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Review Article

High-flow nasal oxygen therapy and noninvasive ventilation in the 
management of acute hypoxemic respiratory failure
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Abstract: High-flow nasal cannula (HFNC) oxygen therapy is a recent technique delivering a high flow 
of heated and humidified gas. HFNC is simpler to use and apply than noninvasive ventilation (NIV) and 
appears to be a good alternative treatment for hypoxemic acute respiratory failure (ARF). HFNC is better 
tolerated than NIV, delivers high fraction of inspired oxygen (FiO2), generates a low level of positive 
pressure and provides washout of dead space in the upper airways, thereby improving mechanical pulmonary 
properties and unloading inspiratory muscles during ARF. A recent multicenter randomized controlled trial 
showed benefits of HFNC concerning mortality and intubation in severe patients with hypoxemic ARF. 
In management of patients with hypoxemic ARF, NIV results have been conflicting. Despite improved 
oxygenation, NIV delivered with face mask may generate high tidal volumes and subsequent ventilator-
induced lung injury. An approach applying NIV with a helmet, high levels of positive end-expiratory pressure 
(PEEP) and low pressure support (PS) levels seems to open new opportunities in patients with hypoxemic 
ARF. However, a large-scale randomized controlled study is needed to assess and compare this approach with 
HFNC.
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Introduction

Oxygen therapy delivered via face mask with reservoir bag 
is usually the first-line treatment in acute respiratory failure 
(ARF). However, this strategy has many limits and fails to 
provide ventilatory support. The fraction of inspired oxygen 
(FiO2) delivered is limited and comfort is compromised by 
dry gas, which also impairs mucociliary clearance. 

Since the 90’s, noninvasive ventilation (NIV) has been 
largely used with strong level of evidence in cardiogenic 
pulmonary edema and chronic obstructive pulmonary 
disease (COPD) exacerbation but with controversial results 
in ARF. NIV improves gas exchange and reduces inspiratory 

effort through positive pressure. However, good tolerance 
to NIV is sometimes difficult to achieve due to frequent 
leaks around the mask, possibly leading to patient-ventilator 
asynchrony and even to intubation. It may have other 
deleterious effects such as delayed intubation by masking 
signs of respiratory distress, or barotrauma by the high tidal 
volume potentially generated under positive pressure. 

High-flow nasal cannulae oxygen therapy (HFNC) is 
currently spreading in adult intensive care unit (ICU) after 
first being used in pre-term neonates and pediatric care, 
as a first-line treatment for respiratory distress syndrome, 
and apnea of prematurity. More recently, physiological, 
pilot studies and controlled trials have drawn attention 
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to HFNC’s potential role in adults. HFNC is a strategy 
providing good comfort through warmed and humidified 
gas flow delivered via nasal prongs. It preserves high FiO2 

and generates a low level of positive pressure in the upper 
airways due to a high flow of gas, which also provides 
washout of dead space in the upper airways. In this review 
we will focus on HFNC’s physiological effects, provide 
clinical evidence during ARF and discuss its differences  
with NIV. 

Pathophysiologic rationale for NIV and HFNC 
oxygen therapy in hypoxemic ARF

Hypoxemic ARF is characterized by severe acute hypoxemia 
(PaO2/FiO2 ratio <300) and causes a high respiratory 
drive reflected by clinical signs of respiratory distress. 
This drive results in highly labored breathing, especially 
during inspiration. The blood gas pattern is hallmarked by 
hyperventilation and hypocapnia. Consequently, occurrence 
of hypercapnia is a sign of impending respiratory muscle 
fatigue that must be considered as a serious complication. 
Thus a rationale for oxygenation supports should 
consequently combine symptomatic treatment of hypoxemia 
and support of the high load imposed on the respiratory 
muscles. Oxygenation strategies must nonetheless not delay 
intubation by masking signs of life-threatening respiratory 
failure (1,2) or worsen pre-existing lung insults (3-5). 

