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Abstract 

Background:  Acute respiratory distress syndrome (ARDS), a prevalent cause of admittance to intensive care units, is 
associated with high mortality. Prone positioning has been proven to improve the outcomes of moderate to severe 
ARDS patients owing to its physiological effects. Venovenous extracorporeal membrane oxygenation (VV ECMO) will 
be considered in patients with severe hypoxemia. However, for patients with severe hypoxemia supported with VV 
ECMO, the potential effects and optimal strategies of prone positioning remain unclear. This review aimed to present 
these controversial questions and highlight directions for future research.

Main body:  The clinically significant benefit of prone positioning and early VV ECMO alone was confirmed in patients 
with severe ARDS. However, a number of questions regarding the combination of VV ECMO and prone positioning 
remain unanswered. We discussed the potential effects of prone positioning on gas exchange, respiratory mechanics, 
hemodynamics, and outcomes. Strategies to achieve optimal outcomes, including indications, timing, duration, and 
frequency of prone positioning, as well as the management of respiratory drive during prone positioning sessions in 
ARDS patients receiving VV ECMO, are challenging and controversial. Additionally, whether and how to implement 
prone positioning according to ARDS phenotypes should be evaluated. Lung morphology monitored by computed 
tomography, lung ultrasound, or electrical impedance tomography might be a potential indication to make an indi-
vidualized plan for prone positioning therapy in patients supported with VV ECMO.

Conclusion:  For patients with ARDS supported with VV ECMO, the potential effects of prone positioning have yet to 
be clarified. Ensuring an optimal strategy, especially an individualized plan for prone positioning therapy during VV 
ECMO, is particularly challenging and requires further research.

Keywords:  ARDS, VV ECMO, Prone positioning, Effects, Individualized therapy, Computed tomography, Lung 
ultrasound, Electrical impedance tomography
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Introduction
Acute respiratory distress syndrome (ARDS) is defined 
by the association of hypoxemia and bilateral lung infil-
trates that result from alterations in alveolar-capillary 
permeability [1]. ARDS appears to be an important global 
public health issue, especially in the context of the cur-
rent coronavirus disease 2019 (COVID-19) pandemic [2]. 
This syndrome is life-threatening and associated with a 
high mortality rate, particularly for those with moderate 
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and severe ARDS (40.3% and 46.1% of all cases, respec-
tively) [3].

Prone positioning (PP) has been proved to reduce mor-
tality in patients with moderate to severe ARDS [4, 5]. 
When patients with refractory hypoxemia or hypercap-
nia continue to deteriorate despite proven management 
strategies or are unable to maintain protective ventila-
tion, early venovenous (VV) extracorporeal membrane 
oxygenation (ECMO) has been shown to have a clinically 
significant benefit [6]. Recently, an increasing number 
of researchers have expressed interest in the combina-
tion of PP and VV ECMO, showing that PP maneuvers 
during VV ECMO are safe and that complications such 
as minor hemorrhages at the site of cannula insertion 
and ECMO flow instability are controllable [7–9]. How-
ever, these studies were observational, retrospective, and 
yielded contradictory results, so the potential benefit 
of PP maneuvers during VV ECMO remains uncertain 
and will be discussed in this review. Furthermore, some 
controversial issues, such as indications, optimal timing, 
duration, and frequency of PP, as well as the management 
of respiratory drive, will also be discussed.

