (Fisher &
Paykel Healthcare, Auckland, New Zealand) and 2 venti-
lators (SV300, Mindray Medical International, Shenzhen,
China; Monnal T75, Air Liquide, Paris, France), were eval-
uated. The AIRVO 2 system, equipped with an MR290
auto-fill humidification chamber, a heated breathing tube,
and an OPT844 nasal cannula of medium size that matched
the size of the manikin, was set at 37°C.5 Both ventilators
were set at high-flow oxygen therapy mode and connected
to an MR850 heated humidifier, an MR290 auto-fill hu-
midification chamber, an RT202 heated breathing tube,
and an OPT844 nasal cannula interface. The MR850 heated
humidifier was set at invasive mode (40°C/�3).5 For each
device, FIO2

was set at 21%, and flow was set from 0 to its
upper limit (60 L/min for AIRVO 2; 50 L/min for SV300;
80 L/min for Monnal T75) with an interval of 10 L/min.

Spontaneous Breath Simulation

Spontaneous breath was simulated using a ventilator
(G5, Hamilton Medical, Bonaduz, Switzerland), a test lung
(5600i, Michigan Instruments, Grand Rapids, Michigan),
and an airway model (AMT(IE), Laerdal Medical,

Stavanger, Norway). As shown in Figure 1, one com-
partment was connected to the ventilator to simulate
chest wall movement (the muscle), and another parallel
compartment (the lung) was connected to a resistance
tube of 5 cm H2O/L/s5 and then the carina of the airway
model. The driving ventilator was set at volume control
mode, with a frequency of 20 breaths/min; inspiratory
time of 1 s; and VT of 300, 500, or 700 mL without any
PEEP. The compliance of the test lung was set at 50 and
100 mL/cm H2O, respectively.

QUICK LOOK

Current knowledge

High-flow nasal cannula (HFNC), a promising nonin-
vasive access for respiratory support, is considered to
be associated with a beneficial PEEP effect. Flow and
mouth status are 2 major determents of this PEEP effect.

What this paper contributes to our knowledge

The flow presented a non-linear relationship with PEEP
with the mouth closed. The lung compliance, rather
than the VT, was positively correlated with the PEEP.
The PEEP effects of different HFNC devices were clin-
ically comparable with each other. The mouth status
exhibited a switch effect on PEEP.

Fig. 1. A ventilator and test lung (which connected to an airway
model) were used to simulate spontaneous breathing. Three high-
flow nasal cannula devices (AIRVO 2, SV300, and Monnal T75)
with the same nasal interface were used to apply high-flow oxygen
therapy. Pressure waveforms were collected at 4 sites (nasophar-
ynx, supraglottis, carina, and lung) through lines connected to the
auxiliary pressure port of the driving ventilator.
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Pressure Measurements

Three pressure catheters (DPT-248, Utah Medical Prod-
ucts, Midvale, Utah) were inserted at the nasopharynx,
supraglottis, and carina of the airway model, and another
was connected to the lung compartment (Fig. 1). The po-
sitions of catheter tips were confirmed by fiber bronchos-
copy. These lines were connected to the auxiliary pressure
port of the G5 ventilator to record pressure waveform data.

Study Protocol

The HFNC nasal cannula was inserted into the nos-
trils of the airway model. The pressure was measured at
different settings of mouth status (closed or open), VT

(300, 500, or 700 mL), compliance (50 or 100 mL/cm
H2O), and flow (0, 10, 20, 30, 40, 50, or 60 L/min for
the AIRVO 2; 0, 10, 20, 30, 40, or 50 L/min for the
SV300; 0, 10, 20, 30, 40, 50, 60, 70, or 80 L/min for the

Fig. 2. A: PEEP level presented a non-linear increase with increasing flow among all 3 of the HFNC devices with the mouth closed. When
the mouth was open, the PEEP effect disappeared. B: Despite the difference in tidal volume, the PEEP levels were almost the same. C:
PEEP levels were slightly affected by lung compliance when the mouth was closed. D: PEEP levels measured at the nasopharynx,
supraglottis, carina, and lung were extremely close.
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Monnal T75, depending on their maximum flow, re-
spectively). For each setting, after stabilization for
10 min, the pressure waveforms at each site (nasophar-
ynx, supraglottis, carina, and lung, respectively) were
recorded for 1 min (approximately 20 waveforms), of
which 10 representative waveforms were selected upon
consensus for further analysis.

