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inflammation and pulmonary edema that severely com-
promises respiratory function and it has a significant mor-
bidity [2] and mortality [1]. Mechanical ventilation (MV) 
remains a life-support intervention for these patients. How-
ever, MV may have significant complications. It can lead 

1  Introduction

Acute respiratory distress syndrome (ARDS) is a severe 
inflammatory lung disease, which is prevalent among 
critically ill patients [1]. It is characterized by widespread 

	
 Carlos Sanchez-Piedra
carlos.sanchez@isciii.es

1	 Health Technology Assessment Agency, Instituto de Salud 
Carlos III, Madrid, España

2	 RICAPPS. Red de Investigación en Cronicidad, Atención 
Primaria y Prevención y Promoción de la Salud, Madrid, 
Spain

3	 Servei de Medicina Intensiva, Parc Taulí Hospital 
Universitari, Institut d’Investigació i Innovació Parc Taulí 
(I3PT-CERCA), Sabadell, Spain

4	 Departament de Medicina, Universitat Autònoma de 
Barcelona, Bellaterra, Spain

5	 Ciber Enfermedades Respiratorias (Ciberes), Instituto de 
Salud Carlos III, Madrid, Spain

6	 Departamento de Investigación, Hospital Infantil de México 
Federico Gómez, Ciudad de México, México

7	 Evaluation and Planning Unit of the Canary Islands Health 
Service (SESCS), Tenerife, Spain

8	 IIS-IP. Instituto de Investigación Sanitaria. HU La Princesa, 
Madrid, Spain

Abstract
To assess the efficacy of electrical impedance tomography (EIT)-guided positive end-expiratory pressure (PEEP) titration 
in improving outcomes for patients with acute respiratory distress syndrome (ARDS). A systematic review and meta-anal-
ysis was conducted following Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines. Randomized controlled trials and observational studies with a control group comparing EIT-guided PEEP titration 
to other strategies were included. Endpoints analysed included mortality, days of mechanical ventilation (MV), intensive 
care unit (ICU) length of stay (LOS), weaning success rate, barotrauma, driving pressure (∆P), mechanical power (MP), 
Sequential Organ Failure Assessment (SOFA) score and adverse events. Pooled results were presented as Risk Ratio (RR) 
for dichotomous outcomes and standardized difference in means (SMD) for continuous outcomes. A total of 4 studies 
were identified (3 randomized controlled trials and one observational study). All studies were single-center studies (N 
total = 271 patients). The main limitations were related to potential bias in selecting reported outcomes. EIT-guided PEEP 
titration was associated with a significant reduction in mortality among critically ill patients with ARDS (RR = 0.64, 95% 
CI: 0.45–0.91). No significant differences were found in other outcomes. Our findings suggest that EIT may be a valuable 
tool for PEEP titration in critically ill patients with ARDS. By optimizing lung mechanics, EIT-guided PEEP titration may 
potentially reduce mortality rates. While larger, multicenter studies are needed to definitively establish the clinical role of 
EIT in ARDS management, our results provide promising evidence for its potential clinical impact.

Keywords  Electrical impedance tomography · Critical care · Mechanical ventilation · Acute respiratory distress 
syndrome, positive end-expiratory pressure

Received: 28 September 2024 / Accepted: 27 January 2025
© The Author(s) 2025

Electrical impedance tomography for PEEP titration in ARDS patients: 
a systematic review and meta-analysis

Carlos Sanchez-Piedra1,2  · Begoña Rodríguez-Ortiz-de-Salazar1 · Oriol Roca3,4,5 · Francisco-Javier Prado-Galbarro6 · 
Lilisbeth Perestelo-Perez2,7 · Luis-Maria Sanchez-Gomez1,2,8

1 3

http://orcid.org/0000-0001-5420-7347
http://crossmark.crossref.org/dialog/?doi=10.1007/s10877-025-01266-2&domain=pdf&date_stamp=2025-5-22


Journal of Clinical Monitoring and Computing

to ventilator-induced lung injury (VILI) [3], a severe com-
plication that exacerbates the preexisting lung injury and 
significantly contributes to increased mortality in ARDS 
patients. Therefore, optimizing ventilator settings to provide 
a more protective MV is essential.

