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Abstract

Oxygen therapy can be delivered using low-flow, intermediate-flow (air entrainment mask), or high-flow devices.
Low/intermediate-flow oxygen devices have several drawbacks that cause critically ill patients discomfort and
translate into suboptimal clinical results. These include limitation of the FiO, (due to the high inspiratory flow often
observed in patients with respiratory failure), and insufficient humidification and warming of the inspired gas. High-
flow nasal cannula oxygenation (HFNCO) delivers oxygen flow rates of up to 60 L/min and over the last decade its
effect on clinical outcomes has widely been evaluated, such as in the improvement of respiratory distress, the need
for intubation, and mortality. Mechanisms of action of HFNCO are complex and not limited to the increased oxygen
flow rate. The main aim of this review is to guide clinicians towards evidence-based clinical practice guidelines. It sum-
marizes current knowledge about HFNCO use in ICU patients and the potential areas of uncertainties. For instance, it
has been recently suggested that HFNCO could improve the outcome of patients with hypoxemic acute respiratory
failure. In other settings, research is ongoing and additional evidence is needed. For instance, if intubation is required,
studies suggest that HFNCO may help to improve preoxygenation and can be used after extubation. Likewise, HFNCO
might be used in obese patients, or to prevent respiratory deterioration in hypoxemic patients requiring bronchos-
copy, or for the delivery of aerosol therapy. However, areas for which conclusive data exist are limited and interven-
tions using standardized HFNCO protocols, comparators, and relevant clinical outcomes are warranted.

Keywords: High-flow nasal cannula oxygenation, Oxygen therapy, Acute respiratory failure, Bronchoscopy, Aerosol,
Non-invasive ventilation

Introduction masks, and bag valve masks. The fraction of inspired oxy-

Oxygen therapy is the first-line treatment in hypoxemic
patients. Oxygen can be delivered using low-flow devices
(up to 15 L/min) such as nasal cannulas, non-rebreathing
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Take-home message: High-flow nasal cannula oxygenation has
recently received resounding evidence of its efficacy in patients with
hypoxemic acute respiratory failure. In other settings research is ongoing
and additional evidence is needed.
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gen (FiO,) obtained using these devices varies with the
oxygen flow and with the patient’s peak inspiratory flow,
delivery system, and device characteristics [1]. With con-
ventional intermediate-flow systems, such as air entrain-
ment masks, pressurized oxygen is forced through a small
orifice at a constant flow, and this adds room air through
entrainment ports, at a set air/oxygen ratio. However,
if the patient has a high inspiratory flow, additional air
is entrained around the mask and dilutes the oxygen,
thereby lowering the FiO,. Conventional delivery devices
have several drawbacks in addition to the limitation of
the FiO, that restrain their efficacy and tolerance such as
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insufficient humidification and insufficient warming of
the inspired gas at high flows that cause patient discom-
fort [2, 3].

Twenty years ago, Dewan and Bell described their
experience with ‘high flows’ delivered using a regular
nasal cannula in patients with chronic obstructive pul-
monary disease [4]. Over the past two decades, devices
that deliver heated and humidified oxygen at high flows
through a nasal cannula were developed as an alterna-
tive to low/intermediate-flow devices. High-flow nasal
cannula oxygenation (HENCO) delivers oxygen flows of
up to 60 L/min. The gas source (air/oxygen blender, ven-
tilator, or turbine flow-generator) is connected via an
active heated humidifier to a nasal cannula and allows
FiO, adjustment independently from the flow (Fig. 1).
Recently published studies suggested that HENCO is
a valuable tool in enhancing patients’ comfort and oxy-
genation, and it could be associated with better outcomes
[5-7]. We summarize here the current knowledge about
HFNCO use in ICU patients and the potential areas of
uncertainties.

Principles and mechanisms of action of high-flow
nasal cannula oxygen therapy
The main mechanisms of action are summarized in
Table 1. HENCO therapy generates a flow-dependent FiO,
[7]. The more the flow is increased, the more the FiO, is
augmented. From 15 to 45 L/min oxygen flow, tracheal
FiO, increases from 60 to 90 % [8]. HFNCO maintains
high FiO, by delivering flows higher than the spontane-
ous inspiratory demand, thereby diminishing room-air
entrainment, which occurs commonly with standard nasal
cannulas and face masks. Among all other oxygen delivery
devices, only the air entrainment mask at its maximum
flow can deliver stable FiO, values across a wide range
of respiratory rates [9]. As the difference between the
patients’ inspiratory flow and the delivered flow is small
with HENCO, FiO, remains relatively stable. However,
the flow rate must be set to match the patients’ inspiratory
demand and/or the severity of respiratory distress.