Statistical Analysis

For each waveform, the PEEP was defined as the aver-
age pressure of the last 0.1 s of expiratory phase. Contin-
uous variables are presented as mean � SD. Multiple lin-
ear regression was used to determine predictors of PEEP.
The covariates that entered into the model included device
type (as dummy variables), flow, compliance, and VT. A
quadratic element of flow (flow2) was added to the model
to improve model fitting. The sum of squares reduction
test was performed to compare the working curves of 3
devices. Within an overlap of flow from 0 to 50 L/min, the
PEEP values of 3 devices were compared through the
Tukey multiple comparisons test for each level of flow.

All statistical tests were 2-sided, and P � .01 was consid-
ered statistically significant. All statistical analyses were
performed using SPSS 17.0 (SPSS, Chicago, Illinois).

Results

The influence of different variables on PEEP is demon-
strated in Figure 2 and Tables 1 and 2. When the mouth
was open, PEEP level decreased rapidly to nearly zero
(Table 2 and Fig. 2). Therefore, further analysis was based
only on waveforms when the mouth was closed.

With the mouth closed, PEEP level exerted a non-linear
increase with increasing flow (Fig. 2A), whereas it was
less affected by lung compliance (Fig. 2B) and VT (Fig.
2C). In addition, the PEEP levels measured at the naso-
pharynx, supraglottis, carina, and lung were clinically com-
parable despite a statistically significant difference (Fig.
2D). At the same setting, the PEEP levels developed by
the 3 HFNC devices exhibited marginally statistically sig-
nificant difference (Fig. 3).

The results of multiple linear regression are presented in
Table 3, which included device type, compliance, and both

Table 1. PEEP Effect of 3 High-Flow Nasal Cannula Devices With Mouth Closed

Flow (L/min)
Compliance � 50 mL/cm H2O Compliance � 100 mL/cm H2O

VT � 300 mL VT � 500 mL VT � 700 mL VT � 300 mL VT � 500 mL VT � 700 mL

SV300
0 �0.01 � 0.04 0.01 � 0.03 �0.01 � 0.03 �0.03 � 0.01 0.01 � 0.03 �0.01 � 0.03
10 0.07 � 0.03 0.06 � 0.04 0.08 � 0.04 0.08 � 0.02 0.08 � 0.02 0.09 � 0.02
20 0.24 � 0.03 0.27 � 0.02 0.26 � 0.03 0.30 � 0.02 0.29 � 0.03 0.29 � 0.02
30 0.62 � 0.03 0.60 � 0.03 0.60 � 0.03 0.62 � 0.02 0.68 � 0.03 0.71 � 0.03
40 1.05 � 0.02 1.02 � 0.03 1.01 � 0.02 1.10 � 0.04 1.20 � 0.02 1.22 � 0.02
50 1.56 � 0.03 1.56 � 0.03 1.54 � 0.04 1.67 � 0.03 1.71 � 0.09 1.74 � 0.03

AIRVO 2
0 �0.01 � 0.04 0.00 � 0.03 0.00 � 0.03 0.01 � 0.03 �0.01 � 0.03 �0.02 � 0.02
10 0.10 � 0.03 0.07 � 0.03 0.09 � 0.04 0.09 � 0.02 0.11 � 0.03 0.08 � 0.05
20 0.32 � 0.02 0.32 � 0.02 0.36 � 0.02 0.35 � 0.03 0.33 � 0.03 0.34 � 0.03
30 0.63 � 0.02 0.64 � 0.02 0.62 � 0.03 0.63 � 0.04 0.63 � 0.04 0.64 � 0.03
40 0.97 � 0.03 0.98 � 0.02 0.98 � 0.03 1.05 � 0.05 1.06 � 0.04 1.15 � 0.03
50 1.42 � 0.05 1.40 � 0.03 1.33 � 0.04 1.59 � 0.02 1.59 � 0.03 1.70 � 0.06
60 1.86 � 0.02 1.83 � 0.02 1.82 � 0.02 2.27 � 0.03 2.29 � 0.03 2.43 � 0.04