In this clinical context, positive end-expiratory pressure 
(PEEP) is an essential element of MV. Optimizing PEEP 
is crucial for lung protection and reducing the risk of VILI 
while maintaining adequate oxygenation and ventilation. 
PEEP helps to prevent alveolar collapse and atelectrauma 
by maintaining alveolar distension and reducing cyclic 
opening and closing of lung units [4, 5]. Additionally, while 
PEEP can improve lung recruitment, leading to a more 
homogeneous distribution of ventilation and reduced stress 
on the alveolar wall [3, 6], it is important to note that the 
response of poorly aerated lung tissue to PEEP varies based 
on individual lung characteristics. In some cases, PEEP may 
increase the proportion of poorly aerated tissue, contributing 
to greater lung inhomogeneities and potentially exacerbat-
ing stress on the alveolar wall [7]. Therefore, individualiz-
ing PEEP strategies based on patient-specific factors, such 
as lung recruitability and dynamic compliance, is crucial to 
optimize its benefits and minimize potential harm.

The response to PEEP is highly heterogeneous among 
patients. Thus, assessing the individual PEEP response of 
each patient is warranted. PEEP aims to reduce the strain 
on the lung, which may be achieved in patients with higher 
lung recruitability, defined as the proportion of lung tissue 
in which aeration is restored at increased airway pressures. 
In contrast, when high PEEP is applied in non-recruitable 
patients, it increases the strain and the overdistension, pro-
moting the occurrence of VILI. Different strategies have 
been used to set PEEP at the bedside [8]. One of these meth-
ods is electrical impedance tomography (EIT), which has 
been proposed as a potentially safe and effective alternative 
for bedside PEEP titration, although robust evidence sup-
porting its safety and efficacy remains limited. EIT allows 
for non-invasive, radiation-free, bedside monitoring of 
regional ventilation [3, 9, 10]. It is based on the physical 
principle of impedance or the body’s ability to conduct an 
electric current [11, 12].

Despite growing interest in incorporating EIT into inten-
sive care units (ICUs), the efficacy and safety of this tech-
nology in PEEP titration in mechanically ventilated patients 
with ARDS remains unclear. This systematic review aimed 
to assess the usefulness of PEEP titration guided by EIT on 
outcomes of critically ill patients with ARDS in comparison 
to other PEEP titration methods.

2  Methods

2.1  Data sources and search strategy

Three databases (MEDLINE through Ovid, EMBASE and 
the Cochrane Library) were searched from inception to 
February 1, 2024 (see electronic supplementary material 
1, S.1). We searched for studies evaluating any other PEEP 
titration strategies and EIT-based individual PEEP setting of 
critical ARDS patients, with MeSH headings (“respiratory 
distress syndrome”, “critical care”, “artificial respiration”) 
and text words (ards, mechanical ventilation, intensive care, 
electrical impedance tomograph*). For the advanced search 
on MEDLINE and EMBASE, synonyms of the word “criti-
cal care” (intensive care) were combined with synonyms 
of the word artificial respiration (mechanical ventilation, 
assisted ventilation). The acronym “ARDS” was also con-
sidered. We searched for any additional studies in the ref-
erences of all identified publications, including previous 
relevant meta-analyses and narrative reviews. Clinicaltrials.
gov and PROSPERO databases were reviewed to find ongo-
ing studies.

This systematic review was conducted in accordance 
with the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines and registered on 
an international database of prospectively registered sys-
tematic reviews (PROSPERO) (CRD42024548293). The 
results were merged using the reference management soft-
ware Ryaan.ai.

3  Study selection

To define the systematic review, we used the acronym PICO 
(Participants, Interventions, Comparators, and Outcomes). 
The inclusion and exclusion criteria for study selection 
are presented in Table 1. For inclusion, any studies except 
reviews, case reports and conference abstracts or observa-
tional studies without a control group were included. We 
included randomized controlled trials (RCTs) and non-ran-
domized studies (NRS) involving adult patients with ARDS 
on invasive mechanical ventilation. Studies in English or 
Spanish language were considered.