Two other important categories of mechanisms of
action underpinning the reported clinical benefits of
HENCO are proposed. The first mechanism is related

flow meter

air-oxygen blender

nasal cannula

active humidifier

Fig. 1 High-flow nasal cannula oxygenation (HFNCO) device. An air/oxygen blender, allowing FiO, ranging from 0.21 to 1.0, generates flows of up
to 60 L/min. The gas is heated and humidified by an active heated humidifier and delivered via a single limb



iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Underline

iAnnotate User
Highlight


Table 1 Physiological benefits of high-flow nasal cannula oxygenation (HFNCO) compared to conventional oxygen ther-

apy

FiO, values are higher and more stable

Because the delivered flow is higher than the spontaneous inspiratory demand and because the difference between the delivered flow rate and the

patient’s inspiratory flow rate is smaller

The flow must be set to match the patient’s inspiratory demand andy/or the severity of the respiratory distress

The anatomical dead space is decreased via washout of the nasopharyngeal space

Consequently, a larger fraction of the minute ventilation participates in gas exchange

Respiratory efforts become more efficient
Thoracoabdominal synchrony improves
The work of breathing is decreased

Because HFNCO mechanically stents the airway

Provides flow rates that match the patient’s inspiratory flow, and markedly attenuates the inspiratory resistance associated with the nasopharynx,

thereby reducing the work of breathing
The gas delivered is heated and humidified

Warm humid gas reduces the work of breathing and improves mucociliary function, thereby facilitating secretion clearance, decreasing the risk of
atelectasis, and improving the ventilation/perfusion ratio and oxygenation

The body is spared the energy cost of warming and humidifying the inspired gas (neonates +++)

Warm humid gas is associated with better conductance and pulmonary compliance compared to dry, cooler gas

HFNCO delivers adequate
Positive airway pressures are increased

The nasal cannula generates continuous positive pressures in the pharynx of up to 8 cmH,0, depending or flow and mouth opening

The positive pressure distends the lungs, ensuring lung recruitment and decreasing the ventilation—perfusion mismatch in the lungs

End-expiratory lung volume is greater with HFNO than with low-flow oxygen therapy

Minimizing leaks around the cannula prongs is of the utmost importance

to optimal conditioning of the delivered gas because
the nasal air/oxygen mixtures are warmed and humidi-
fied closely to physiological conditions [2, 8]. Thus,
oxygen flow is better tolerated and provides greater res-
piratory comfort especially with flows up to 60 L/min
[2, 8]. The second mechanism is related to high-flow
delivery (>30 L/min). HENCO therapy generates a flow-
dependent positive airway pressure [8, 10]. At 35 L/
min, the mean airway pressure measured with a naso-
pharyngeal catheter was 1.2 £+ 0.8 cmH,0O, mouth open,
increasing up to 2.7 £ 1.07cmH,0;, mouth closed and to
3.3 &+ 1.0 cmH,0O at 50 L/min [11, 12]. A physiological
study demonstrated fower pressures with HFNCO with
the highest median value below 2.5 cmH,O at 45 L/min,
mouth closed [8]. This difference between studies could
be explained by airway pressure measurement inside
the trachea [8], more distal from the device, rather than
in the nasopharynx [11] and decreased airway pressure
when patients breath with an open mouth [8, 13]. This
should be taken into account when HENCO is used in
critically ill patients with acute respiratory failure (ARF),
who often breath through an open mouth rather than
through the nose. It has also been shown that HENCO is
associated with an increased end-expiratory lung imped-
ance in a cohort of postcardiac surgery patients, sugges-
tive of increased lung volumes and functional residual

capacity [14]. In obese postcardiac surgery patients with
higher body mass index (BMI), the increase in end-expir-
atory lung volume (EELV) was found to be significantly
greater when HFNCO was used as compared with low-
flow oxygen therapy [14]. This increase in EELV may be
interpreted as the recruitment of alveoli, and preven-
tion of further alveolar collapse, as a result of the low-
level positive pressure generated by HFNCO. The higher
PaO,/FiO, reported in patients using HENCO could be
attributed in part to the observed increase in EELV and
resultant increase in alveolar ventilation. The clearance
of CO, in anatomic dead space also contributed to the
improvement in subjective dyspnea and decrease in res-
piratory rate [15]. This increase in end-expiratory lung
impedance is also influenced by the position. Riera et al.
[16] reported that HFNCO in healthy subjects in the
supine position produced regional improvement in end-
expiratory lung impedance of the lung ventral regions
that was significantly higher than in the dorsal regions.
This observation was not shown when subjects were in
the prone position, in whom end-expiratory lung imped-
ance distribution was more homogeneous. However, it is
generally acknowledged that non-intubated patients look
more comfortable when supine or in the semirecumbent
position than in the prone position. Although the positive
airway pressure generated by HFNCO is moderate [8, 11,
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12], it could partially counteract intrinsic PEEP leading to
decreased work of breathing and improved comfort [17]
in patients exhibiting dynamic hyperinflation.

HENCO also allows a clearing of airway dead space
[6, 18]. The ability to continually flush out CO, from the
upper airway is another potential benefit of HENCO. It
increases alveolar ventilation [4]. However, this effect
reaches a plateau above a threshold flow rate correspond-
ing to complete washout of the nasopharyngeal dead
space.

