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Abstract 

Rationale  The significance of the Recruitment to Inflation (R/I) ratio in identifying PEEP recruiters in patients under‑
going ultra-protective lung ventilation during venovenous ECMO is not well established.

Objectives  To compare the concordance of the R/I ratio and Electrical Impedance Tomography (EIT) in determining 
optimum PEEP settings in severe ARDS patients on ECMO and ventilated with very low tidal volumes.

Methods  Initially, a low-flow insufflation was performed to detect and measure the airway opening pressure (AOP). 
Subsequently, the R/I ratio was calculated from PEEP 15–5 cmH2O, followed by a decremental PEEP trial (20–6 cmH2O 
in 2 cmH2O steps) monitored by EIT. The optimum EIT-based PEEP was defined as the intersection of the collapse 
and overdistension curves.

Main results  Among 54 ECMO patients (tidal volume: 4.8 [3.0–6.0] mL/kg), 13 (24%) exhibited an airway open‑
ing pressure (AOP) of 11 (8–14) cmH2O. The cohort’s median R/I ratio was 0.43 (0.28–0.61). A tertile-based analysis 
of the R/I ratio (≤ 0.34; 0.34–0.54; > 0.54) revealed median optimum EIT-based PEEP of 8 [8–10], 10 [8–14], and 14 
[12–16] cmH2O, respectively. The R/I ratio demonstrated weak inverse correlations with lung overdistension (R2 = 0.19) 
and positive correlations with lung collapse (R2 = 0.26) measured by EIT (p < 0.01).

Conclusion  The R/I ratio is feasible during ultra-protective ventilation and provides valuable indications for guiding 
PEEP titration. Specifically, an R/I ratio > 0.34 may help identify patients likely to benefit from further individualized 
PEEP optimization using EIT. In contrast, when the R/I ratio is ≤ 0.34, a moderate PEEP level (8–10 cmH₂O) may suffice.
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Introduction
Extracorporeal membrane oxygenation (ECMO is 
strongly recommended for patients with severe acute 
respiratory distress syndrome (ARDS) experiencing 
refractory hypoxemia or extremely high inspiratory 
airway pressures who cannot tolerate a volume- and 
pressure-limited ventilation strategy [1]. The key com-
ponent of this therapy is the use of ultra-protective 
lung ventilation, designed to reduce the mechanical 
power applied to the lungs while allowing for lung heal-
ing [2–4]. This approach requires significantly reduced 
tidal volume, driving pressure, and plateau pressure. 
However, setting the appropriate positive end-expir-
atory pressure (PEEP) in these patients is particularly 
challenging. Insufficient PEEP can result in cyclic end-
expiratory collapse and atelectrauma, while excessively 
high PEEP can cause overdistension, hyperinflation, 
barotrauma, and irreversible lung injury [5].

Electrical impedance tomography (EIT) offers indi-
vidualized, non-invasive, real-time, bedside, radiation-
free lung imaging with global and regional dynamic 
lung analyses [6, 7]. By evaluating the percentage of 
overdistension and lung collapse at different PEEP lev-
els, EIT can help identify the optimum PEEP in patients 
with [5] and without ECMO [8]. However, this proce-
dure is time-consuming and necessitates experienced 
physicians. Furthermore, despite its widespread avail-
ability, EIT is not yet present in all Intensive Care Units 
(ICUs).

The Recruitment-to-Inflation (R/I) ratio is another, 
simpler method that estimates the balance between 
recruited lung compliance and baseline compliance, 
reflecting the potential for alveolar recruitment with 
increasing PEEP [9]. To date, no studies have evaluated 
the R/I ratio in severe ARDS patients on ECMO, a sce-
nario where tidal volume and minute ventilation are sig-
nificantly reduced. Validating the concordance of this 
method with EIT could have immediate clinical applica-
tions for bedside physicians.

Our study aims to compare the concordance between 
EIT-determined optimum PEEP and R/I ratio to set PEEP 
in ECMO-supported severe ARDS patients receiving low 
tidal volume ventilation.