Outcome variables related to the safety and efficacy of 
the intervention were assessed. Efficacy outcomes included 
were: mortality, ICU, hospital, days of admission to ICU, 
days with MV or ventilator-free days in the first 28 days 
of randomization, incidence of barotrauma/pneumothorax, 
SOFA (Sequential Organ Failure Assessment), variation in 
PEEP level, changes in ∆P and MP. The reporting of any 
adverse events (AE) during the study was assessed concern-
ing to the safety of the interventions.
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A clinical expert was consulted during the initial stages 
of protocol development to ensure the clinical relevance and 
feasibility of the research question and inclusion criteria. 
This involvement aligns with established methodological 
guidance for health technology assessment [13]. However, 
the expert did not participate in the selection of studies, data 
extraction, statistical analysis, or interpretation of results. 
This separation ensured that the findings remained unbiased 
and methodologically robust The screening and selection 
of studies were conducted independently by two review 
authors (CS-P and BR-O). These authors were blinded to 
the clinical expert’s input. Any disagreements between the 
two review authors were resolved by a third review author 
(LS-G), who was also blinded to the clinical expert’s input.

4  Data extraction and assessment of bias

The data extraction process for the selected studies was 
conducted on an independent, peer-reviewed (CS-P and 
BR-O) basis. Any possible disagreements were resolved by 
consensus or in collaboration with another research team 
member (LS-G). A standardized data extraction form was 
developed to collect relevant information from the included 
studies. A dedicated Microsoft Excel® spreadsheet was used 
to data extraction. The extracted data included data on study 
characteristics (e.g., study design, sample size, population 
characteristics), intervention details (e.g., EIT application 
method, PEEP titration strategy), outcome data, conclu-
sions, and conflicts of interest.

Two authors (CS-P and BR-O) assessed study quality 
using the Cochrane Risk of Bias (RoB-II) assessment tool 
for RCTs and the Risk of Bias In Non-randomized Studies-of 

Interventions (ROBINS-I) for observational studies [14, 
15]. Risk of bias was classified as low, of some concern, 
or high. Disagreements were resolved through consensus or 
with the participation of a third author (LS-G).

5  Synthesis of results

Dichotomous outcomes (all-cause mortality and weaning 
success) were expressed as pooled Risk Ratio (RR) with 95% 
confidence intervals (CIs) and presented as a forest plot. For 
continuous outcomes (∆P), we reported the standardized 
difference in means (SMD). Statistical heterogeneity was 
assessed using the Chi-square test, where a p-value < 0.05 
was interpreted as significant and evidence of heterogeneity. 
To assess the impact of statistical heterogeneity on the inter-
vention effect, we calculated the I2 statistic. We used the 
Mantel–Haenszel random effects model to account for this 
heterogeneity. The following interpretation of I2 values was 
adopted: 0–40% (might not be important), 40–60% (moder-
ate), 60–90% (substantial), and 75–100% (considerable). In 
addition to the primary analysis, a sensitivity analysis was 
conducted, restricting the included studies to RCTs to assess 
whether the observed effects were consistent when exclud-
ing NRS. It was not possible to assess potential publication 
bias because a minimum of ten studies were not selected.

The statistical analyses were performed by RevMan 
5.0 software, The Nordic Cochrane Centre, Copenhagen, 
Denmark.

6  Results

6.1  Study identification

The search identified 346 records (MEDLINE = 12, 
EMBASE = 322, Cochrane Library = 12). A total of 318 
unique citations were screened after eliminating duplicates. 
Of these, we excluded 310 records that did not meet selec-
tion criteria. Therefore, a total of 8 studies were selected for 
full-text review. A total of four studies were included in the 
systematic review and the meta-analysis (Fig. 1) [16–19]. 
And, 4 other studies were excluded. The main reasons for 
exclusion were study design (case series) [20], study objec-
tive (comparison of PEEP patterns [21] or selection of 
baseline PEEP [22, 23]) or no comparison group [20–23]. 
Electronic supplementary material 2, S.2 includes detailed 
information on the reasons for exclusion for each of these 
studies.