Respiratory inductance plethysmography demon-
strated that thoracoabdominal synchrony could be
improved with HFNCO as compared with face mask
oxygen therapy [19]. Furthermore, HENCO was asso-
ciated with a lower respiratory rate while tidal volume
was maintained, indicating a decrease in minute ventila-
tion [7, 14, 19, 20]. Available data suggest that HENCO
is an effective method for delivering oxygen therapy. In
comparison to conventional low-flow oxygen devices,
HENCO allows an improvement of gas exchange, res-
piratory rate, and comfort. HENCO seems safer than face
mask, with less interface displacement and less oxygen
desaturations [6].

Finally, unique features of HENCO lie in its simplicity
of use [21]; its remarkable tolerance and comfort [5-7,
20, 22-24] in comparison with other forms of oxygen
delivery, including noninvasive ventilation (NIV) [5, 22,
25], and its practicality in terms of oxygen and ventilation
equipment management.

High-flow nasal cannula for acute respiratory
failure

Acute respiratory failure is one the leading reasons for
ICU admission. The main studies related to the use of
HENCO in ARF are detailed in Table 2. Based on lim-
ited numbers of patients and without control groups,
these studies lacked strong primary outcomes such as
avoidance of intubation and reduced mortality. They
were nonetheless instrumental in forming the basis for
a large multicenter randomized study such as FLORALI
[22]. The principal indication for HENCO in the ICU is
hypoxemic ARF whose main etiology is community-
acquired pneumonia, from bacterial or viral origin [7, 20,
22, 24, 26]. An important question is whether the sever-
ity of hypoxemia is a limitation to the use of HFNCO.
A recent study reporting the use of HENCO in severe
ARDS [24] showed that failure (i.e., need for intubation)
rate of HENCO was 40 %, similar to the 35 % reported
in the subgroup of patients with a severe hypoxemia
(PaO,/FiO, <200 mmHg) reported in the FLORALI
study [22]. On the basis of observational studies showing
the improvement of many patients treated with HENCO,
associated with the reported failure rates mentioned

above, it was suggested that HFNCO was able to prevent
intubation in some patients. There was, however, no con-
vincing proof of intubation avoidance by HENCO until
recently. Indeed, the FLORALI study is therefore pivotal
in demonstrating the superiority of HENCO over both
conventional oxygenation and NIV [22]. The significant
reduction in mortality in the group of patients treated
with HENCO weakens the use of NIV in hypoxemic ARF
and suggests that HENCO should be the first-line strat-
egy in these patients [22]. As NIV may delay intubation
and increase mortality [27], a similar concern was raised
with HENCO; one recent study reported such an asso-
ciation [28]. A closer analysis of the literature indicates
that this may not be the case if the decision to intubate
is taken within 24-48 h following HENCO initiation [29]
and supported by prespecified criteria for intubation [5,
22, 24]. The ensuing question is how to predict failure.
The use of accessory muscles [7] and persistence of high
respiratory rates [5, 7] and distress thoracoabdominal
asynchrony are indicative of an unsatisfactory response
to HFNCO that should lead one to consider intubation.
Studies have suggested that more than the severity of
the respiratory disease per se, presence of an additional
organ failure such as hemodynamic instability places the
patients at higher risk of failure [24, 26].

There is now some evidence that HFNCO has a central
place in the armamentarium of ARF management. Its
unique features allow it to be used from admission to dis-
charge. However, there is the need for confirmatory tri-
als in order to show that HFNCO is indubitably able to
improve the outcome of ARF patients.

Use of high-flow nasal cannula

in immunocompromised patients

Because mortality in immunocompromised patients
with hypoxemic ARF is significantly higher compared
to unselected patients, respiratory management that
aims to avoid intubation and invasive mechanical ven-
tilation is of major interest. Five studies have reported
feasibility and safety of HFNCO in selected groups of
immunocompromised patients with ARF. In a retrospec-
tive single-center study, Lee et al. [30] reported the fea-
sibility of HENCO for treating ARF in 45 patients with
hematologic malignancies. HENCO was titrated at an
FiO, sufficient to maintain the arterial O, saturation
level at greater than 90 % and a flow of up to 45-50 L/
min [30]. Fifteen (33 %) patients successfully recovered
without intubation and their mortality was lower com-
pared to intubated patients [30]. HFNCO failure was
associated with the diagnosis of bacterial pneumonia
[30]. In another study of ARF patients outside the ICU,
Epstein et al. [31] reported a 72 % HFNCO use among
183 patients with solid tumors. Among these patients,
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41 % improved, 44 % stabilized, and 15 % worsened. In
a pilot randomized physiological trial, 30 patients with
advanced cancer and persistent dyspnea were assigned
either to HFNCO or NIV for 2 h [32]. Dyspnea (VAS and
modified Borg scale), vital signs, and adverse effects were
measured before and after the intervention. Dyspnea was
significantly improved by both HENCO and NIV, with
no difference between the two techniques [32]. Oxygen
saturation was only improved by HENCO and there was
a trend for a non-significant decrease in respiratory rate
by both techniques. No significant adverse effects were
observed [32]. In 37 critically ill lung transplant patients,
Roca et al. reported that HFNCO was feasible and safe to
treat ARF [33]. The absolute risk reduction for mechani-
cal ventilation with HFNCO was 29.8 %, and the number
of patients needed to treat to prevent one intubation with
HENCO was 3 [33]. Last, in a study of 50 do-not-intubate
patients with hypoxemic respiratory distress, includ-
ing mostly immunocompromised patients [34], HENCO
allowed an improvement in oxygenation and decreased
respiratory rate. The survival benefits from HENCO was
also assessed in different groups of immunocompromised
patients. The first study analyzed 178 cancer patients
with ARF (O, >9 L/min), including 76 (43 %) treated
with NIV and HFNCO, 74 (42 %) with NIV and stand-
ard oxygen therapy, 20 (11 %) with HENCO alone, and 8
with standard oxygen therapy alone. Patients receiving
the combination of HFNCO and NIV exhibited lower
mortality rates (37 vs 52 %, p = 0.04) [35]. In the pro-
pensity analysis, HENCO associated with NIV was inde-
pendently associated with improved 28-day survival [35].
This is in sharp contrast with the results of the substudy
from the FLORALI trial where HFNCO allowed survival
benefits but HFNCO combined with NIV was associated
with significant increased 28-day mortality [22]. Last,
in a substudy from the iVNIctus trial [36] that investi-
gated benefits from early NIV in immunocompromised
patients with ARF, 141/374 (38 %) patients received
HENCO and other patients received either oxygen only
or NIV. A propensity score using variables available at
ICU admission was built to allow adjustments. Intuba-
tion rate and 28-day mortality were not significantly dif-
ferent in immunocompromised patients treated with
HENCO as compared to NIV or standard oxygen [36].