Potential effects of prone positioning during VV 
ECMO
Gas exchange
It is well known that PP can improve oxygenation in 
patients with ARDS owing to a reduction in ventilation-
perfusion and shunt heterogeneity, while the role of PP 
remains unclear when combined with VV ECMO. Several 
preliminary observational studies and meta-analyses have 
reported that performing PP during ECMO for severe 
ARDS is safe, and PP could improve the partial pres-
sure of arterial oxygen to the fraction of inspired oxygen 
(PaO2/FiO2) ratio, consistent with the effects of the dura-
tion of PP performed; this improvement was maintained 
after resupination [8, 10–13]. However, is it important to 
predict the oxygenation response? When patients with 
ARDS receive PP without ECMO, gas exchange in rela-
tion to PP is determined by the quantity of tissue open to 
ventilation and perfusion during the respiratory cycle, the 
degree of homogeneity of inflation, and regional changes 
in chest wall compliance [9]. A retrospective analysis of 
data from the PROSEVA study showed that improve-
ment in blood gases during the PP session was not 
associated with an increase in survival [14]. Moreover, 
a study of patients with COVID-19-related ARDS sup-
ported with ECMO showed a significantly higher PaO2/
FiO2 ratio after PP, while the mortality of the prone group 
was higher than that of the supine group [10]. Hence, it 
is likely not a major concern to focus on the oxygena-
tion response to PP during ECMO. Moreover, for severe 
ARDS patients receiving VV ECMO, arterial oxygenation 

is mainly determined by ECMO flow/cardiac output [15]; 
in ARDS patients with preload reserve, the cardiac index 
may increase during PP mainly resulting from right ven-
tricular unloading [16, 17]. Notably, the combination of 
PP combined with ECMO is complex; oxygenation could 
more likely be influenced by ECMO settings than by the 
effects of PP.

In contrast, Gattinoni et al. suggested that decrease in 
partial pressure of carbon dioxide (PaCO2) (decreased 
physiologic dead space ratio) with PP is predictive of 
improved outcome in ARDS [18]. Recently, a study used 
PaCO2 instead of oxygenation as a key marker to identify 
the effects of PP on ARDS patients receiving VV ECMO; 
they exhibited a significant decrease in PaCO2 from 39 
(34–41) mmHg to 31 (29–37) mmHg after a PP session 
(P = 0.03) without any variation in sweep gas flow [19]. 
Overall, the exact effect of PP on gas exchange in ARDS 
patients supported on VV ECMO remains uncertain; 
rather than oxygenation, PaCO2 might be an alternative 
parameter to assess the effect of PP.

Respiratory mechanics
PP generates a more homogeneous distribution of stress 
and strain in patients with ARDS. During VV ECMO, 
the effects of PP on respiratory mechanics are still con-
troversial. Some studies showed that static compliance 
of the respiratory system significantly improved after the 
PP cycle during VV ECMO [11, 12], while other studies 
showed that PP improved oxygenation without a change 
in respiratory system compliance [10, 13]. Additionally, 
instead of gas exchange, two studies [19, 20] used static 
compliance to evaluate PP response by analyzing the 
impact of PP on respiratory mechanics. After 16 h of PP 
during ECMO, an increase in static compliance greater 
than or equal to 3  mL/cm H2O compared to baseline 
was defined as PP responders. However, in these studies, 
the proportion of PP responders was 53% [20] and 62% 
[19], respectively. Moreover, PP responders had a sig-
nificantly higher probability of weaning from ECMO and 
remaining alive within 90 days, shorter ECMO duration 
and shorter intensive care unit (ICU) length of stay, and 
their 90-day mortality tended to be lower (15% vs. 23%) 
[19, 20]. Franchineau et  al. showed that PP responders 
had a higher body mass index, more frequent occurrence 
of viral pneumonia, shorter ECMO duration, and lower 
baseline tidal volume (VT) (dorsal)/VT(global) ratio 
(measured by electrical impedance tomography (EIT)) 
than patients with PP non-responders [19], but the dif-
ference was absent in the more recent study by Petit et al. 
[20].

Patients on VV ECMO frequently require ultra-pro-
tective ventilation with a very low tidal volume, which 
can result in pulmonary derecruitment if positive 
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end-expiratory pressure (PEEP) is not properly titrated. 
Unfortunately, there is currently no precise method for 
configuring PEEP, such as esophageal pressure-guided 
PEEP [21], especially in severe ARDS patients supported 
on VV ECMO. EIT has the potential to be an appealing 
bedside non-invasive method for providing real-time 
monitoring and setting optimal PEEP [19]. One study 
that used EIT to titrate PEEP found a wide range of opti-
mal PEEP in severe ARDS patients on VV ECMO, rein-
forcing the need for individualized ventilation titration 
[22]. Given the potential impact of PP on respiratory 
mechanics, a sufficient level of PEEP in the prone and 
supine positions can be different; hence, optimal PEEP 
should ideally be tailored to each patient rather than 
being applied uniformly to all.