Technical characteristics of NIV and HFNC 

The main hallmark of NIV is its assistance of the 
spontaneous activity of the respiratory system by 
administration of positive pressure into the lungs through 
an external interface, i.e., a commonly used face mask 
connected to a humidification system, a heated humidifier 
or a heat and moisture exchanger, and a ventilator. The 
most commonly used mode combines pressure support 
(PS) ventilation plus positive end-expiratory pressure  
(PEEP) (6), or simply apply continuous positive airway 
pressure (CPAP) (7). HFNC oxygen therapy is a simple 
system initially consisting in an air-oxygen blender directly 
connected to a flow meter (set up to 70 L/min) or in 
a turbine connected to an oxygen flow meter. The gas 
mixture containing up to 100% of oxygen is routed to a 
heated humidifier delivering gas conditioned at 37 ℃ and 
completely saturated with water (relative humidity: 100%). 
Gases are delivered to the patient via a simple interface, 
nasal prongs or cannulae, which are configured to provide 

high flow and limit water condensation (8). Currently, 
most ICU ventilators offer an option enabling high-flow 
oxygen therapy, but they need to be connected to the 
heated humidifier and circuit described above. The constant 
flow rate of gas in the HFNC system generates variable 
pressures in airways according to the patient’s breath effort 
and dynamic thoracic compliance, contrary to NIV, which 
adapts gas flow rate to maintain a preset constant inspiratory 
PS and PEEP. Consequently physiological effects with the 
two systems differ. 

Oxygenation and PEEP effect

The peak inspiratory flow generated by patients with ARF 
is a mean 30–40 L/min, and can exceed 60 and even reach 
120 L/min in more severe patients (9), which is substantially 
higher than the flow rates of standard oxygen delivery 
systems. As a result, inhaled oxygen is mixed with room air, 
thereby reducing the FiO2 delivered to the patient, which 
does not exceed 0.7 with standard oxygen systems (10,11). 

The FiO2 delivered to the patient using NIV can reach 
100% without leaks. The other determinant of oxygenation 
is the PEEP, which is also limited by the leakage created 
by high pressure in the mask. L’Her et al. have successively 
described the physiological effects of standard oxygen, 
CPAP or NIV in 10 patients treated for hypoxemic  
ARF (12). CPAP improved gas exchange with an increased 
PaO2/FiO2 ratio as compared to standard oxygen; the 
higher the PEEP, up to 10 cmH2O, the higher PaO2/
FiO2 ratio, whereas PS level had no direct effect on  
oxygenation (12). In an observational study including 
64 patients with ARF, the level of PaO2/FiO2 ratio 
improvement under NIV was comparable with invasive 
ventilation, with the same level of PEEP (around 5 cmH2O) 
after initial treatment with standard oxygen (13). 

HFNC can deliver high FiO2 compared to other 
oxygen delivery systems, through a higher flow rate, up 
to 70 L/min, which in most cases exceeds the patient peak 
inspiratory flow rate (Figure 1). In a physiological study, 
Sim et al. evaluated performance of oxygen delivery devices 
in healthy subjects by measuring FiO2 using a standard 
mask, a non-rebreathing mask and HFNC (11). With a 
standard mask, FiO2 was less than 0.6 despite a flow of 12 
L/min, and dropped below 0.5 when ARF was simulated by 
thoracic contention. Although the non-rebreathing mask 
avoided such a FiO2 drop during simulated ARF, the highest 
FiO2 obtained was less than 0.7, even with a flow rate of  
15 L/min. By comparison, FiO2 reached 0.85 using HFNC 
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set with a flow rate of 40 L/min (11). Nonetheless, HFNC 
is likely to perform better during ARF than traditional 
oxygen supplementation with high FiO2 more reliably 
delivered. Indeed, HFNC may also generate a low level of 
positive pressure in the upper airway directly proportional 
to the gas flow delivered, thereby possibly improving 
oxygenation. However, due to air leakage the pressure levels 
are quite variable. The large nasal prongs could create some 
nasal obstruction, while continuously delivered high flow 
causes resistance during expiration, thereby generating 
positive pressure. Consequently, positive pressure is 
markedly reduced when the patient opens his mouth. Parke  
et al. measured nasopharyngeal pressure in postoperative 
patients at different levels of flow using HFNC (14). The 
pressure recorded during spontaneous breathing on HFNC 
correlated linearly with administered flow-rate and was 
significantly higher when subjects breathed with their 
mouths closed: exceeding 3 cmH2O with a gas flow rate 
of 50 L/min with mouth closed, and less than 2 cmH2O 
with mouth open (14). This low positive airway pressure 
generates a PEEP effect including alveolar recruitment 
that might also improve gas exchange (Figure 1). In a 
physiological study measuring pulmonary volumes after 
cardiac surgery using electrical impedance tomography 
(EIT), increased end-expiratory lung volume was found 
with HFNC, suggesting alveolar recruitment induced by 
PEEP effect (15). In ARF, Mauri et al. found that during 
inspiration tidal volume did not change under HFNC after 
starting with standard oxygen, suggesting homogeneous 
distribution of tidal volume, i.e., better distribution of 

lung densities, suggesting less regional lung strain with  
HFNC (16). 