Material and method
Study design and ethical considerations
This bicentric prospective observational study was con-
ducted from December 2021 to August 2023 in the 
26-bed medical ICU of La Pitié Salpétrière Hospital, 
Paris, France, and the Surgical Thoracic ICU of the Pes-
sac Hospital, France. This study was approved by an insti-
tutional review board (CPP 2022-A02589-34).

Patients
Intubated patients on VV ECMO were enrolled within 
the first week of ECMO. Inclusion criteria were 1) 
age > 18  years, 2) patients with severe ARDS on VV 
ECMO, and 3) controlled ventilation under continuous 
sedation with or without paralysis. Exclusion criteria 
were 1) contraindication for EIT (pacemaker, automatic 
implantable cardioverter defibrillator, thoracic or spi-
nal cord trauma, recent thoracic surgery), 2) contrain-
dications to high PEEP (undrained pneumothorax, 
bronchopleural fistula, 3) severe hemodynamic instability 
defined by systolic blood pressure (SBP) < 75  mmHg or 
mean arterial pressure (MAP) < 65 mmHg despite norep-
inephrine > 2  mg/h and/or heart rate < 50 beats/minute), 
4) pregnancy or, 5) tidal volume < 2  mL/kg/ predicted 
body weight.

Data collection
At enrollment, demographics, clinical characteristics, 
and mechanical ventilation details were collected for all 
patients. ICU severity scores included simplified acute 
physiology score II (SAPS II) at ICU admission and sep-
sis organ failure assessment (SOFA) score on the day of 
enrollment. Follow-up data include ECMO and ICU 
length of stay, and mortality at days 30, 60, and 90.

Protocol
The patient was on passive pressure-controlled venti-
lation (PCV) with sedation using continuous infusion 
of propofol, sufentanil, and continuous neuromuscular 
blockades if necessary. Automated mattress movements, 
fluid boluses, and excessive diuresis were avoided to limit 
EIT signal interference. All patients were ventilated using 
a V500 or V800 ventilator (Drager, Lubeck, Germany). A 
silicone EIT belt, with 16 surface electrodes, was placed 
around the patient’s thorax in one transversal plane cor-
responding to the fourth to fifth intercostal space then 
continuously connected to the EIT monitor (PulmoVista; 
Drager Medical GmbH) for bedside visualization. EIT 
data were generated by application of a small alternat-
ing electrical current (5  mA at 50  kHz). The data were 
digitally filtered using a low-pass filter with a cutoff fre-
quency of 40/min to eliminate small impedance changes 
synchronous with the heart rate [5]. Synchronized 
recordings of EIT, airway pressure, and/or flow were 
continuously visualized on the Pulmovista screen and 
recorded in a single EIT patient file. The protocol was 
stopped if SaO2 was < 85% or hemodynamic instability.

The research protocol is summarized in Fig. 1.
Step #1. The patients were ventilated following set-

tings used in the ECMO arm of the EOLIA trial, using 
pressure-controlled ventilation with a constant driving 
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pressure of 14 cmH2O, a PEEP at 10  cmH2O, and a res-
piratory rate set at 10 breaths/min to avoid auto-PEEP. 
The absence of auto-PEEP was assessed by real-time 
flow waveform monitoring and total PEEP measure-
ments. To ensure that measured peak pressure accurately 
reflected plateau pressure, we verified that inspira-
tory flow was zero at the end of inspiration. The ECMO 
sweep gas flow was adjusted to maintain pH > 7.30 and 
35 ≤ PaCO2 ≤ 42 mmHg. FiO2 was minimized to maintain 
PaO2 > 80  mmHg and SaO2 > 90%. The volume obtained 
with these settings, named VTEOLIA, was recorded and 
used for all the following steps. Therefore, only the PEEP 
level and the flow will be modified during the following 
steps.

Step #2. A low-flow insufflation was performed to look 
for an airway opening pressure (AOP) [10]). Patients 
were ventilated in volume-controlled mode using the 
tidal volume determined in step #1 (i.e. VTEOLIA). A PEEP 
of 5 cmH2O was applied and flow was set at 5 L/min. If a 
significant alteration in compliance (close to that of the 
occluded ventilator circuit) at the beginning of the insuf-
flation was detected on the pressure–volume curve (i.e., 
the initial linear portion of the pressure–volume curve), 
it reflected the presence of an expiratory airway collapse. 
AOP was measured as the airway pressure at which the 

volume delivered to the patient became 4 ml greater than 
the volume in the occluded circuit [10].