Hemodynamics
In patients with severe ARDS, hypoxemia, hypercap-
nia, high driving pressure, and high plateau pressure are 
risk factors for developing acute cor pulmonale, which 
appears to be the leading cause of death [23–25]. VV 
ECMO can reverse hypoxemia and acidosis while reduc-
ing the burden of mechanical ventilation on the lung to 
provide ultraprotective ventilation, and PP has the poten-
tial to reduce driving pressure and plateau pressure by 
recruiting the lungs, which is beneficial to right ventricu-
lar function and hemodynamics [9, 26]. However, there 
is limited evidence regarding the effects of using PP on 
hemodynamics in patients treated with VV ECMO. Two 
studies showed no significant changes in hemodynam-
ics [27, 28], and one study showed minor differences in 
hemodynamics (mean pulmonary arterial pressure and 
pulmonary wedge pressure were slightly higher dur-
ing PP, and heart rate was lower) [12], while these stud-
ies were retrospective with few cases. These effects of 
PP on hemodynamics during ECMO are hardly predict-
able, suggesting that careful hemodynamic monitoring is 
needed. Notably, in patients on VV ECMO, conventional 
methods such as pulmonary artery thermodilution and 
transpulmonary thermodilution are known to be inaccu-
rate for cardiac output measurement due to indicator loss 
into the extracorporeal circuit [29–32]. Transthoracic 
echocardiography, a bedside noninvasive technique, will 
play an important role in monitoring cardiac function, 
and transesophageal echocardiography has been shown 
to be safe in ARDS patients on VV ECMO despite sys-
temic anticoagulation [33–35].

Additionally, since ARDS is frequently associated with 
sepsis-induced acute circulatory failure [36], it is impor-
tant to determine whether ARDS patients with hemody-
namic instability can be placed in the prone position. In 
the PROSEVA trial, which showed a beneficial effect of 
PP on survival, 72% of patients in the PP group received 

vasopressors [4]. Recently, a study comparing patients 
with PP during ECMO and those without PP also showed 
a significant proportion of patients receiving vasopres-
sors in both the PP group (69%) and the no-PP group 
(76%) [20]. Receiving vasopressors is not a contraindi-
cation to PP if the mean arterial pressure can be main-
tained at ≥ 65  mmHg. In the case of hypotension, fluid 
responsiveness should be evaluated prior to PP. Fluid 
responsiveness predictors are required because volume 
expansion can aggravate pulmonary edema, and volume 
overload must be avoided. However, in severe ARDS 
patients on VV ECMO, dynamic parameters to predict 
fluid responsiveness, such as pulse pressure variation 
and stroke volume variation, are limited due to protec-
tive ventilation, right-sided heart failure, pulmonary 
hypertension, and the effects of the ECMO system on 
heart–lung interaction; in this situation, passive leg rais-
ing-induced changes in stroke volume greater than 10% 
as measured by transthoracic echocardiography may pre-
dict fluid responsiveness [37].

