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Mechanical ventilation remains the cornerstone in the management of severe acute respiratory failure. Acute 
respiratory distress syndrome (ARDS) is the most common cause of respiratory failure. It is associated with 
substantial mortality, and unmanageable refractory hypoxemia remains the most feared clinical possibility. If 
hypoxemia persists despite application of lung protective ventilation, additional therapies including inhaled 
vasodilators, prone positioning, recruitment maneuvers, high‑frequency oscillatory ventilation, neuromuscular 
blockade (NMB), and extracorporeal membrane oxygenation may be needed. NMB and prone ventilation 
are modalities that have been clearly linked to reduced mortality in ARDS. Rescue therapies pose a clinical 
challenge requiring a precarious balance of risks and benefits, as well as, in‑depth knowledge of therapeutic 
limitations.
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Other than this, oxygenation index (OI) has 
been found to be useful in patients with 
ARDS. OI incorporates both severities of 
hypoxemia (PaO2/FiO2) and means airway 
pressure (MAP) into a single variable.

OI=
FiO2×mean airway pressure×100

PaO2

A high OI in ARDS has been found to 
independently predict mortality. An OI >30 
usually indicates refractory hypoxemia.[4]

Protective lung strategy also known as “open 
lung approach (OLA)” is the standard of care 
for the management of patients with ARDS. 
It is a combination of low tidal volume 
ventilation (LTVV) strategy and application 

INTRODUCTION

Refractory hypoxemia is an infrequent but a 
well‑established emergency in Intensive Care 
Unit (ICU). There is no standard definition 
of this condition so far. Physiologically, it has 
been defined as increase in partial pressure of 
oxygen in arterial blood (PaO2) of <5 mmHg 
if fraction of inspired oxygen (FiO2) is 
increased by 0.1. For practical purposes, 
various criteria have been applied. Most 
commonly it is considered as either (1) 
PaO2 ≤60 mmHg or  (2)  PaO2/FiO2 ≤100 on 
FiO2 of 0.8–1.0 with a positive end‑expiratory 
pressure (PEEP) of >30 cm H2O with plateau 
pressure >30 cm H2O.[1,2]

Mortality associated with refractory hypoxemia 
remains unacceptably high. Clinically, it is 
encountered in patients with acute respiratory 
distress syndrome (ARDS). ARDS is a clinical 
syndrome characterized by severe hypoxemia, 
bilateral infiltrates on chest radiograph, and 
reduced pulmonary compliance [Figure 1]. 
ARDS has been reclassified as per “Berlin 
definition” according to PaO2/FiO2 ratio for a 
moderate PEEP as mild, moderate, or severe 
ARDS [Table 1].[3] Berlin definition has been 
found to have a better prediction for death as 
compared to previous American‑European 
Consensus Conference definition of ARDS.
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of PEEP above lower inflection point. LTVV is also 
regarded as lung protective ventilation. It relies 
on the fact that low tidal volumes result in lesser 
alveolar over distension. Alveolar over distension 
has been considered as the principal cause of 
ventilator‑associated lung injury. Collective evidence 
supports the use of LTVV in ARDS based primarily on 
the multicenter ARMA trial and a meta‑analysis of six 
randomized controlled trials (RCTs). The LTVV group 
in both were associated with a low mortality rate (31% 
vs. 40%, 34.2% vs. 41%, respectively). LTVV frequently 
results in alveolar hypoventilation leading to permissive 
hypercapnia. LTVV also induces shear injury due to 
repetitive opening and closing of alveoli with each 
breath. To overcome this drawback, PEEP should be 
applied above lower inflection point to prevent cyclic 
atelectasis. So far no universally accepted method of 
applying PEEP has been established. Different RCTs 

have used different approaches. Applying the highest 
PEEP limiting the plateau pressure to 28–30 cm of H2O 
seems like a reasonable approach.[5‑7] “OLA” strategy is 
sufficient to oxygenate the majority of patients with 
ARDS. A select minority of ARDS patients, however, 
continues to have profound hypoxemia and may require 
the one of the rescue strategies for optimal oxygenation 
and ventilation.