All these studies and discrepant results confirm fea-
sibility and safety of HFNCO in immunocompromised
patients and demonstrate at least equipoise between
HENCO, NIV, and standard oxygen therapy in this set-
ting. They also warrant future trials to demonstrate
that survival benefits reported in unselected patients
with hypoxemic ARF extend to immunocompromised
patients.

High-flow nasal cannula oxygen use preceding
endotracheal intubation (Table 3)

Endotracheal intubation (ETI) is a routinely performed
ICU procedure notably for patients with ARF [37]. ETI
is frequently associated with morbidity, or even mor-
tality. Almost 30 % of ETI are associated with serious
adverse events. The most frequently reported complica-
tion (26 %) is severe desaturation under 80 %, notably
for hypoxemic patients [38]. Preoxygenation before ETI
is a crucial stage permitting one to delay desaturation.
Oxygenation through a high-flow facial bag valve mask
is usually recommended. However, in ICU, especially
in severe ARF, efficiency of preoxygenation is lessened
with a high prevalence of desaturations due to patients’
instability [39]. Even if NIV usefulness in preoxygena-
tion has been reported, no large randomized multicenter
study has confirmed this assumption [40]. Because use
of this device has to be interrupted during laryngoscopy,
NIV fails to totally prevent desaturation during ETI. A
recent single-center trial compared non-rebreathing
bag reservoir facial mask to HFNCO for preoxygena-
tion before ETI [41]. This before—after study included
patients (n = 101) regardless of the reasons for intuba-
tion. Patients with severe hypoxemia were excluded
from this study. Concerning the primary outcome, the
median (IQR) lowest SpO, reached during ETT was 100 %
(95-100 %) in the HFNCO group as compared to 94 %
(83-98.5 %) (p < 0.0001) for the facial mask [41]. The
prevalence of desaturation events (<80 %) decreased
from 14 % in the facial mask group to 2 % in the HENCO
group (p = 0.03) [41]. These encouraging results were not
confirmed by a subsequent randomized controlled trial,
comparing HENCO (n = 62) to high-flow facial bag valve
mask (n = 57) for preoxygenation (and apneic oxygena-
tion) in severe hypoxemic patients [42]. These discordant
results could be explained by differences regarding both
the reasons for intubation and the severity of hypoxemia
at inclusion. An additional recent trial [43] evaluated
the effect of supplemental oxygenation by HFNCO dur-
ing laryngoscopy (vs no oxygenation) in 150 critically ill
patients. Median lowest arterial oxygen saturation was
92 % with apneic oxygenation with HENCO vs 90 % with
usual care without oxygen supplementation (p = 0.16).
No difference was reported regarding the incidence of
oxygen saturation <90 %, or <80 %, or decrease in oxy-
gen saturation >3 %. The literature suggests that despite
interesting properties, the place of HENCO for preoxy-
genation during ETT is still not clear. We are waiting for
further large trials to ultimately conclude on its accuracy
in ICU, in comparison with NIV or standard oxygen ther-
apy, especially for severely hypoxemic patients.
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High-flow nasal cannula use following extubation
(Table 3)