Outcomes
In severe ARDS patients supported on VV ECMO, sur-
vival, ECMO duration, mechanical ventilation duration, 
and ICU length of stay are the most common outcomes 
that clinicians are concerned about. The mortality of the 
included patients varies across different centers, result-
ing from various characteristics of patients, PP strategies 
and protocols. Some studies showed beneficial outcomes 
when patients were treated with VV ECMO and PP, 
while some experienced adverse outcomes (Table  1). 
Recently, a systematic review and meta-analysis includ-
ing 11 retrospective studies showed that cumulative 
survival in patients who underwent PP was higher than 
that in patients without PP during VV ECMO (57% vs. 
47%), but the difference was not statistically significant. 
Additionally, patients who underwent PP had a longer 
ICU length of stay and ECMO duration [8]. However, 
because this meta-analysis was based on aggregate data, 
it may be skewed by differences in the characteristics 
of patients treated with PP and controls. In contrast, a 
recent analysis of pooled individual patient data (total 
n = 889) revealed that the use of PP during ECMO was 
not associated with lower mortality (ICU mortality: 
prone group vs. supine group, 39.6% vs. 48%, P = 0.072); 
when patients were matched on baseline characteristics 
using a propensity score, those in the prone group had a 
significantly longer ECMO duration and a higher 60-day 
survival rate [38]. Interestingly, rather than the primary 
outcome of pooled cumulative survival based on stud-
ies reporting varying survival interval data as reported 
by Poon et  al. [8], a systematic review and meta-anal-
ysis of 13 studies (total n = 1836) by Papazian et al. [39] 
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considered timepoints based on the exact rates obtained 
from the authors when not reported in the original stud-
ies, demonstrating that PP was associated with a signifi-
cant improvement in 28-, 60-, 90-day and ICU survival 
(28-day survival: prone group vs. supine group, 74% 
vs. 58%, P < 0.001); furthermore, this distinction was 
observed in both COVID-19 and non-COVID-19 ECMO 
patients. However, these findings were limited by the 
observational nature of the studies and the presence of 
residual and unmeasured confounders; thus, prospective 
randomized controlled trials are required to thoroughly 
evaluate the impact of PP on ARDS patients receiv-
ing VV ECMO. One study (ClinicalTrials.gov Identifier: 
NCT04607551) was registered recently with the objective 
to analyze whether PP facilitates weaning from ECMO in 
patients with refractory ARDS.

Controversial opinions of prone positioning 
during VV ECMO
Indications
For patients without ECMO support, international rec-
ommendations suggested that PP should be used in adult 
patients with moderate-severe ARDS [5, 40]. However, 
for patients supported with VV ECMO, the indications 
for PP remain uncertain. Several retrospective studies 
utilized PP as a rescue therapy for severe ARDS patients 
supported with VV ECMO, such as severe hypoxemia, 
extensive lung consolidation on chest imaging and 
unsuccessful ECMO weaning [10, 11, 20, 41, 42]. How-
ever, a recent monocentric study found that at the end of 
PP, all patients supported with VV ECMO had a decrease 
in EIT-estimated optimal PEEP and an improvement in 
local compliance, VT, and end-expiratory lung imped-
ance redistribution, highlighting the potential reduction 
of atelectasis with PP; consequently, the authors sug-
gested to prone all ARDS patients supported with VV 
ECMO regardless of their predicted response in terms of 
static compliance improvement [19].

The use of ultraprotective ventilation after VV ECMO 
implantation may result in derecruitment. PP can help 
maintain lung recruitment and facilitate secretion drain-
age. Owing to this physiological rationale, combining 
PP and VV ECMO may benefit all patients with severe 
ARDS, indicating that PP could be a routine therapy 
during ECMO support. However, given the scarcity of 
available data, the evidence-based recommendation is 
lacked. In addition, PP during ECMO is a difficult pro-
cedure that may be associated with additional complica-
tions when performed in ECMO centers lacking specific 
expertise. Furthermore, the PP maneuver requires four 
to six health care providers, which may be challenging, 
particularly in COVID-19 ARDS patients. As a result, it 
is critical to determine who will benefit from PP during 

ECMO support. Patients on ECMO who are still at risk 
of ventilator-induced lung injury may be an indication to 
implement PP, which requires further research.