Sometimes, in such patients increasing the I: E ratio by 
prolonging the inspiratory time results in improvement 
in oxygenation. This is also known as inverse ratio 
ventilation (IRV) if inspiratory time surpasses the 
expiratory time.[8] It can be directly achieved during 
pressure limited ventilation. IRV, however, may result 
in air trapping, auto‑PEEP, hemodynamic compromise, 
and barotrauma. It also requires significant sedation or 
neuromuscular blockade (NMB).

Before using the rescue therapies, it is also imperative, 
however, not to overlook simple measures such as 
the use of adequate sedation and analgesia to ensure 
patient‑ventilator synchrony and appropriate fluid 
management. These may prove to be beneficial in some 
subset of patients.

NEUROMUSCULAR BLOCKADE

NMB has been suggested as an adjunctive therapy 
for refractory hypoxemia due to three potential 
benefits. Spontaneously, breathing patients with 
ARDS usually have a high respiratory drive thereby 
generating larger than targeted tidal volumes per 
breath that predispose patients to risk of volutrauma 
and biotrauma. NMB eliminates muscle activity 
thereby resulting in decreased oxygen consumption, 
and improved patient‑ventilator synchrony, as was 
seen in ACURASYS trial. In this RCT, 340 patients 
of severe ARDS receiving mechanical ventilation 
were randomized to either cisatracurium infusion or 
placebo groups within the first 48 h. On regression 
analysis, an improved 90 days survival rate was found 
in cisatracurium group after adjustment for severity of 
ARDS (hazard ratio 0.68; 95% confidence interval [CI], 
0.48–0.98, P = 0.04). A recent meta‑analysis has also 
shown the use of NMB in early ARDS to be associated 
with  improved mortality  rate  (relative  risk  0.66, 
95% CI, 0.50–0.87). NMBs should, however, be used 
judiciously as paralysis interferes with neurological 
assessment and has been found to be associated with 
critical illness polyneuropathy and posttraumatic stress 
disorder when compared to patients receiving sedation 

Table 1: Berlin definition of  acute  respiratory 
distress syndrome

Within 1st week of known clinical insult or new or worsening 
respiratory symptoms
Bilateral opacities on chest imaging not fully explained by 
effusions, lobar/lung collapse, or nodules
Respiratory failure not explained by cardiac failure or fluid overload
Need objective assessment such as echocardiography to 
exclude hydrostatic edema if no risk factor present
Impaired oxygenation

Mild: 200< PaO2/FiO2 <300 with PEEP or CPAP ≥5 cm H2O
Moderate: 100< PaO2/FiO2 <200 with PEEP ≥5 cm H2O
Severe: PaO2/FiO2 <100 with PEEP ≥5 cm H2O

PaO2: Partial pressure of oxygen in arterial blood, FiO2: Fraction 
of inspired oxygen, PEEP: Positive end‑expiratory pressure, 
CPAP: Continuous positive airway pressure

Figure  1: Chest radiograph of acute respiratory distress 
syndrome
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alone.[9,10] It is necessary to limit their usage to shortest 
possible time.