Step #3. For 30 min, the flow and the PEEP were set at 
60 L/min, and 15 cmH20 (i.e. PEEPhigh), respectively. Res-
piratory mechanics (plateau pressure, total PEEP), hemo-
dynamics (systolic and diastolic arterial pressure, and 
heart rate), and arterial blood gases were assessed after 
30  min. A single breath maneuver during PEEP drops 
from 15 to 5  cmH2O (i.e., PEEPlow) was performed and 
expired volume was measured (VTexp). The recruited vol-
ume (ΔVTrec) was calculated by subtracting the predicted 
volume in the absence of PEEP-induced recruitment and 
the VTEOLIA from the VTexp. The ratio of the compliance 
of the recruited lung (Crrec) to the compliance of the baby 
lung with PEEPlow, called the R/I ratio was calculated [9]. 
The higher the R/I ratio, the greater the potential for lung 
recruitment.

In patients with complete airway closure and an AOP 
greater than PEEPlow, the same procedure was carried 
out using a PEEPhigh 10  cmH2O above the AOP with a 
maximum PEEP of 20 cmH2O. In this context, PEEPlow 
was the level of AOP.

Step #4. A PEEP of 20cmH2O, VTEOLIA, and a flow 
at 60  l/min were set for 30  min. Then, a decremen-
tal PEEP trial was performed from 20 to 6  cmH2O 

Fig. 1  Study protocol with applied positive end-expiratory pressure (PEEP) steps. For further details, see the METHODS section. AOP, airway 
occlusion pressure; PEEP, Positive End Expiratory Pressure; Pplat, plateau pressure; VTEOLIA, tidal volume obtained with a driving pressure set 
at 14 cmH2O and a PEEP at 10 cmH2O in pressure-controlled ventilation; PCV, Pressure controlled ventilation; VCV, volume-controlled ventilation; R/I 
ratio, recruitment to inflation ratio
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following successive 2-min steps of 2  cmH2O. At each 
PEEP step, the percentage of overdistention and col-
lapse was calculated with EIT as previously described 
[11]. The reported percentages of collapse or over-
distention are derived from the calculus of relative 
changes in pixel compliance. For instance, the percent-
age of collapse refers to the percentage loss of pixel 
compliance over the range of applied PEEP from 20 
to 6  cmH2O. The minimal PEEP level (6  cmH2O) was 
considered to have 0% overdistension. The percent-
ages of overdistension at higher PEEP levels indicate 
the amount of overdistension that occurred compared 
to the low PEEP level. Optimum EIT-based PEEP was 
defined as the crossing point of the collapse and overd-
istension curves along the decremental PEEP trial [11]. 
If the crossing point was between two PEEP levels val-
ues were rounded up to the nearest integer. Similarly, 
in the case of similar results for two different PEEP 
levels, the one with the lowest percentage of collapse 
was selected as the optimum EIT-based PEEP. Notice-
ably, for patients with AOP, the decremental PEEP trial 
was conducted from 20 cmH2O to the level of the AOP.

Endpoints and statistical analysis
The primary endpoint was the comparison of the means 
of the optimum EIT-based PEEP and the R/I ratio using a 
Student’s t-test. Patients were stratified into tertiles of the 
R/I ratio (≤ 0.34, 0.34–0.54, and > 0.54) derived from our 
cohort. Secondarily, consistent with the original R/I ratio 
study [9], patients were categorized as high recruiters 
using the threshold of a R/I ratio > 0.50. We performed 
a ROC curve analysis to determine the optimal R/I ratio 
threshold for identifying patients with a high EIT-based 
PEEP (i.e., above the median PEEP of our cohort), apply-
ing Youden’s Index.

The relationship between the R/I ratio and EIT-derived 
parameters such as total distension and collapse percent-
ages was analyzed by linear regression. Similarly, the 
correlation between body mass index, number of days 
of mechanical ventilation before enrollment, number of 
ECMO days before enrollment, or tidal volume and opti-
mum EIT-based PEEP, and the R/I ratio was evaluated by 
linear regression (Online Table 1).