Timing
The optimal timing of PP during VV ECMO is still 
unclear. Two studies have compared the effects of dif-
ferent timings of PP during VV ECMO. Kimmoun et al. 
showed that the improvement of oxygenation appeared 
to be more efficient when PP was implemented after 
7 days of VV ECMO. In their opinion, time is a signifi-
cant factor in allowing symptomatic treatments to be 
effective and lung healing; equally, lung injury decreases 
owing to ultraprotective ventilation during VV ECMO 
[11]. However, it has been proposed that improvement 
in oxygenation is not associated with survival benefit; we 
need to consider the outcome instead of the improve-
ment of oxygenation [43]. In contrast, a single-center ret-
rospective study reported that early initiation of PP was 
linked to a significant reduction in hospital mortality, and 
the survival of patients treated with early PP (cutoff < 17 h 
via Youden’s Index) was higher than that of patients 
treated with late PP or without PP during VV ECMO 
support (81.8% vs. 33.3%). The vasoactive support ratio, 
SOFA scores, and APACHE II scores at the time of VV 
ECMO implantation were not different between these 
two groups, whereas patients in the early PP group were 
younger than patients in the late PP group or without PP, 
which could be a bias [44]. Hence, owing to this contro-
versial topic, large randomized controlled trials regard-
ing the timing of PP with ECMO are needed. One study 
(ClinicalTrials.gov Identifier: NCT04139733) aiming to 
evaluate whether early PP could reduce VV ECMO dura-
tion is ongoing.

Duration and sessions
PP is highly advocated in patients with moderate-severe 
ARDS, while the optimal duration of PP sessions is not 
definitively determined. The PROSEVA study found that 
in ARDS patients with a ratio of PaO2/FiO2 < 150 mmHg, 
the use of PP for at least 16 h a day reduced 90-day mor-
tality from 41.0 to 23.6% (P < 0.001), with no obvious 
adverse effects [4]. Subsequently, clinical practice guide-
lines strongly recommend that adult patients with mod-
erate-severe ARDS receive PP for more than 12–16 h per 
day [5, 40]. Recently, a study suggested that PP sessions 
should be extended to at least 24  h and should be pro-
longed when the PaO2/FiO2 ratio at 24 h remains below 
150  mmHg [45]. It is worth noting that we should stop 
PP in the event of deterioration of oxygenation or a 
life-threatening complication during PP. In the existing 
studies of ECMO combined with PP, most researchers 
employed PP for approximately 16 h per session during 
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VV ECMO (Table  1). One study found that extending 
PP to 24 h per session in ARDS patients on VV ECMO 
improved oxygenation and respiratory system compli-
ance without major adverse events; however, this study 
did not compare the outcomes of the PP and non-PP 
groups [11].

In addition, the optimal frequency of PP during VV 
ECMO have not been determined. Different studies have 
reported different PP sessions (Table 1). Premature judg-
ment of no response to PP should be avoided. PP may be 
ineffective in the early stage due to the typically severe 
pulmonary inflammation at this time. In the PROSEVA 
trial, PP was repeated until the patients’ oxygenation 
improved. The average number of sessions was four, with 
PP still effective from the third to fifth [4]. Moreover, 
methods for assessing the effectiveness of PP are urgently 
needed. Without evaluation, sometimes PP is ineffective 
but continues to be implemented, increasing the work-
load of medical staff and the likelihood of complications 
developing. In future clinical trials, consideration of 
duration and sessions of PP is essential.

Respiratory drive
In the majority of studies, ARDS patients receiving VV 
ECMO were deeply sedated and paralyzed during PP ses-
sions, primarily owing to concerns about high respiratory 
drive and the displacement or malfunction of ECMO 
circuitry [10, 19, 20]. High respiratory drive should be 
limited due to the risks of ventilator-induced lung injury, 
patient self-inflicted lung injury, and diaphragm dam-
age [46]. Excessively low respiratory drive, on the other 
hand, can result in diaphragm atrophy, whereas sponta-
neous breathing can preserve diaphragm activity, recruit 
dependent lung regions, and improve cardiovascular 
function [47, 48]. In one study, sedation was titrated to 
preserve spontaneous breathing in patients requiring VV 
ECMO during PP sessions, and neuromuscular block-
ade agents was not used routinely except in cases of high 
respiratory drive. Interestingly, a lower proportion of 
spontaneous breathing was found to be strongly associ-
ated with mortality; however, the evidence is insufficient 
because low respiratory drive may be an expression of 
less disease severity [44].