In the ICU

Atelectasis may persist up to 24—48 h after extubation
following anesthesia and paralysis even in patients with
healthy lungs [44]. Oxygen therapy is almost invariably
used after extubation to correct the residual oxygena-
tion impairment. Because of its positive effects on the
respiratory system, HFNCO is an appealing device to
reverse postextubation atelectasis and improve oxygena-
tion [45]. Few studies have been published to date on the
use of HENCO after extubation. HENCO after extuba-
tion decreased dyspnea score, breathing frequency, and
heart rate as compared with a non-rebreathing mask
[46]. However, in a small randomized, crossover trial
comparing high flow delivered with nasal cannula or
face mask after extubation, no difference regarding gas
exchange, respiratory rate, or hemodynamic parameters
was reported [47]. A retrospective study compared the
clinical effects of HENCO and non-rebreathing mask in
67 critically ill patients after extubation [48]. The authors
found a better oxygenation (measured as the PaO, to the
nominal FiO, ratio) with HFNCO, while PaCO,, respira-
tory rate, mean arterial pressure, and heart rate were not
different among the two groups. In addition, the use of
HEFNCO was associated with a higher number of venti-
lator-free days (4.14 & 2.2 vs 3.0 & 2.0) and a lower rein-
tubation rate (2.9 vs 18.2 %) [48]. A recent randomized
controlled trial comparing the effects of the air entrain-
ment mask (52 patients) and HFNCO (53 patients) in
patients presenting a moderate hypoxemia (i.e., PaO,/
FiO, <300 immediately before extubation) [23] showed
that HFNCO improved oxygenation. In addition,
HENCO decreased PaCO, and respiratory rate, suggest-
ing a reduction in the upper airways dead space. The use
of HENCO improved patients’ discomfort both related
to the interface (from the 12th hour) and to symptoms of
airway dryness (from the 24th hour), and was associated
with fewer episodes of interface displacement and oxy-
gen desaturation [23]. Most importantly, fewer patients
had postextubation respiratory failure requiring any
form of ventilator support (7.5 vs 34.6 %) with less need
for NIV (3.8 vs 15.4 %) and endotracheal reintubation
(3.8 vs 21.2 %) with HFNCO than with the air entrain-
ment mask [23]. This study, however, was not aimed at
demonstrating the superiority of the HFNCO over the
entrainment mask in the weaning outcome [23]. These
authors, therefore, designed a multicenter randomized
controlled trial (RINO trial) to assess whether, as com-
pared with the entrainment mask, the use of HENCO
might reduce the extubation failure rate in patients with
moderate hypoxemia after extubation (ClinicalTrials.gov:
NCT02107183). Few multicenter randomized controlled

trials have been performed to evaluate the effectiveness
of HFNCO after extubation but are still not published.
Finally, HFNCO may play a role in preventing reintuba-
tion in moderately hypoxemic patients, although further
studies are needed to better define which patients can
benefit the most and the optimal timing of application.
Findings of ongoing randomized trials will hopefully help
to answer these questions.

Following surgery

The rate of hypoxemia following surgery is frequent and
as high as 52 % in patients after cardiothoracic surgery
[49]. The first treatment of hypoxemia is to provide low-
flow oxygen therapy. When low-flow oxygen therapy is
insufficient, NIV is often used in the postoperative setting
[50] delaying intubation with HE. NIV fails in about 20 %
of patients after cardiothoracic surgery, who then require
reintubation [51, 52]. In patients presenting with hypox-
emic respiratory failure, a single randomized trial found
that NIV after lung resection decreased the rate of intu-
bation, from 50.0 to 20.8 %, and also decreased mortality
[51]. Both reintubation and mortality rates decreased sig-
nificantly with NIV in the single published randomized
study after heart surgery [53]. As a preventive strategy,
a randomized controlled trial after major lung resection
in COPD patients did not improve the rate of ARF, but
decreased the rate of ARF requiring NIV [54]. Following
cardiac surgery, prophylactic use of NIV improved oxy-
genation and reduced incidence of pulmonary complica-
tions [55]. There are few published studies on the use of
HENCO during the postoperative period. In a pragmatic
randomized controlled trial of routine HFNCO in car-
diac surgery patients, HENCO was not associated with
an increase in oxygenation compared with usual oxygen
therapy, but it was associated with a reduced requirement
for escalation of therapy and a slightly lower PaCO, [56].
In the same way, prophylactic extubation using HENCO
in postcardiac surgery patients with a BMI >30 kg/
m? did not lead to improvement in respiratory function
[57]. Recently, in a multicenter, randomized, non-inferi-
ority, open trial, including 830 patients, the use of con-
tinuous HFNCO compared with intermittent NIV did
not result in a worse rate of treatment failure [risk dif-
ference = 0.86 % (95 % CI —4.9 to 6.6)] [58]. The PaO,/
FiO, improved in the two groups but to a lesser extent for
HENCO. Both the PaCO, level and the respiratory rate
decreased more rapidly in patients treated by HFNCO
[58]. Interestingly there was no difference for the dyspnea
or the comfort scores. Skin breakdown was significantly
more common with NIV after 24 h [58]. In a post hoc
analysis of this study [59], the authors reported that pre-
ventive postextubation NIV was associated with a higher
rate of failure in high-risk patients treated as compared
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with HENCO (12.6 vs 5.7 %, respectively). For many
postoperative hypoxemic patients, HFNCO appears to be
a valuable alternative to NIV [58]. For patients with mod-
erate to severe hypercapnia NIV is still the best choice.