Monnal T75
0 0.00 � 0.04 0.01 � 0.02 0.00 � 0.02 �0.01 � 0.02 �0.01 � 0.03 0.00 � 0.03
10 0.08 � 0.04 0.09 � 0.01 0.07 � 0.01 0.07 � 0.01 0.07 � 0.01 0.08 � 0.02
20 0.28 � 0.03 0.28 � 0.01 0.25 � 0.02 0.32 � 0.01 0.31 � 0.02 0.31 � 0.03
30 0.65 � 0.04 0.62 � 0.02 0.59 � 0.03 0.70 � 0.02 0.66 � 0.03 0.67 � 0.02
40 1.13 � 0.03 1.11 � 0.02 0.98 � 0.01 1.32 � 0.02 1.24 � 0.02 1.28 � 0.03
50 1.78 � 0.03 1.71 � 0.03 1.61 � 0.02 1.89 � 0.02 1.92 � 0.03 1.96 � 0.05
60 2.30 � 0.02 2.25 � 0.02 2.11 � 0.02 2.49 � 0.03 2.50 � 0.03 2.58 � 0.07
70 2.90 � 0.03 2.90 � 0.05 2.69 � 0.10 3.18 � 0.02 3.13 � 0.02 3.21 � 0.12
80 3.59 � 0.05 3.59 � 0.07 3.41 � 0.07 3.90 � 0.03 3.95 � 0.07 4.02 � 0.10

VT � tidal volume

PEEP EFFECT OF 3 HFNC DEVICES

RESPIRATORY CARE • JULY 2017 VOL 62 NO 7 891



linear and quadratic elements of flow as covariates, with
perfect regression accuracy (adjusted R2 � 0.99). More-
over, among all covariates in this model, flow exhibited
the most significant impact on PEEP level, as suggested
by standardized coefficients. In addition, compliance
has a lesser but significant impact on PEEP level, indi-
cating that increasing compliance is associated with bet-
ter PEEP level.

Comparison of the working curves of the 3 HFNC de-
vices with the sum of squares reduction test suggested
significant differences with both levels of compliance (Fig.
3, A and B). When flow increased within an overlapped
range from 0 to 50 L/min, pairwise comparison of the 3
HFNC devices suggested that, with the exception of a flow
of 20 L/min, the Monnal T75 had the best general perfor-
mance, followed by the SV300, and AIRVO 2 (Fig. 3, C
and D). For example, with compliance of 100 mL/cm H2O,
VT of 700 mL, and flow of 50 L/min, the PEEP level was
1.74 � 0.03, 1.70 � 0.06, and 1.96 � 0.05 cm H2O for the
SV300, AIRVO 2, and Monnal T75, respectively. Never-
theless, due to the difference in the maximum flow of the
3 HFNC devices, theoretical maximum PEEP levels were
1.74 � 0.03, 2.43 � 0.04, and 4.02 � 0.10 cm H2O for the

SV300 (50 L/min), AIRVO 2 (60 L/min), and Monnal T75
(80 L/min), respectively, when compliance was set at
100 mL/cm H2O and VT was set at 700 mL.

Discussion

To the best of our knowledge, this is the first bench
study to evaluate the PEEP performance of different HFNC
devices. We have found that, compared with a dedicated
HFNC device (AIRVO 2 system), ventilators with a built-in
high-flow module are capable of delivering similar levels
of PEEP. In addition, flow exhibits the most significant
impact on PEEP level in a quadratic curved relationship
with the mouth closed. For the first time, we found that the
PEEP levels measured at different sites (ie, nasopharynx,
supraglottis, carina, and lung) were comparable, support-
ing the use of nasopharynx or tracheostomy pressure as a
surrogate marker in previous studies.6,7,9,13-15

The mouth status is a major determinant for PEEP level
in all 3 HFNC devices, which is in accordance with find-
ings in healthy volunteers6 and surgical subjects.7,17 Al-
though the exact mechanism of the PEEP effect with HFNC
devices remains to be elucidated, increased expiratory re-