However, clinical studies have shown less improvement 
in oxygenation with HFNC than with NIV, probably due 
to lower impact of the PEEP effect with HFNC than with 
NIV (10,17). In a pilot study successively assessing standard 
oxygen, HFNC and NIV in patients with ARF, PaO2 
increased from standard oxygen to HFNC without changes 
in PaO2/FiO2 ratio (17). This suggests that oxygenation 
improvement was mainly due to increased FiO2. By contrast, 
PaO2 further increased with NIV with a significant increase 
in PaO2/FiO2 ratio reflecting probable alveolar recruitment 
induced by PEEP. These results were confirmed in a large 
multicenter study comparing standard oxygen, HFNC and 
NIV (10). 

Ventilatory support

Respiratory muscle activity in hypoxemic ARF is especially 
high due to high respiratory drive. In this situation, 
spontaneous breathing may be deleterious, aggravating lung 
injury through changes in global or regional pressure, even 
without any ventilatory support (18-20). Brochard et al. 
consequently developed the concept of patient self-inflicted 
lung injury (P-SILI) (19). Hence, oxygenation strategies are 
aimed at unloading inspiratory muscles while preserving 
superimposed lung injuries, in addition to improve 
oxygenation. 

The PS delivered under NIV during inspiration is 
one of the determinants of the tidal volume generated 

Figure 1 Physiological effects of HFNC oxygen therapy. HFNC, high-flow nasal cannula.
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by the patient, depending on breath effort and thoracic 
compliance.  Result ing minute venti lat ion is  thus 
determined by patient-triggered breaths and preset levels 
of PS above PEEP. Despite the beneficial effect of PEEP 
in oxygenation, it does not unload respiratory muscles. In 
the physiological study by L’Her et al., inspiratory work 
of breathing decreased significantly when PS was applied 
above PEEP, as compared to CPAP (PEEP alone) or 
standard oxygen (12). However, combined PS and PEEP, 
which may improve oxygenation and unload respiratory 
muscles, has a potential deleterious effect. Overly high 
ventilator assistance can lead to high tidal volumes and 
compromise lung protection (3,4,21). A recent cohort study 
showed the difficulty of maintaining tidal volumes between 
6 to 8 mL/kg of predicted body weight by manipulating PS 
level on top of low PEEP (3).

Two studies specifically assessed the physiological effects 
of HFNC in patients with ARF treated first by standard 
oxygen through a non-rebreathing mask, HFNC and 
CPAP (16,22). Vargas et al. showed a decrease in work 
of breathing under HFNC, assessed by the variation of 
esophageal pressure (diminution of pressure time produced 
during inspiration), of the same magnitude as with  
CPAP (22). Mauri et al. assumed that better working 
conditions could be partially due to improvement 
inspiratory effort and pulmonary compliance (16). They 
observed decreased peak expiratory flow assessed by 
EIT, potentially reflecting improvement of dynamic lung 
compliance under HFNC compared to standard oxygen. 
Otherwise, the high-flow rate of gas continuously delivered 
may flush upper airways, generating a washout of dead 
space and then flushing carbon dioxide out (23,24). This 
effect associated with mechanically improved of thoracic 
properties results in reduced inspiratory effort and minute 
ventilation requirement (Figure 1). This is consistent with 
the common finding of decreased respiratory rate and work 
of breathing with HFNC (16,22). 