Finally, as with NIV, HENCO should be applied in a safe
environment with close monitoring. Indeed, as it has
been reported with NIV [60], delaying intubation with
HFNCO could lead to a worse outcome [28].

Use of high-flow nasal cannula in specific
conditions

Aerosol delivery by high-flow nasal cannula

Some in vitro studies have been done regarding the
performance of aerosol therapy during HFNCO [61].
It has been shown that with oxygen (or heliox), there is
an important decrease in the delivered dose with an
increase in flow from 3 to 6 L/min [62]. However, flows
commonly used for HENCO in adults are 30-50 L/min.
Perry et al. [63] evaluated the in vitro albuterol delivery
and particle size with a mesh nebulizer and HFNCO. The
inspired dose (% of nominal dose) for each cannula size
and flow was 2.5, 0.8, 0.4, and 0.2 % for the adult can-
nula at 5, 10, 20, and 40 L/min, respectively. The effects
of nebulizer type, nebulizer position, flow (30, 45, and
60 L/min), breathing pattern (quiet and respiratory dis-
tress), and opened and closed mouth was also assessed in
another in vitro study [64]. The most efficient placement
of the nebulizer was upstream from the humidifier. With
a mesh nebulizer, the respirable mass ranged from 2 to
10 % of the nebulizer charge. Higher flows and an open
mouth were associated with a lower efficiency. Simulated
respiratory distress did not hinder drug delivery. When
simulating a mean inspiratory flow of 45 L/min with an
HENCO flow of 60 L/min, and using a mesh nebulizer
upstream of the humidifier, the average inhaled mass of
respirable aerosol was 5 % of the nominal dose. A reason-
able estimate of usual aerosol delivery by mouthpiece is
15 % of the nominal dose, or 0.375 mg of a 2.5-mg nomi-
nal dose, which is much greater than that reported by
Perry et al. [63]. But the benefit of albuterol delivery by
HENCO might be for continuous aerosol bronchodila-
tor (CAB) in the setting of severe acute asthma. Imag-
ine that HENCO is used with CAB set to deliver 15 mg
albuterol per hour for an adult with HENCO set at 5 L/
min. According to the results of Perry et al. [63], this
would deliver 0.375 mg/h—exactly the same amount
estimated for a single treatment by mouthpiece. Accord-
ing to the data of Réminiac et al. [64], the delivered dose
would be 0.75 mg/h at HENCO flows of 60 L/min, which
is greater than that typically administered with a single
treatment. HENCO for CAB might be more acceptable
to the patient, and might more convenient for the health-
care provider, than hourly mouthpiece treatments. This is

encouraging for the use of HFNCO for aerosol delivery,
but needs to be confirmed in clinical studies.

With HENCO, much aerosol is lost due to impaction
in the circuit and into the ambient environment. One
approach to this problem uses separate streams of submi-
crometer aerosol and heated humidified air to the right
and left nostrils [65]. Evaporating the output of an aero-
sol generator creates submicrometer aerosol. There is a
subsequent increase to particle size when mixed with
the heated and humidified gas beyond the nose. This co-
administration of heated humidified gas, as used with the
HENCO, causes the enhanced condensational growth
of the aerosol to the respirable size range. Another
approach delivers a submicrometer aerosol in combina-
tion with a hygroscopic excipient [65]. With the combi-
nation of drug and hygroscopic excipient particles, when
the aerosol is exposed to the natural humidity of the
respiratory system, excipient-enhanced growth occurs,
producing droplets of a size suitable for deposition in
the lungs. Longest et al. [66] used in vitro experiments
and simulations to evaluate the feasibility of enhanced
condensational growth with a nasal cannula. They found
that it might be possible to use a nasal cannula with deliv-
ery efficiencies of 80 to 90 %. Submicrometer particles
with enhanced condensational growth delivery resulted
in lower depositional losses. Using an in vitro model,
Golshahi et al. [65] found that aerosol delivery using
realistic breathing profiles of submicrometer condensa-
tional growth aerosols was efficient in delivering nasally
administered drugs. These approaches might allow high
aerosol dose delivery by HFNCO. The available in vitro
evidence is not sufficiently robust to recommend for or
against aerosol delivery with HFNCO. At high flows, the
amount of aerosol delivery might be low. Enhanced con-
densational growth and excipient-enhanced growth have
the potential to improve the feasibility of aerosol delivery
with HENCO. Clinical studies are necessary to inform
the use of HFNCO for aerosol delivery as part of patient
care.