Data were expressed as median (interquartile range) 
for continuous variables. Student’s t-test or Mann–Whit-
ney U test made comparisons between continuous vari-
ables as appropriate whereas categorical variables were 

Table 1  Patient characteristics and outcomes according to recruitability estimated by the R/I ratio tertile

BMI body mass index; SAPS II simplified acute physiology score II; SOFA sequential organ failure assessment; ARDS acute respiratory distress syndrome; ECMO 
extracorporeal membrane oxygenation; PBW predicted body weight; MV mechanical ventilation

All patients (n = 54) Patients with R/I 
ratio ≤ 0.34 (n = 18)

Patients with R/I ratio 
0.34–0.54 (n = 18)

Patients with R/I 
ratio > 0.54 (n = 18)

P value

Age, years 47 (39–58) 53 (41–59) 45 (37–58) 46 (37–59) 0.76

Male gender 34 (63%) 12 (67%) 10 (56%) 12 (67%) 0.73

BMI, kg/m2 29.1 (24.6–35.7) 27.3 (23.4–36.0) 27.2 (24.7–31.1) 33.8 (26.1–36.2) 0.40

SAPS II 50 (41–69) 56.5 (41.5–76.8) 50 (40–57) 52.5 (33–70) 0.59

SOFA at enrolement 9 (8–12) 10.5 (7.8–12) 8 (4–10) 10.5 (8–13) 0.08

Risk factors of ARDS

COVID-19 20 (37%) 7 (39%) 5 (28%) 8 (44%) 0.57

Bacterial pneumonia 19 (35%) 5 (28%) 6 (34%) 8 (44%) 0.57

Influenza 6 (11%) 2 (11%) 3 (17%) 1 (6%) 0.57

Other 9 (17%) 4 (22%) 4 (22%) 1 (6%) 0.30

ECMO parameters

Femoro-jugular canulation 54 (100%) 18 (100%) 18 (100%) 18 (100%) 1.00

Flow, L/min 4.7 (4.2–5.1) 4.7 (4.2–5.0) 4.5 (4.3–5.3) 4.7 (4–5.2) 0.84

Sweep-Gas, L/min 4.0 (3.0–6.0) 4.0 (2.0–6.0) 5.0 (3.0–6.0) 4.0 (2.5–6.0) 0.61

Days on MV 7 (3–16) 8 (4–21) 4 (3–8) 8 (6–17) 0.12

Days on ECMO 2 (1–7) 5 (2–12) 1 (1–3) 4 (1–14) 0.06

Outcomes

MV duration, days 40 (17–81) 43 (20–84) 21 (11–46) 55 (40–80) 0.06

ECMO duration, days 21 (7–49) 27 (16–58) 25 (8–42) 38 (14–61) 0.70

Mortality at day 30 10 (19%) 4 (22%) 3 (17%) 3 (17%) 0.88

Mortality at day 60 11 (20%) 4 (22%) 4 (22%) 3 (17%) 0.89

Mortality at day 90 13 (24%) 6 (33%) 4 (22%) 3 (17%) 0.49
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compared with χ2 test. A P value < 0.05 was considered 
statistically significant.

Statistical analyses were performed using JMP version 
14.3 (SAS Institute, Cary, NC, USA) and Prism 8.3 soft-
ware (GraphPad Software, San Diego, CA). The calcula-
tion of the AUC and Youden index was conducted using 
R version 4.4.2 with the pROC package.

Results
Study population
Out of 64 patients with severe ARDS on VV ECMO 
screened during the study period, 54 were included. 
Details on reasons for exclusion can be found in eFile 
1. Their main characteristics are reported in Table  1. 
Briefly, the median age was 47 (39–58) years, 63% male, 
and SAPS II was 50 (41–69). The main etiology of ARDS 
was COVID-19-related pneumonia (n = 20) and bacte-
rial pneumonia (n = 19). At enrollment, patients were 
on mechanical ventilation and ECMO for 7 (3–16) and 2 
(1–7) days, respectively. Femoro jugular setting was used 
in all patients with an ECMO flow at 4.7 (4.2–5.1) L/min 
and a sweep gas flow set at 4.0 (3.0–6.0) L/min. ECMO 
duration was 26 (10–56) days with 31% of deaths within 
day-90.