RECRUITMENT MANEUVERS

Recruitment maneuver (RM) is the process of transiently 
increasing transpulmonary pressure with the aim of 
recruiting the collapsed alveoli. Generally, it is defined 
as, intermittent or sustained, application of pressure 
higher than that applied for a normal breath for a 
short period of time (usually up to 40 s). “Sigh” and 
“sustained inflation” are the two most commonly used 
RMs. While using Sigh method tidal volume or PEEP 
is increased to a prespecified plateau pressure for one 
or few breaths per minute. In the sustained inflation 
method, airways are pressurized to a specific level 
and maintained for a specified duration, for example, 
application of 40 cm of H2O airway pressure for 40 s. 
Other RMs are intermittent PEEP increase and pressure 
control with PEEP. Most of the studies on RMs have 
studied the effect on physiological outcome such as 
oxygenation and not on clinical outcomes. Moreover, 
despite a convincing theoretical advantage, none of 
the RCTs and meta‑analysis have shown any survival 
benefit or reduced length of ICU stay. Moreover, the 
improvement in oxygenation has also been observed to 
be short lived, and efforts have been made to overcome 
this with decremental PEEP trial. Significant alveolar 
overdistension does not occur with a single RM but may 
occur if RMs are done frequently. Various undesirable 
effects such as hemodynamic instability, barotrauma, 
arrhythmias, and patient‑ventilator asynchrony have 
been found to occur. Therefore, RMs are best applied 
when the patient is hemodynamically stable, adequately 
sedated with peak recruiting pressures <50 cm of water 
during the maneuver. It is necessary to be vigilant during 
RM, with immediate termination if hemodynamic 
instability develops.[11‑13] At present, there is insufficient 
evidence to support their use in patients with ARDS. 
Use of RMs may have to be individualized as patients 
with ARDS are a heterogeneous population.[14]

PRONE VENTILATION

Delivering mechanical ventilation with patient in prone 
position is defined as prone ventilation. Prone ventilation 
has gained popularity in recent times following the latest 
multicenter Proning Severe ARDS patients (PROSEVA) 
study.[15] PROSEVA was an RCT where 466 patients with 
severe ARDS (PaO2/FiO2 ratio <150 mmHg with FiO2 ≥0.6 
and PEEP ≥5 cm of water) were subjected to either prone 

ventilation for at least 16 h or were made to continue in the 
supine position after 12–24 h of initiation of conventional 
mechanical ventilation. The study was carried out at 
centers which were routinely performing prone ventilation 
for several years. Prone ventilation was associated with 
a major decrease in 28 days and 90 days mortality (16% 
vs.  33%; P < 0.001  and  29%  vs.  41%; P < 0.001, 
respectively), increased ventilator‑free days (14 vs. 
10 days) and reduced time to extubation. Subsequent 
meta‑analysis has also made similar observations. 
Improvement in oxygenation with prone ventilation is 
multifactorial. The proposed mechanisms are change in 
regional diaphragm motions, increased functional and 
residual capacity, better ventilation‑perfusion matching, 
better secretion clearance, reduced ventilator‑induced 
lung injury (VILI), and anterior shift of the mediastinal 
structures in prone position. During prone ventilation, 
response is difficult to predict, and may be related to the 
cause of ARDS (pulmonary vs. extra pulmonary), stage 
of ARDS (early vs. late), severity of hypoxemia, and the 
patient’s body habitus.[16] Responders usually continue 
to have improved oxygenation for hours once they are 
shifted back to supine position. An increase in PaO2 
by 10 mmHg over the first 30 min of prone ventilation 
usually predicts a sustained increase in PaO2 with 
prone ventilation. Few investigators have observed that 
prone ventilation is helpful in the presence of elevated 
intra‑abdominal pressures, and in those patients, whose 
chest compliance reduces in the prone position.[17‑19] 
These findings have not been validated yet. Indications, 
contraindications, and complications of prone ventilation 
are ellicited in Table 2.

Various authors have recommended early (up to 36 h 
after intubation), high dose prone ventilation (for 12–18 
consecutive h/day) as a rescue strategy in patients 
with severe hypoxemia. Safety considerations have 
to be taken into account during the process of prone 
ventilation. It is a labor‑intensive procedure requiring 
a coordinated effort and minimum of three staffs. 
Special attention has to be paid to keep all the lines 
and tubes secured during the pruning process. “Log 
Roll” method should be used. Some commercial devices 
are available to assist the movement, including a bed, 
which can help both in initiating and maintaining the 
prone position. “Rotoprone” is a commercially available 
bed that facilitates prone positioning and also provides 
some continuous rotation if desired. Head of the bed 
should be elevated to 30–45° once the patient settles in 
the prone position. This helps in minimizing facial and 
ocular edema and improves gastric emptying. Cautious 
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enteral feeding with proper positioning, adequate 
tracheal cuff inflation, close monitoring, and judicious 
use of prokinetic agents is recommended these days.