Bronchoscopy during high-flow nasal cannula use

Bronchoscopy is associated with temporary alterations
of gas exchange, lung mechanics, and hemodynamics
caused by a variety of mechanisms, such as reduction
of alveolar ventilation, increase of ventilation—perfusion
mismatch, increase of cardiac output and oxygen con-
sumption [67]. The bronchoscope occupies approxi-
mately 10 % of the cross-sectional area of the trachea,
and this leads to a 10-30 % decrease in arterial PaO,
despite low-flow oxygen administration, as compared to
its baseline value [68, 69]. In patients with hypoxemia,
the risks associated with bronchoscopy, especially during
a BAL, are significantly enhanced, specifically worsening
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of gas exchange and cardiovascular events [70]. A num-
ber of randomized trials demonstrated that continu-
ous positive airway pressure (CPAP) and NIV are better
means of preventing deterioration of gas exchange than
conventional sources of oxygen in patients with respira-
tory failure undergoing bronchoscopy [69, 71]. The suc-
cess of these methods depends, however, on the tolerance
of the interface that in some patients may be poor, and
also on the difficulty for the operator to insert and direct
the bronchoscope, which must pass through an orifice of
the interface that is not necessarily in the proximity of the
nose or mouth of the patient [69, 71]. Given its capacity
to ameliorate hypoxemia in patients with ARF, HENCO
is, theoretically, a potentially simpler means of prevent-
ing worsening hypoxemia during bronchoscopy [72]. In
a randomized trial, Lucangelo et al. [73] evaluated the
effect of bronchoscopy with BAL on gas exchange and
cardiovascular variables in 45 patients receiving 40 L/
min of oxygen through air entrainment mask, 40 L/min
through HENCO, or 60 L/min through HENCO. Being
a pilot study the inclusion criteria (i.e., SpO, >90 % and
absence of respiratory or cardiac failure) were quite con-
servative. The procedures were completed in a standard
endoscopy suite, and conscious sedation was achieved
in all patients with a low dose of midazolam. Patients
receiving HFNCO at 60 L/min through HENCO had bet-
ter PaO,, PaO,/FiO,, and SpO, than those receiving 40 L/
min through air entrainment mask or HENCO. No differ-
ences were seen in the aforementioned variables among
patients receiving 40 L/min through air entrainment
mask or HFNCO. Simon et al. [74] evaluated the effect of
HFNCO in a small cohort of patients with a more severe
respiratory involvement (PaO,/FiO, <165 in all patients)
during bronchoscopy with BAL. In this study, 40 criti-
cally ill patients with hypoxemic respiratory failure were
randomized to receive either NIV or HFNCO (set at an
oxygen flow of 50 L/min). The procedures were com-
pleted in the ICU and the amount of sedation given (96
and 74 mg of propofol in the HFNCO and NIV group,
respectively) was significantly higher than that in the
study by Lucangelo et al. [73]. The lowest oxygen satura-
tion recorded by pulse oxymetry during bronchoscopy
was the primary outcome measure. Oxygen levels were
significantly higher in the NIV group than in the HENCO
group both during and after bronchoscopy, but 19/20
patients in the HENCO group successfully completed the
procedure with no complications.

In conclusion, the limited available data does not
establish decision-making pathways to guide use of the
HENCO therapy to prevent gas exchange deterioration
in hypoxemic patients requiring bronchoscopy. Fur-
ther research is required to assess the predictors of suc-
cess and failure of NHFC during bronchoscopy, and to

identify the patient population in whom it is most benefi-
cial. A large prospective, observational multicenter trial
(NCT02523573) is currently being conducted to evaluate
efficacy and tolerance of HENCO in ICU patients admit-
ted for ARF requiring BAL.