During PP sessions, the optimal target range for res-
piratory drive in ARDS patients receiving VV ECMO is 
uncertain. Although it is recommended to avoid exces-
sive respiratory drive, we believe that individualized 
respiratory drive manipulation is necessary and insepa-
rable from close monitoring. Available bedside moni-
toring tools for respiratory drive include the methods 
to monitor neural output (diaphragm electrical activity, 
electromyography), breathing effort (airway occlusion 
pressure, airway pressure deflection generated by patient 

inspiratory effort during an end-expiratory airway occlu-
sion, respiratory muscle pressure, dyspnea, esophageal 
pressure swings, use of accessory inspiratory and expira-
tory muscles) and ventilatory response (respiratory rate, 
rapid shallow breathing index, mean inspiratory flow) 
[49]. Owing to the absence of the “gold standard” for the 
clinical assessment of respiratory drive, multimodal eval-
uation may be the most appropriate method.

Promising methods for individualized therapy
ARDS is a syndrome including heterogeneous pheno-
types with variable clinical and outcome characteristics, 
and PP is not effective in every case owing to the hetero-
geneity of ARDS, which highlights the necessity of fur-
ther studies of the predictors of PP effectiveness. Until 
now, no criteria have predicted which patient will benefit 
from PP. Oxygenation and respiratory parameters failed 
to predict the response to PP [43, 45], while anatomi-
cal alveolar recruitability may be an available parameter 
to evaluate the effects of PP. Lung morphology can be 
used to distinguish between different types of ARDS, 
and patients with different lung morphologies are asso-
ciated with differences in lung mechanics and outcomes 
[50–52]. Some studies demonstrate the importance of 
integrating lung morphology and ARDS management 
[53–55]. In patients with ARDS supported with VV 
ECMO, computed tomography (CT), lung ultrasound 
(LUS), and EIT may help clinicians to better determine 
individualized PP therapy, including assessment of the 
initial lung morphology before PP, assessment of lung 
recruitability, and identification of the responders and 
non-responders to PP.

Lung computed tomography scan
Lung CT scans are the gold standard imaging technique 
to assess the distribution of lung strain and quantify the 
loss of lung aeration in patients with ARDS [56]. Before 
PP, initial lung morphology may indicate which will 
benefit more from PP. Patients with typical ARDS can 
be divided into two phenotypes by lung CT scan: one is 
focal (lobar loss of lung aeration), and the other is non-
focal (diffuse or patchy loss of lung aeration). Patients 
with focal ARDS are at high risk of hyperinflation dur-
ing recruitment maneuvers and high PEEP, which may 
benefit from the PP to gain a more homogenous stress 
and strain redistribution [54, 56]. Because ARDS patients 
supported with VV ECMO are unable to transferred due 
to their critical condition, CT scans cannot be easily per-
formed and repeated to guide the application of PP.

Quantitative lung CT scans were used in two studies 
to assess the correlation with the effect of PP in severe 
ARDS patients supported with ECMO. In one study, CT 
was implemented 1–2 days before the first PP session to 
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assess PP response during VV ECMO. In their study, the 
lungs were divided into four anatomical regions: ventral, 
medial-ventral, medial-dorsal, and dorsal. Hounsfield 
units were then used to identify four lung compart-
ments: hyperinflated, normally aerated, poorly aerated, 
and nonaerated [57]. Interestingly, the authors found that 
patients with better normally aerated lung tissue in the 
ventral and medial-ventral regions before PP were more 
likely to improve their static compliance after that pro-
cedure during ECMO [20]. However, in another study, 
no correlation was found between the amount of non-
aerated lung tissue measured on lung CT scans and the 
improvement of oxygenation after PP [11]. Nevertheless, 
neither paper studied the relationship between morphol-
ogy monitored by lung CT scans and outcomes in prone-
positioned patients with ARDS during ECMO, which is 
of greater concern and needs further study.

Lung ultrasound
LUS is an attractive tool that can be utilized for bedside 
assessment of lung morphology and in lung aeration 
changes [58–61]. To date, there are no published arti-
cles using LUS to assess the effects of PP in patients with 
severe ARDS supported on ECMO. Several studies have 
investigated whether LUS predicts the response to PP in 

ARDS patients not on ECMO, which can provide insights 
for further research.