Respiratory mechanics
With a driving pressure set at 14  cmH2O and a PEEP at 
10  cmH2O in pressure-controlled ventilation mode in 
step #1 of our protocol, the resulting tidal volume (i.e., 
VTEOLIA) was 4.8 (3.0–6.0) mL/kg predicted body weight. 
The compliance of the respiratory system was 21 (13–27) 
mL/cmH2O.

Airway opening pressure
After a low-flow insufflation, 13 (24%) patients had an 
airway opening pressure (AOP) of 11 (8–14) cmH2O 
while on VV ECMO. The AOP level did not significantly 
differ across R/I ratio tertiles (Table 2). Among these 13 
patients, the optimum EIT-based PEEP was 14 (14–16) 
cmH2O (eFile 2) vs 10 (8–12) cmH₂O in those without 
AOP (p < 0.01).

Recruitment to inflation ratio
In the whole cohort, the median R/I ratio was 0.43 (0.28–
0.61). Respiratory mechanics stratified by R/I ratio ter-
tiles (≤ 0.34, 0.34–0.54, > 0.54) are reported in Table  2. 
Compliance of the recruited lung differed significantly 
across tertiles (4 [1–8] mL/cmH2O, 10 [6–14] mL/
cmH2O for 0.34–0.54, and 19 [12–28] mL/cmH2O for R/I 
ratio ≤ 0.34, 0.34–0.54, or > 0.54 respectively; p < 0.001). 
The dichotomized analysis (R/I ratio ≤ 0.5 vs. > 0.5) is 
provided in the Supplementary Appendix (eFile 3 and 4), 
where patients with an R/I ratio > 0.5 had a significantly 

higher BMI (30.4 [24.2–34.8] vs. 28.5 [24.8–34.8] kg/m2, 
p = 0.05).

Recruitment‑to‑inflation ratio and EIT‑derived parameters
The R/I ratio exhibited a weak yet statistically significant 
negative correlation with lung overdistension (R2 = 0.19; 
p < 0.01) and a positive correlation with lung collapse 
as assessed by EIT (R2 = 0.26; p < 0.01) (Fig. 2). The BMI 
was positively correlated with optimum EIT-based PEEP 
(R2 = 0.14, p = 0.02). Additionally, tidal volume showed an 
inverse correlation with the optimum EIT-based PEEP 
(R2 = 0.12, p = 0.03). No significant correlation was identi-
fied between the number of days on mechanical ventila-
tion or the number of days on ECMO before enrollment 
and the optimum EIT-based PEEP (eFile 5).

Optimum EIT‑based PEEP and R/I ratio
Tertile-based analysis of the R/I ratio (≤ 0.34; 0.34–
0.54; > 0.54) revealed median optimum EIT-based PEEP 
of 8 [8–10], 10 [8–14], and 14 [12–16] cmH₂O across the 
respective tertiles (Fig. 3). The optimum EIT-based PEEP 
was significantly lower in patients with an R/I ratio ≤ 0.5 
[10 (8–14) cmH2O, n = 32] compared to those with an R/I 
ratio > 0.5 [14 (12–16) cmH₂O, n = 22] (p < 0.01) (eFile 6). 
The ROC curve for the R/I ratio to classify patients into 
low or high PEEP groups based on EIT yielded an area 
under the curve (AUC) of 0.82 (eFile 7). The optimum 
R/I ratio threshold was 0.47, resulting in a sensitivity of 
73.1% and a specificity of 85.7%.

Discussion
The main findings of this study can be summarized as 
follows: 1) In the cohort stratified by R/I ratio tertiles, 
optimal EIT-guided PEEP progressively increased from 
8 [8–10] cmH2O to 14 [12–16] cmH2O when R/I ratio 
is ≤ 0.34 or > 0.54, respectively. 2) An R/I ratio ≤ 0.34 was 
consistently associated with lower optimum EIT-based 
PEEP, typically ranging from 8 to 10 cmH₂O. 3) The R/I 
ratio showed a weak inverse correlation with EIT-meas-
ured overdistension and a positive correlation with lung 
collapse. 4) Nearly 24% of patients exhibited an AOP.