Table 2. PEEP Effect of 3 High-Flow Nasal Cannula Devices With Mouth Open

Flow (L/min)
Compliance � 50 mL/cm H2O Compliance � 100 mL/cm H2O

VT � 300 mL VT � 500 mL VT � 700 mL VT � 300 mL VT � 500 mL VT � 700 mL

SV300
0 �0.01 � 0.02 �0.01 � 0.01 �0.04 � 0.11 0.00 � 0.02 �0.01 � 0.02 0.00 � 0.02
10 0.01 � 0.01 0.00 � 0.02 0.01 � 0.02 �0.01 � 0.02 0.00 � 0.01 0.01 � 0.02
20 0.01 � 0.02 0.02 � 0.01 0.01 � 0.02 0.00 � 0.02 0.02 � 0.02 0.00 � 0.02
30 0.01 � 0.02 0.03 � 0.03 0.01 � 0.02 0.02 � 0.02 0.02 � 0.01 0.01 � 0.02
40 0.03 � 0.01 0.03 � 0.01 0.02 � 0.02 0.02 � 0.02 0.02 � 0.01 0.01 � 0.03
50 0.04 � 0.01 0.06 � 0.01 0.03 � 0.02 0.03 � 0.01 0.02 � 0.02 0.03 � 0.02

AIRVO 2
0 0.01 � 0.03 �0.01 � 0.03 0.02 � 0.01 0.00 � 0.02 0.00 � 0.02 0.01 � 0.04
10 0.02 � 0.05 0.00 � 0.02 0.01 � 0.02 0.00 � 0.02 0.03 � 0.02 0.01 � 0.02
20 0.01 � 0.02 0.00 � 0.02 0.03 � 0.02 0.00 � 0.01 0.02 � 0.02 0.00 � 0.02
30 0.02 � 0.03 0.02 � 0.01 0.02 � 0.02 0.03 � 0.01 0.01 � 0.03 0.01 � 0.02
40 0.02 � 0.03 0.02 � 0.02 0.03 � 0.01 0.00 � 0.01 0.02 � 0.02 0.00 � 0.02
50 0.03 � 0.03 0.03 � 0.02 0.05 � 0.01 0.03 � 0.01 0.04 � 0.02 0.01 � 0.02
60 0.04 � 0.03 0.03 � 0.03 0.06 � 0.02 0.04 � 0.02 0.05 � 0.02 0.05 � 0.02

Monnal T75
0 �0.01 � 0.02 0.01 � 0.01 0.01 � 0.02 �0.01 � 0.02 �0.01 � 0.02 0.00 � 0.02
10 0.02 � 0.02 0.02 � 0.01 0.02 � 0.01 0.00 � 0.02 0.00 � 0.02 0.02 � 0.02
20 0.00 � 0.06 0.02 � 0.02 0.02 � 0.02 0.01 � 0.01 0.01 � 0.02 0.00 � 0.02
30 0.02 � 0.02 0.03 � 0.02 0.02 � 0.02 0.02 � 0.01 0.02 � 0.01 0.03 � 0.03
40 0.03 � 0.02 0.03 � 0.01 0.03 � 0.02 0.03 � 0.02 0.03 � 0.02 0.04 � 0.02
50 0.04 � 0.01 0.05 � 0.01 0.04 � 0.02 0.04 � 0.01 0.04 � 0.03 0.05 � 0.02
60 0.05 � 0.01 0.06 � 0.02 0.06 � 0.01 0.06 � 0.02 0.04 � 0.01 0.05 � 0.03
70 0.05 � 0.01 0.07 � 0.01 0.06 � 0.01 0.08 � 0.01 0.06 � 0.02 0.04 � 0.02
80 0.07 � 0.02 0.07 � 0.02 0.09 � 0.02 0.09 � 0.02 0.06 � 0.02 0.08 � 0.02

VT � tidal volume
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sistance16 (resulting from nasal cannula and inward air
flow) is believed to enlarge end-expiratory lung volume
(or residual volume)18 and generate a PEEP effect. Once
the mouth is open, the extra expiratory resistance would
vanish immediately, and the PEEP effect would disappear
in the meantime. However, previous studies in humans
demonstrated a residual PEEP effect even with the mouth
open, whereas we could not observe any PEEP effect with
the airway model, even at a flow as high as 80 L/min,
which might be attributable to a structural discrepancy of
the upper airway.