Comfort and humidification

The success of non-invasive strategies also depends on 
tolerance and patient compliance. Indeed, intolerance 
to NIV can affect 20–25% (25) of patients treated for 
hypoxemic ARF and lead to intubation in around 10% (26). 
Humidification delivered during NIV may vary from 5 to 
30 mg/L depending on presence or type of humidification 
systems. In healthy subjects, low levels of humidification 
under CPAP or absence of any additional humidification 

system of under NIV were associated with less comfort (27). 
Other authors reported that low levels of humidification 
during a long period of NIV, i.e., 12 and 24 hours, was 
associated with less comfort and higher oral dryness 
feeling (28). However, whether heating and humidification 
of inspired gas may prevent thick secretions, potential 
dysfunction of mucociliary clearance, atelectasis facilitation 
and clinical impact is currently unproven (29). 

Despite a high oxygen flow rate, HFNC seems to be 
better tolerated than NIV and standard oxygen. The heated 
humidifier of HFNC provides the same physiological 
conditions as those found in alveoli with absolute humidity 
of 44 mg/L of water (8). Standard oxygen through face 
mask provides non-humidified or under-humidified cold 
gas that dries the upper airway and leads to reduced patient 
comfort, even when a bubble humidifier is used (30). 
Most studies have reported better comfort and dyspnea 
feeling with HFNC than with standard oxygen through a 
mask or NIV (10,17,31-33) with subsequently improved  
compliance (34). 

Clinical impact of HFNC oxygen therapy and NIV 
in hypoxemic ARF

Although the use of NIV for ARF has been progressively 
increasing for two decades, HFNC can be considered as an 
alternative, given its physiological effects in hypoxemic ARF 
patients for whom NIV indications remain controversial. 

Hypoxemic ARF

To date, few randomized controlled studies have found 
better outcomes with NIV than with standard oxygen 
(35,36). The heterogeneity of patients included in studies 
comparing NIV to standard oxygen, i.e., patients with 
hypercapnia or cardiogenic pulmonary edema, may 
explain high intubation rate variability (7,35-38). More 
recently, cohort studies including patients treated with 
NIV for hypoxemic ARF reported a high intubation rate, 
potentially exceeding 50% (39). Similarly poor outcomes 
have been observed in cohort studies of ARDS patients 
treated with NIV (40,41), who represented a majority 
(almost 70%) of patients with hypoxemic ARF (26,39). 
Another limitation for NIV in hypoxemic ARF is the high 
mortality rate (50%) in case of NIV failure (1,39). In the 
recent large-scale international LUNG SAFE study, severe 
hypoxemic patients who failed NIV had a higher mortality 
rate (approximately 43%) than invasively ventilated  
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patients (42). Indeed, many authors have argued that the 
usual beneficial effect of NIV on oxygenation and dyspnea 
could hide an underlying worsening potentially resulting 
in life-threatening respiratory failure in case of NIV 
interruption (1). However, establishment of pre-specified 
intubation criteria to avoid delayed intubation does not 
seem sufficient to improve patient prognosis in case of NIV 
failure. In their cohort study of patients treated with NIV 
for hypoxemic ARF, Thille et al. reported no difference 
in delay of intubation between patients who survived or 
not after NIV failure (39). Consequently, a randomized 
controlled trial (Florali study) was conducted by Frat  
et al. to compare three strategies of oxygenation: standard 
oxygen, HFNC and NIV (10). This study included 310 
non-hypercapnic patients with hypoxemic ARF (PaO2/FiO2 
<300 mmHg) (10). Although the intubation rate among 
the three groups was not significantly different, 90-day 
mortality was lower in patients treated by HFNC: 12% 
with HFNC vs. 23% with standard oxygen and 28% with 
NIV, P=0.02. This may have been caused by a significant 
lower intubation rate in the subgroup of severe hypoxemic 
patients (PaO2/FiO2 <200) treated by HFNC than by the 
two other treatments: 35%, 53% and 58%, respectively, 
P=0.009 (10). 