Setting PEEP on VV ECMO remains a challenge for 
bedside clinicians. Franchineau et  al. highlighted sub-
stantial variability in EIT-based optimum PEEP among 
15 patients with severe ARDS, emphasizing the need 
for personalized ventilation strategies based on ARDS 
lesion distribution. EIT allows regional visualization 
of lung ventilation during VV ECMO [5]. Similarly, the 
RECRUIT trial in 108 COVID-19 ARDS patients dem-
onstrated wide variability in recruitability, with non-
recruiters showing no oxygenation improvement at any 
PEEP level [8]. While EIT provides critical physiological 
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insights, it requires specialized training, equipment, and 
time for bedside application [6].

The R/I ratio, derived from a single-breath maneuver, 
measures recruited volume over a PEEP range and iden-
tifies low versus high PEEP recruiters. This study rein-
forces the feasibility of using the R/I ratio in the context 
of ultra-protective ventilation, even with low tidal vol-
umes. Its weak correlation with EIT-derived indices of 
overdistension and collapse is consistent with findings 
from Pavlosky et al. in 19 non-ECMO patients, support-
ing the notion that recruitability assessed by the R/I ratio 

does not directly reflect the balance between lung overd-
istension and collapse [12]. As the R/I ratio reflects global 
respiratory system compliance, it lacks the sensitivity to 
detect regional variations in lung mechanics and cannot 
reliably assess the risk of overdistension at the individual 
level, underscoring the complementary value of EIT in 
evaluating recruitment dynamics.

Although our results demonstrate a statistically sig-
nificant relationship between the R/I ratio and EIT-
derived optimum PEEP, the clinical utility is limited by 
the overlap in PEEP ranges observed when the R/I ratio 

Table 2  Response to positive end-expiratory pressure in patients on VV-ECMO according to the recruitability estimated by R/I ratio 
tertile

Significant values are shown in bold

Crs compliance of the respiratory system; PBW predicted body weight; VT tidal volume; AOP airway occlusion pressure; VTexp expired volume measured during the 
recruitment-to-inflation ratio assessment; ΔVrec recruited volume calculated as the amount of upward shift in volume between two PEEP levels; PEEP positive end-
expiratory pressure; PEEPlow lower positive end-expiratory pressure level used for recruitment-to-inflation ratio assessment, PEEPhigh higher positive end-expiratory 
pressure level used for recruitment-to-inflation ratio assessment; EIT electrical impedance tomography

All patients (n = 54) Patients with R/I 
ratio ≤ 0.34 (n = 18)

Patients with R/I 
ratio 0.34–0.54 
(n = 18)

Patients with R/I 
ratio > 0.54 (n = 18)

P value

Step #1

VTEOLIA ml 300 (190–380) 315 (243–360) 310 (188–365) 265 (150–420) 0.93

VTEOLIA, ml/kg PBW 4.8 (3.0–6.0) 4.8 (4.0–5.4) 5.2 (2.9–6.0) 4.0 (2.9–6.0) 0.80

Crs, ml/cmH2O 21 (13–27) 22.5 (17.3–25.7) 22.1 (13.4–26.1) 18.9 (10.7–30) 0.93

Step #2

AOP level, cmH2O 11 (8–14) 14 (13–14) 11 (8–13) 12 (10–14) 0.35

Presence of AOP 13 (24%) 2 (11%) 6 (33%) 5 (28%) 0.27

Step #3

VTexp, mL 571 (381–846) 554 (346–770) 573 (385–778) 595 (329–867) 0.80

ΔVTrec, mL 90 (48–154) 42 (10–77) 84 (61–140) 174 (116–233) < 0.001
PEEPlow, cmH2O 15 5 (5–5) 5 (5–10) 5 (5–10) 0.35

PEEPhigh, cmH2O 15 (15–16) 15 (15–15) 15 (15–20) 15 (15–20) 0.27

Compliance at low PEEP, mL/cmH2O 24 (15–38) 26 (15–40) 22 (16–34) 24 (10–31) 0.76