Flow plays a more important role in PEEP effect than
previously believed. Both Parke et al7,17 and Groves et al6

reported a linear relationship between PEEP and flow.
However, based on principles of hydrodynamics, the flow-
resistance effect was often nonlinear, especially with high
flow.19 Accordingly, Kumar et al16 first proposed the qua-
dratic curved relationship between PEEP and flow with a
computerized hydrodynamic model. Our study confirmed
the above findings, suggesting a much steeper increase in
PEEP level at higher flows.

We observed a significant correlation between PEEP
level and lung compliance, which had not been described
previously. Of note, in patients with more severe ARDS,
who may benefit from high PEEP to recruit collapsed
alveoli, the delivered PEEP levels by any HFNC devices

Fig. 3. A: With a compliance of 50 mL/cm H2O, the working curves of 3 HFNC devices were significantly different (P � .001). The regression
equations were PEEP � 2.2 � 10�3 � flow2 � 5.8 � 10�4 flow, PEEP � 3.4 � 10�4 � flow2 � 1.0 � 10�2 � flow, and PEEP � 4.5 � 10�4 �
flow2 � 9.3 � 10�3 � flow for the SV300, AIRVO 2, and Monnal T75 devices, respectively. B: With a compliance of 100 mL/cm H2O, the working
curves of 3 HFNC devices were also of statistical significance (P � .001). The regression equations were PEEP � 6.3 � 10�4 � flow2 � 3.2 �
10�3 � flow, PEEP � 5.7 � 10�4 � flow2 � 4.3 � 10�3 � flow, and PEEP � 4.9 � 10�4 � flow2 � 1.1 � 10�2 � flow for the SV300, AIRVO
2, and Monnal T75 devices, respectively. C: For pairwise comparison with a compliance of 50 mL/cm H2O, with the exception of a flow of 20
L/min, Monnal T75 had the best general performance, followed by the SV300 and AIRVO 2. D: For pairwise comparison with a compliance of
100 mL/cm H2O, the Monnal T75 still had the best general performance, followed by the SV300 and AIRVO 2. *, P � .001.
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are expected to be low due to reduced compliance. This
downside might explain the high failure rate (40%) of
HFNC devices in this high-risk patient population as re-
ported in a cohort study,20 suggesting cautious use of HFNC
in severe ARDS.

Another objective of the present study was to com-
pare the performance of 3 commercially available HFNC
devices. Despite some statistical significance with flows
of 20, 40, and 50 L/min, the difference among the 3
devices regarding PEEP level was trivial in clinical prac-
tice. Based on these findings, the flow rather than choice
of different devices might be more relevant in the de-
termination of PEEP level. Interestingly, among all 3
devices tested, the Monnal T75 ventilator had the ability
to deliver a flow up to 80 L/min, which was associated
with a much higher PEEP level. However, the efficacy
of the humidifier at a flow of �60 L/min has not been
well-studied.

Our study has some limitations. As a bench study, we
only investigated the PEEP effect within a simulation sys-
tem, which might be different from clinical subjects. How-
ever, this model coincided well with physiology and en-
abled us to make quantitative comparisons. In addition, we
arbitrarily selected 2 levels of compliance and 3 levels of
VT to investigate their impact on PEEP levels. A more
accurate interpretation of their roles might be possible if
more levels were selected. Moreover, the 2 levels of lung
compliance (100 and 50 mL/cm H2O) tested in our study
represented relatively normal lung and mildly affected lung.
According to our experience, patients with significantly
lower compliance (ie, patients with severe respiratory
failure) exhibited very poor response to HFNC. Our
findings are consistent with this observation, where we
observed a significant correlation between PEEP and
lung compliance. Therefore, HFNC has not been rec-
ommended for severe hypoxemic acute respiratory fail-
ure.8 Furthermore, the influence of high airway resis-
tance on PEEP level was not investigated in our study,
since the benefit of HFNC in severe air-flow obstruction
has not been well established.21

Conclusions

This bench study has demonstrated that mouth status,
flow, and compliance are the most important determi-
nants of PEEP effect during HFNC, whereas perfor-
mance of the 2 mechanical ventilators is slightly supe-
rior to that of the AIRVO 2 device at higher flows. In
contrast to previous studies, we observe no PEEP effect
with the mouth open even at a flow as high as 80 L/min.
However, these findings need to be confirmed in future
clinical studies.
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