No additional monitoring is required in prone 
ventilation, although the need for endotracheal 
suctioning should be regularly assessed. Paralytic 
agents have not been found to be essentially required 
and may be actually harmful in exacerbating the 
supradiaphragmatic alveolar collapse.

Recently, investigators have also reported successful 
prone ventilation in nonintubated patients with 
hypoxemic respiratory failure.[20]

HIGH‑FREQUENCY OSCILLATORY VENTILATION

High‑frequency oscillatory ventilation (HFOV) is 
a type of ventilation combining high respiratory 
rate (3–15 Hz, >900 breaths/min) and tidal volumes 
smaller than even the anatomical dead space volume, 
through the endotracheal tube [Figure 2]. An oscillatory 
pump is required for this purpose.[21‑23] It basically 
maintains a constant distending MAP around which 
the oscillations take place. This strategy results in 
homogenous distribution of ventilation by maintaining 
a high MAP, reduces the risk of VILI and hyperinflation. 

Tracheal gas insufflation may also be tried during 
HFOV as it may improve gas exchange. HFOV should 
be avoided in obstructive airways disease. HFOV can 
result in hemodynamic compromise, and frequent need 
for sedation and NMB to abolish patient‑ventilator 
asynchrony.[24,25]

Two recent RCTs “Oscillation in ARDS (OSCAR),” 
“OSCILLATE” and a recent meta‑analysis failed to show 
any mortality benefit with HFOV. The OSCILLATE trial 
was conducted in 39 ICUs in five countries.[26] Patients 
were randomized to either HFOV or an ARDSnet 
ventilation strategy. This study was terminated early 
because of higher in‑hospital mortality in HFOV group 
versus the control group (47% vs. 35% P = 0.005). 
HFOV group was also observed to have more need for 
sedatives, paralytics, and vasopressors. The OSCAR trial 
was conducted in the United Kingdom. Eight hundred 
patients were enrolled for the study.[27] This study 
also failed to demonstrate a survival benefit though 
no harm was observed with HFOV. Currently, it is not 
recommended as an initial strategy for ARDS. Many 
have put this failure secondary to delay in resorting to 
this technique once ARDSnet strategy has failed.

Table 2: Prone ventilation‑contraindications and 
complications
Absolute Contraindications

Spinal instability
Shock (mean arterial pressure <65 mmHg)
Severe traumatic injuries (unstable fractures)
Pregnancy
Tracheal surgery within 2 weeks
Hemorrhagic shock
Massive hemoptysis
Elevated intracranial pressure

Relative Contraindications
Anterior chest tubes with air leaks
Recent pacemaker
Severe burns
Major abdominal surgery
Deep venous thrombosis treated for <2 days
Lung transplant recipients

Complications
Pressure ulcers
Unplanned extubation
Loss of vascular access
Nerve compression
Retinal damage
Crush injury

Figure 2: High‑frequency ventilator
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Efforts have been made to study the effect of HFOV in 
combination with other interventions such as inhaled 
nitric oxide (INO) or RM. It has also been found to have 
a beneficial role in maintaining oxygenation when the 
patient is returned to supine position after a session of 
prone ventilation. All these combinations are yet to show 
any clinical benefit. Another potential use of HFOV can 
be in severe ARDS with bronchopleural fistula.[28]

More research is required for optimal utilization of HFOV 
as this modality definitely has a sound theoretical basis.