Compliance of the recruited lung, mL/cmH2O 10 (5–15) 4 (1–8) 10 (6–14) 19 (12–28) < 0.001
Recruitment to inflation ratio 0.43 (0.28–0.61) 0.20 (0.10–0.30) 0.44 (0.36–0.48) 0.68 (0.60–1.37) < 0.001
At the level of PEEPhigh

pH 7.40 (7.35–7.44) 7.40 (7.33–7.45) 7.40 (7.38–7.45) 7.40 (7.34–7.44) 0.92

PO2,mmHg 94 (75–117) 95 (75–113) 94 (70–114) 87 (73–129) 0.94

Systolic blood pressure, mmHg 116 (103–137) 115 (105–139) 112 (100–132) 121 (101–132) 0.90

Heart rate, mmHg 90 (75–104) 86 (68–104) 90 (76–105) 90 (76–105) 0.90

At the level of PEEPlow

pH 7.40 (7.33–7.43) 7.40 (7.30–7.44) 7.42 (7.35–7.44) 7.37 (7.32–7.44) 0.75

PO2, mmHg 85 (68–108) 93 (72–111) 88 (69–104) 73 (62–103) 0.16

Systolic blood pressure, mmHg 120 (109–135) 116 (107–131) 126 (109–144) 120 (110–132) 0.68

Heart rate, beats/min 86 (73–104) 85 (70–103) 86 (76–98) 90 (75–111) 0.83

Δ Systolic blood pressure between low 
and high PEEP, mmHg

0 (− 7 to 3) 1 (− 5 to 3) − 1.5 (− 9 to 1) 0 (− 7 to 3) 0.36

ΔPO2 between low and high PEEP, mmHg 0 (− 1–11) 0 (− 3 to 10) 1 (− 4 to 8) 0 (0 to 25) 0.67

Step #4

Optimum EIT-based PEEP, cmH2O 10 (8–14) 8 (8–10) 10 (8 to 14) 14 (12 – 16) < 0.001



Page 7 of 10Coppens et al. Critical Care          (2025) 29:195 	

exceeds 0.34 or even when divided according to the ref-
erence threshold of 0.5. Notably, a R/I ratio ≤ 0.34 was 
consistently associated with an EIT-derived PEEP of 
8–10  cmH₂O—aligning with the lower PEEP levels rec-
ommended by the ELSO guidelines [13]. This finding 

suggests that, in patients with low R/I ratios, minimal 
PEEP settings may suffice, and further PEEP titration 
using EIT may offer limited added value. In contrast, 
when the R/I ratio exceeded 0.34, optimum EIT-derived 
PEEP values exhibited a broader distribution (e.g., 10 
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Fig. 2  A Linear regression between overdistension estimated by EIT and recruitment to inflation ratio (n = 54) and B) collapse estimated by EIT 
and recruitment to inflation ratio (n = 41). Each dot represents one patient. The solid line represents the logistic regression fit, while the curved 
dashed lines indicate the 95% confidence interval. B Patients with an AOP were excluded from this analysis, as the collapse was not assessed 
below the level of the AOP
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Fig. 3  Distribution of the percentage of lung collapse (blue) and overdistension (red) during the decremental positive end-expiratory pressure 
(PEEP) trial for A Patients with a R/I ratio ≤ 0.34 (n = 18), B Patients with R/I ratio between 0.34 and 0.54 (n = 18), and C Patients with R/I ratio > 0.54 
(n = 18). The internal horizontal line of the box plot is the median whereas the lower and upper box limits represent quartile 1 and quartile 3, 
respectively. Bars represent maximum/minimum
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[8–14] and 14 [12–16]  cmH₂O for R/I ranges of 0.34–
0.54 and > 0.54, respectively), providing less definitive 
guidance and highlighting the need for individualized 
assessment. In these cases, EIT-based titration may serve 
as a complementary tool to refine PEEP selection. Thus, 
the R/I ratio may be valuable as a preliminary screen-
ing method to stratify patients who could benefit from 
more detailed, EIT-guided PEEP optimization. Further-
more, given the dynamic nature of lung pathology dur-
ing ECMO, regular reassessment of PEEP throughout the 
ECMO run is warranted.