Before PP, LUS was shown to be a reliable tool to distin-
guish focal from non-focal morphologies; an LUS score 
of the ventral fields ≥ 3 was confirmed to be highly pre-
dictive of non-focal ARDS morphology, with a sensitivity 
and specificity of 94% and 100%, respectively, compared 
with the gold standard CT [62]. Patients with focal ARDS 
may obtain more benefits resulting from PP [54]. Since 
CT scans are impractical when patients are unable to be 
transferred due to illness, especially when supported with 
ECMO, LUS could be a useful tool for further personaliz-
ing the use of PP during ECMO. Throughout and after PP 
sessions, the ability of LUS score variations can be used 
to predict the effects of PP [63–67]. However, LUS can-
not be used to detect lung overinflation. The feasibility of 
LUS score variations throughout PP sessions to identify 
responders and non-responders to PP requires further 
study.

Electrical impedance tomography
EIT, an appealing noninvasive, bedside, radiation-free 
technique, represents a new direction in medical imaging 
technology [68]. In experimental studies, for mechani-
cally ventilated patients with ARDS, EIT can provide 

Fig. 1  Areas of consensus and controversy in severe ARDS management. Gray box shows the areas of consensus. Blue boxes show areas of 
controversy and new directions. ARDS acute respiratory distress syndrome, VT tidal volume, PEEP positive-end expiratory pressure, PP prone 
positioning, NMBA neuromuscular blocking agent, FiO2 fraction of inspired oxygen, PaO2 partial pressure of oxygen, PaCO2 partial pressure of carbon 
dioxide, VV ECMO venovenous extracorporeal membrane oxygenation
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information on alveolar overdistension and assessment 
of lung recruitability, assess unmatched ventilation and 
perfusion, individualize ventilation settings (PEEP and 
tidal volume), and monitor the impact of PP on regional 
ventilation and optimal PEEP at the bedside [19, 69–74]. 
However, there is a scarcity of studies on the effect of PP 
monitored by EIT in severe ARDS patients supported 
on VV ECMO. Only in one study EIT was utilized to 
describe the impact of PP on global and regional venti-
lation in severe ARDS patients supported on ECMO. 
The feasibility of EIT in such patients was demonstrated. 
Additionally, through EIT, the authors found that all 
patients presented an increase in the local compliance 
and the VT (dorsal)/VT (global) ratio, and EIT-estimated 
optimal PEEP decreased with PP [19]. We should focus 
on ventilation-perfusion matching rather than just ven-
tilation. Recently, a study used saline contrast EIT to 
monitor the physiologic effects of PP in COVID-19-as-
sociated ARDS patients, revealing that PP increased 
lung recruitment, decreased atelectrauma, and improved 
ventilation–perfusion matching [75]. Unfortunately, the 
feasibility of saline contrast EIT in patients supported on 
VV ECMO remains uncertain.

Before PP sessions, EIT can be used to predict and 
assess lung recruitability. Recently, one study found that 
dependent lung area collapse (> 13.5%) had an excellent 
positive predictive value (94%) of improved oxygena-
tion during prone ventilation when monitored by EIT, 
providing a direction for the individualized treatment of 
PP; however, the findings need to be confirmed further 
because this study only included COVID-19-associated 
ARDS patients and had a small sample size [76]. During 
and after PP sessions, we can use EIT to estimate ideal 
PEEP, responders and nonresponders to PP, and the opti-
mal PP duration. More proof is required to support this 
new method.

Conclusion
The potential effects of PP on gas exchange, respiratory 
mechanics, hemodynamics, and outcomes in ARDS 
patients supported with VV ECMO are not definitively 
determined. Furthermore, a number of questions remain 
unanswered regarding the combination of PP and VV 
ECMO, including indications, optimal timing, duration, 
and sessions of PP, as well as the management of respira-
tory drive. Ensuring an optimal strategy of PP during VV 
ECMO is particularly challenging and requires further 
research (Fig.  1). Lung morphology monitored by CT, 
LUS, or EIT might be a potential indication for individu-
alized PP therapy in ARDS patients supported with VV 
ECMO.
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