AIRWAY PRESSURE RELEASE VENTILATION

Airway pressure release ventilation (APRV) is primarily 
a combination of pressure controlled ventilation and 
IRV. It is a time triggered, pressure targeted, and time 
cycled mode of ventilation. It requires setting up of 
two pressures. Higher pressure is maintained during 
inspiration which accounts for about 80–95% of the 
respiratory cycle time. Lower pressure is maintained 
during the shortened expiratory time. The patient is 
allowed to breathe spontaneously at both pressures, 
i.e. full breathing cycle. It has also been found to have 
a lung protective effect as it ventilates the patient on the 
steep or advantageous portion of the pressure‑volume 
curve, if properly adjusted.[29‑31] Spontaneous ventilation 
precludes the need for sedatives and vasopressors, 
ensures homogenous distribution of ventilation, and 
augments cardiac filling. In APRV, MAP increases 
without much increase in peak pressures. In addition, 
the lower pressure during expiration helps hemodynamic 
stability. It mimics IRV in a paralyzed patient. This mode 
has been found to be associated with shorter ICU stay 
and duration of ventilation in various studies in ARDS 
patients. However, a recent RCT of APRV was abandoned 
for futility. So far there is no evidence to suggest 

mortality benefit with APRV in ARDS. Hence, current 
evidence does not support the use of APRV, and further 
studies are required to establish its role in ARDS.[32‑34]

INHALED PULMONARY VASODILATORS

Inhaled pulmonary vasodilators cause selective 
pulmonary vasodilatation in well‑ventilated lung units 
resulting in better ventilation‑perfusion matching and 
improved oxygenation in ARDS patients [Figures 3 and 
4]. INO and prostacyclins are commonly used for this 
purpose. Inhaled vasodilators have short half‑lives and 
therefore are associated with lesser systemic side effects 
such as hypotension. INO is costly, gets rapidly inactivated 
by hemoglobin, requires specialized equipment, and can 
result in methemoglobinemia (usually above 40 ppm, 
dose range ‑ 2–80 ppm). INO increases the risk of renal 
failure and usually results in rebound pulmonary 
hypertension if withdrawn too quickly.[35‑38] INO has 
been observed to result in transient improvement 
in oxygenation without any effect on survival or 
ventilator‑free days. Response has been observed to be 
better among patients without sepsis or septic shock 
than in patients with septic shock. It has been suggested 
that significant improvement in oxygenation within the 
1st h of initiation of INO should be present to justify its 
continued use, particularly keeping in mind its cost.

Another alternative therapy is inhaled prostacyclin. 
Prostaglandin I‑2 (epoprostenol) is the most commonly 
used prostacyclin. It is less costly as compared to INO 
and does not require specialized equipment. Head to 
head comparisons of these two agents have shown 
equivocal results.[39] Currently, these can be used only as 
temporizing measures to a more definitive intervention 

Figure 3: Inhaled nitric oxide is able to reach the well‑ventilated 
alveoli resulting in vasodilation

Figure  4: Inhaled nitric oxide being given to a patient on 
mechanical ventilation
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such as extracorporeal membrane oxygenation (ECMO) 
in ARDS patients.

EXTRACORPOREAL MEMBRANE OXYGENATION

ECMO is a technique in which blood is removed from the 
patient and made to pass through an artificial lung and 
returned to the patient again. This technology has been 
used successfully in neonatal or pediatric respiratory 
failure. There were, however, conflicting results observed 
in adult population until the conventional ventilatory 
support versus ECMO for severe adult respiratory 
failure (CESAR) trial. In this largest RCT on ECMO, 
patients with severe hypoxemia were randomized to 
either standard ventilatory strategy and other rescue 
modalities at their original hospital or transferred to a 
center highly skilled in performing ECMO. This trial 
reported survival at 6 months or the absence of severe 
disability in 63% of ECMO patients versus 47% of the 
standard therapy patients (P = 0.003).This study 
has been criticized for various reasons. Patients in the 
control group were ventilated at different centers with a 
nonstandardized protocols, conventional ventilation, or 
high‑frequency ventilation, and about 30% of patients 
did not receive lung protective ventilatory strategy. All 
ECMO patients were treated in the same center, and 
many of the patients assigned to ECMO group actually 
did not receive ECMO. No data about ventilatory 
parameters during the study have been presented. These 
observations may indicate toward a mortality benefit 
related more to a specialized center versus a regional 
center, and not convincingly to a clear benefit of ECMO.