The recently reported EITVent trial provides critical 
context for our findings [14]. While EIT-guided PEEP 
did not reduce mortality in the overall ARDS popula-
tion, it significantly improved survival in the subgroup 
with higher lung recruitability (R/I ratio ≥ 0.5) [14]. This 
aligns with our observation that patients with an R/I 
ratio > 0.54, characterized by greater recruited lung com-
pliance, received higher optimal PEEP and may represent 
a cohort where EIT adds clinical value. Conversely, low 
recruiters (R/I ratio ≤ 0.34) showed minimal recruit-
ment potential, suggesting that standardized lower PEEP 
(8–10  cmH₂O) suffices for this subgroup. Collectively, 
these data underscore the R/I ratio’s utility in identifying 
patients most likely to benefit from personalized PEEP 
strategies versus those where a simplified approach is 
adequate.

Although not the primary focus of our study, the 24% 
incidence of AOP identified in this VV ECMO cohort 
was lower than the 33–41% reported in non-ECMO 
ARDS populations [8, 9]. This discrepancy may be par-
tially attributed to differences in BMI, as patients in our 
cohort had comparatively lower BMIs (30.5–33  kg/m2). 
Furthermore, the use of ultra-low tidal volumes during 
VV ECMO could promote alveolar derecruitment and 
airway collapse, potentially affecting AOP prevalence. 
Additional research is needed to explore the effects 
of different tidal volume strategies and to assess AOP 
dynamics throughout ECMO support. Importantly, in 
patients with documented AOP, the R/I ratio was calcu-
lated using pressure measurements taken only above the 
AOP threshold. This approach may underestimate actual 
recruitability by omitting data from lower pressures 
where airway collapse may still be present. This method-
ological limitation could explain why AOP values did not 
significantly differ between R/I ratio subgroups (Table 2).

The strengths of our study include the broad inclusion 
of patients with varying respiratory system compliances 
and diverse ARDS etiologies. It represents the largest 
evaluation of AOP prevalence and R/I ratio assessment 
in a cohort of VV-ECMO patients undergoing ultra-
protective lung ventilation. However, several limita-
tions exist. First, a direct comparison of the R/I ratio and 

optimum EIT-based PEEP within the same interval was 
infeasible, as the R/I ratio is based on a 10 cmH₂O pres-
sure drop. Second, a linear relationship between the R/I 
ratio and EIT-derived parameters was assumed, which is 
well established in COVID-19 ARDS [15] but less vali-
dated in other ARDS etiologies. Third, the threshold R/I 
ratio value distinguishing high and low PEEP recruit-
ers remains debatable. Our threshold (0.47) differs from 
prior reports [9], reflecting variability influenced by 
ARDS etiology, timing of assessment, and disease sever-
ity. Moreover, the use of optimum EIT-based PEEP as 
the gold standard is contentious, as it assesses overd-
istension-collapsibility compromise rather than true 
recruitability. Notably, the PEEP limit of 20  cmH2O in 
our protocol may have restricted the identification of 
patients who would benefit from higher pressures to 
achieve optimal alveolar recruitment. Finally, the median 
optimum EIT-based PEEP in our cohort (10 [8–14] 
cmH2O) was lower than another VV-ECMO cohort’s (14 
[12–16] cmH2O) [16], potentially due to our heterogene-
ous population, encompassing both COVID-19 and non-
COVID-19 ARDS cases.

Conclusion
In this bicentric cohort study including 54 patients sup-
ported with VV-ECMO and ventilated with very low tidal 
volumes, the R/I ratio proved to be a useful indicator for 
guiding PEEP titration. Specifically, an R/I ratio > 0.34 
may help identify patients likely to benefit from fur-
ther individualized PEEP optimization using EIT. In 
contrast, when the R/I ratio is ≤ 0.34, a moderate PEEP 
level (8–10 cmH2O) may suffice, making additional EIT-
based assessment less critical. Prospective studies are 
warranted to confirm the clinical value of this stepwise 
approach combining R/I ratio screening and EIT-guided 
PEEP setting.
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