Use of high-flow nasal cannula in obese patients
Global obesity levels, having doubled since the 1980s,
now exceed 600 million persons [75]. Respiratory alter-
ations specifically associated with obesity include a
reduced functional residual capacity (FRC) which expo-
nentially decreases as body mass indices (BMI) increase
[76, 77]. Therefore, the majority of breathing occurs on
the less compliant part of the pressure—volume curve,
encroaching on closing volume. Ventilation—perfusion
mismatch and hypoxemia ensue with increased ven-
tilatory requirements necessitating higher inspiratory
flows [78]. Increased upper airway resistance and col-
lapsibility due to the mechanical load imposed particu-
larly by central obesity are also seen [77]. Increased work
of breathing due to pressure exerted by the abdomen,
reduced respiratory compliance, and increased metabolic
demands of the respiratory muscles resulting in respira-
tory muscle inefficiency have also been reported [79].
Considering the physiologic rationale for HENCO and
understanding the etiology of obesity-induced respira-
tory dysfunction, it seems reasonable that HFNCO might
provide some clinical benefit for these patients. Obesity-
induced FRC reductions may be partially reversed by the
combination of both CPAP generated by HENCO [14,
80] and increased EELV [14]. Hence, breathing returns
to the more compliant part of the pressure—volume
curve leading to improvements in respiratory efficiency,
compliance, and ventilation—perfusion mismatch. PEEP
may also assist in upper airway splinting thereby reduc-
ing the airway collapsibility of central obesity. Through a
constant high flow of oxygen-rich gas, HFNCO reduces
anatomical dead space leading to improved respira-
tory efficiency due to increased alveolar ventilation [45].
Moreover, HENCO more accurately matches the inspira-
tory flow demands of the obese patient by providing
flows of up to 60 L/min. This may result in a reduction in
inspiratory resistance and, consequently, work of breath-
ing [81]. Less entrainment of room air results in higher
delivered FiO, thereby meeting the increased oxygen
requirements of the morbidly obese patient in particular.
Whilst we can postulate on how the mechanisms of
action of HFNCO may benefit the obese patient, data
specific to HFNCO use in these patients is very limited.
In a postcardiac surgery observational study comparing
HENCO with low-flow oxygen, higher BMI was asso-
ciated with larger increases in EELV [14]. At a BMI of
25 kg/m? a mean increase in EELV of 13.3 % was seen
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with HENCO. However, EELV increased by 24.4 % at a
BMI of 40 kg/m?. This finding led to a randomized con-
trolled trial investigating the efficacy of HENCO in
reducing postoperative atelectasis seen in the obese
patient [57]. Direct extubation to HFNCO was compared
with standard oxygen therapy in postcardiac surgery
patients with a BMI >30 kg/m?% A total of 155 patients
were randomized to receive either HFNCO up to 50 L/
min or standard oxygen therapy (2—6 L/min) for at least
8 h postextubation. HENCO did not improve atelecta-
sis, oxygenation, respiratory rate, patient-rated dyspnea,
or failure of allocated therapy when tested in a rand-
omized controlled fashion. Heinrich et al. [82] conducted
a randomized controlled trial in 33 patients investigating
three preoxygenation techniques prior to rapid sequence
induction in morbidly obese patients undergoing bari-
atric surgery. HENCO (50 L/min at FiO, 1.0) was com-
pared with CPAP (7 cmH,O at FiO, 1.0) and standard
treatment (12 L/min via face mask at FiO, 1.0), and
the primary outcome was PaO,. HENCO significantly
improved PaO, at 5 and 7 min of the preoxygenation/
induction period compared with standard treatment and
provided comparable oxygenation to CPAP. The authors
concluded that HENCO was a feasible and safe method
of preoxygenation in this cohort. However, given the pau-
city of data, targeted investigation of the clinical utility of
HFNCO in obese patients must take place before their
efficacy in this cohort can be determined.

Uncertainties about high-flow nasal cannula
oxygen therapy

A growing body of evidence suggests that HFNCO ther-
apy may be effective for the early treatment of adults with
respiratory failure. However, the few areas for which
conclusive data exist and those requiring further inves-
tigation need to be stressed. At least five points deserve
attention. First, the wide variability in inclusion criteria
creates considerable heterogeneity among published
studies. For instance, studies of patients with hypox-
emia included all patients with hypoxemia, patients with
hypoxemia and respiratory distress, or patients with a
PaO,/FiO, <300. Second, the primary endpoints used in
some studies were improvements in physiological vari-
ables (oxygenation or lung volumes), which do not always
translate into better clinical outcomes (less respiratory
distress, less intubation, or better survival). Third, the
HENCO parameters (flow, FiO,, time of HFENCO expo-
sure) varied in most studies, precluding an assessment of
a possible dose—response effect. Fourth, the magnitude
of the benefits from HFNCO (odds ratio) on the various
endpoints (oxygenation, comfort, intubation, or survival)
varied markedly across studies. This point is related to
the previous one, as dose may influence the effect size.

Furthermore, the time of endpoint evaluation also varied.
Finally, and importantly, a variety of comparators have
been used, including low-flow oxygen, air entrainment
mask, and NIV. This last point is a major source of bias
and reflects the current uncertainty about what should be
the reference or “standard” for oxygen therapy in patients
with acute hypoxemia.

These considerations emphasize the importance of
using clinical endpoints such as the intubation rate or
mortality, rather than physiological endpoints such as
SpO, or PaO,/FiO,,.

A fundamental difference between HFNCO and NIV
is that HENCO systems maintain a fixed flow and gen-
erate variable pressures, whereas many NIV systems use
a variable flow to generate a fixed pressure, precluding
the manipulation of alveolar ventilation. Another major
difference is that the anatomical dead space is increased
by NIV interfaces and decreased by HENCO interfaces.
While NIV is able to increase tidal volume, HFNCO has
no direct effect on this parameter. Nevertheless, HFNCO
helps patients by improving alveolar ventilation and
decreasing the anatomical dead space.

HENCO may play a role in preventing extubation fail-
ure and might improve clinical outcomes in patients
with hypoxemic respiratory failure or prevent hypoxemia
in selected patients at high risk. There is, however, the
need for additional trials in order to target the patients
who should be treated with HENCO, either in prevent-
ing intubation and following extubation. Finally, we must
keep in mind that delaying intubation with HFNCO
could lead to a worse outcome [28].

In summary, HENCO improves the outcome of patients
with hypoxemic ARF. In other settings, research is ongo-
ing and additional evidence is needed. For instance, if
intubation is required, studies suggest that HFNCO may
help to improve preoxygenation and can be used after
extubation. Likewise, HFNCO might be used in obese
patients, or to prevent respiratory deterioration in hypox-
emic patients requiring bronchoscopy, or for the delivery
of aerosol therapy. However, areas for which conclusive
data exist are limited and interventions using standard-
ized HFNCO protocols, comparators, and relevant clini-
cal outcomes are warranted.
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