Two points from this study call for highlighting. First, 
the patients treated with NIV received HFNC between 
NIV sessions and their mortality was significantly higher 
than in patients treated with HFNC alone. Second, time to 
intubation was not significantly different between the three 
groups (10), suggesting that the poor outcomes observed 
in this study could be due mainly to the oxygenation 
strategy applied and not to delayed intubation. A possible 
assumption is that high tidal volumes (9.2±3.0 mL/kg in 
mean) might further worsen a pre-existing lung insult by 
inducing superimposed ventilator-induced lung injury, 
thereby leading to intubation (3). Consequently, the way 
of applying NIV (continuously or not) and the settings 
(PS and PEEP), should be questioned as it may impact 
outcomes. The final PS level and PEEP were 8±3 and 
5±1 cmH2O respectively in the Florali study (10), which 
were similar to those in previous studies: PS between 9 to  
11 cmH2O and PEEP 4 to 7 cmH2O (26,35-38,43), while 
NIV was continuously delivered except in the study by 
Hilbert et al. (43). Moreover, we observed that patients 
with poor outcomes were more likely to generate large 
tidal volumes at NIV initiation than those who did 
not (4,5), even though PS levels did not differ (data in 
submission). Though the risk of ventilator-induced lung 

injury has not been proven, the large tidal volumes favored 
by NIV do not ensure lung protection (21) and might 
heighten the intubation rate among patients treated with  
NIV (3). Moreover, PEEP levels were low even though 
many patients had potential ARDS, as 79% of them had 
bilateral pulmonary infiltrates (10). 

In a randomized controlled study including 83 ARDS 
patients Patel et al. reported the benefits of NIV delivered 
through a helmet, thereby opening new perspectives on 
use of NIV in patients with hypoxemic ARF (44). Indeed, 
the rate of NIV failure was higher in patients treated with 
face mask than in those treated with helmet (18% and 61% 
respectively, P<0.01) (44). Besides different interfaces, 
settings were dramatically different between groups with 
lower levels of PS and higher PEEP in the helmet group, 
potentially favoring more alveolar recruitment and lung 
protection. Mortality rate was lower in the helmet group, 
but reached 34% at day 90, higher than the mortality 
reported in NIV-treated patients in the Florali study (10). 

Immunocompromised patients

In the early 2000s, two small studies reported benefits 
of NIV compared to standard oxygen in the subset of 
immunocompromised patients with ARF, as intubation and 
mortality rates were reduced (43,45). However, probably 
due to advances in diagnostic and therapeutic options, 
survival of immunocompromised patients has improved 
in recent years likely (46). Recently, a large randomized 
controlled trial found no difference in terms of intubation 
or mortality between patients treated with NIV and with 
oxygen alone (47). In this study, nearly 40% of them 
received HFNC, and mortality rate did not differ between 
the patients treated with HFNC alone and those treated 
with NIV and HFNC between NIV sessions (32% with 
HFNC alone vs. 25% with NIV and HFNC).

Conversely, in a post-hoc analysis including 82 
immunocompromised patients, those treated with HFNC 
alone had a lower intubation rate than the others (31% 
with HFNC vs. 43% with standard oxygen and 65% with 
NIV, P=0.04) (5). Similarly, the mortality rate at day 90 
was lower with HFNC than with standard oxygen or NIV 
(15% vs. 27% and 46%, respectively, P=0.046). Similar 
results were reported in a retrospective cohort including 
115 immunocompromised patients with ARF treated with 
HFNC or NIV: intubation rate 35% vs. 55%, P=0.04 
and mortality rate 20% vs. 40%, P=0.02, respectively for 
HFNC and NIV. Thus, although its efficacy has not yet 
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been conclusively proven, HFNC could improve outcomes 
of immunocompromised patients admitted to ICU for ARF. 
Two large-scale randomized trials comparing HFNC to NIV 
or standard oxygen in this subset of patients with hypoxemic 
ARF are ongoing (NCT02978300; NCT02739451).

Conclusions 

HFNC seems to be a good alternative to standard oxygen 
and NIV as treatment for patients with hypoxemic ARF. Its 
good tolerance, physiological effects including high FiO2, 
PEEP effect and dead space washout lead to decreased 
work of breathing and probably avoid lung strain. A recent 
multicenter randomized controlled trial showed benefits 
of HFNC as regards mortality and intubation in severe 
patients with hypoxemic ARF. Uncertainty remains about 
benefits of NIV in management of patients with hypoxemic 
ARF. Despite improvement in oxygenation, NIV delivered 
with face mask may generate high tidal volumes and 
subsequent ventilator-induced lung injury. However, an 
approach applying NIV with a helmet, high levels of PEEP 
and low levels of PS might be less harmful; a large-scale 
randomized controlled study is needed to compare NIV 
delivered through face mask or helmet with HFNC.
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