Noah et al. published data on the use of ECMO in 
patients with severe H1N1 influenza‑related ARDS 
in 2011. They reported that patients referral and 
management to an ECMO center had a lower mortality 
rate when compared to those managed without 
ECMO (23.7% vs. 52.5%, respectively). On the other 
hand,  Pham et al. also published their data of severe 
H1N1 ARDS patients treated with ECMO in France from 
2009 to 2011. There was no difference in ICU mortality 
upon propensity method (1:1) cohort analysis between 
the ECMO and the non‑ECMO group (50% vs. 40%).[40‑44]

Despite these contradictory findings, ECMO remains an 
important tool for managing life‑threatening hypoxemia. 
It is usually used as a last resort in severe ARDS, 
and, therefore, its all the more essential to initiate 
ECMO timely in the course of the disease [Figure 5]. 
It should be used in refractory hypoxemia due to a 

potential reversible cause, <7 days of present stay on 
mechanical ventilation, age <65 years, no significant 
comorbidities, no contraindication to anticoagulation, 
and no significant neurological dysfunction.

Resource availability, infrastructure, expertise, cost, 
and serious complications [Table 3] remain the major 
limitations to ECMO use in ARDS patients.

It is a useful strategy as it provides oxygenation and 
ventilation, minimizes barotrauma and allows complete 
bed rest. In case of isolated respiratory failure, it can 
be accomplished by venovenous approach. It can be 

Table 3: Extracorporeal membrane oxygenation 
related complications

Bleeding ‑ in 30‑40% of patients
Thromboembolism
Cannulation related: Vessel perforation, arterial dissection, 
distal ischemia
Heparin‑induced thrombocytopenia
VA ECMO‑related

Pulmonary hemorrhage
Cardiac thrombosis
Coronary or cerebral hypoxia

ECMO: Extracorporeal membrane oxygenation, VA: Venoarterial

Figure 5: Patient on extracorporeal membrane oxygenation
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continued until adequate lung function recovery. In case 
of associated hemodynamic instability venoarterial, 
ECMO should be used. It definitely has a role in 
young adult patients with single organ failure due to 
a reversible lung pathology. However, more evidence 
is needed before it can be widely adopted as a routine 
standard of care.[45]

Extracorporeal CO2 removal is a variant of conventional 
ECMO, where the circuit pump is eliminated. Patient’s 
native cardiac output serves the purpose of the pump 
in this pumpless arteriovenous extracorporeal lung 
assist. It enables a more protective ventilatory strategy 
where the gas exchange occurs across the circuit 
membrane by diffusion. It, however, cannot provide 
full extracorporeal oxygenation. It can only be used 
for severe hypercarbia in the presence of adequate 
oxygenation and relative hemodynamic stability.[46,47]

CONCLUSIONS

Refractory hypoxemia is encountered in clinical practice 
in ARDS patients. “Open lung strategy” of low tidal 
volume with high PEEP and permissive hypercapnia 
is successful in the majority of ARDS patients. 
Life‑threatening hypoxemia usually accounts for <15% 
of mortality in ARDS. Aggressive interventions are 
needed to manage critical hypoxia and minimize organ 
failure. First line therapies are inhaled vasodilators, 
prone positioning, RM, and HFOV. ECMO is usually 
considered as second‑line rescue therapy once the first 
line rescue therapies fail. Although these interventions 
look appealing, convincing evidence is lacking to 
warrant their routine use except for prone ventilation. 
There are sound physiological reasons for each of 
the therapies but well‑designed, adequately powered 
RCTs demonstrating their efficacy are lacking. Benefits 
and risks of each modality, clinician familiarity, local 
expertise, resource availability, and cost considerations 
have to be taken into account before resorting to these 
therapies.
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