Our analysis detected two studies registered on Clinical-
Trials.Gov (NCT05307913 and NCT05822869) that met 
the inclusion criteria for our PICO question and which were 

Table 1  Inclusion and exclusion criteria
Criteria Inclusion Exclusion
Participants Adult patients with ARDS Neonates, pediatrics, 

pregnant women, 
non-ARDS patients

Interventions EIT-guided PEEP titration Other PEEP titration 
strategies without 
EIT

Comparators Any other PEEP titration 
strategies

N/A

Outcomes Mortality, ICU LOS, ven-
tilator-free days, SOFA 
score, driving pressure 
(∆P), mechanical power 
(MP), adverse events

Reviews, case 
reports, conference 
abstracts, studies 
without a control 
group

Study Design Randomized controlled 
trials (RCTs), obser-
vational studies with a 
control group

Case-control stud-
ies, cohort studies 
without a control 
group

Language English, Spanish Other languages
N/A: Not applicable
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specifically selected. Characteristics and primary objectives 
of the four included studies are shown in Table 2.

Regarding quality assessment, two clinical trials were 
assessed as presenting an unclear risk of bias [12, 13], and 
another had a high risk of bias [14]. The main concerns in 
these studies were the risk of bias in the selection of the 
reported outcome (Fig. 2). In the case of the non-random-
ized study, a high risk of bias was identified, considering 
issues related to confounding factors and the selection of 
study participants [5].

7  Mortality

Three of the studies assessed all-cause mortality. The defini-
tion of the outcome variable was similar in all studies. While 
all studies showed higher mortality in the control group 
versus EIT group, only the RCT by Hsu et al. (RR = 0.56, 
95% CI: 0.33–0.94) demonstrated a statistically significant 

ongoing (no results available) at the time of this analysis 
[24].

6.2  Description of the included studies and quality 
assessment

The included studies had different designs: 3 of the stud-
ies were RCTs (one of them with a crossover design) [16, 
17, 19] and one study had an observational design [18]. All 
publications were in English. The total sample size of the 
included studies was 271 patients, with 133 involved in the 
EIT group compared to 138 in the control group. All studies 
used the same EIT device: Pulmovista 500 from Draeger 
Medical. All studies included patients with ARDS; in three 
of the studies, the diagnosis of ARDS was made according 
to the Berlin definition [25], and in the fourth study, it was 
made according to more specific clinical criteria [19]. In one 
of the studies, patients with moderate-severe ARDS were 

Fig. 1  Study identification. 
PRISMA flow diagram
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Table 2  Characteristics and primary objective of the studies included in the meta-analysis
References Year of 

publication
Design Number of patients 

(intervention/control)
Period of 
realisation

Location Con-
trol

Study 
objective

Funding

Zhao et al. 
[18]

2019 NRS 24/31 2016 
(control 
group) 
2017 
(TIE)

Taiwan PV 
curves

To 
examine 
the dif-
ferences 
of EIT 
versus 
the 
routine 
proce-
dure 
based on 
PV mea-
surement 
obtained 
from the 
ventilator 
for PEEP 
setting.

Far Eastern Memorial Hospi-
tal (FEMH-2016-C-012 and 
FEMH-2017-C-055)

He et al. [16] 2021 RCT 61/56 Nov 2018 
to Sep 
2020

China PEEP/
FiO2 
table

To deter-
mine 
whether 
individu-
alised 
early 
titration 
of PEEP 
with EIT 
improved 
out-
comes in 
patients 
with 
ARDS.

CAMS Innovation Fund for Medi-
cal Sciences (No.
CAMS Innovation Fund for Medi-
cal Sciences (No. 2020-I2M-C&T-
B-042), Capital’s
Funds for Health Improvement 
and Research (No. 2020-2-40111), 
Excellence
Program of Key Clinical Specialty 
of Beijing in 2020, and Beijing 
Municipal
Science and Technology 
Commission (Grant No. 
Z201100005520051).
National Natural Science Founda-
tion of China (52077216).

Hsu et al. 
[17]

2021 RCT 42/45 April 
2017 to 
Feb 2019

Taiwan Point 
of 
maxi-
mal 
hys-
teresis 
in PV 
loop

To 
compare 
PEEP 
titration 
with 
EIT and 
ventila-
tor-inte-
grated 
PV in 
moderate 
to severe 
ARDS

Far Eastern Memorial Hospital 
(Grant Nos. FEMH-2018-C-077 
and
FEMH-2019-C-071), National Nat-
ural Science Foundation of China 
(Grant No. NSFC 51837011), 
Everest
Program ofAFMU(Grant No. 
2019ZFB002),BMBFMOVE(Grant 
No. FKZ 13FH628IX6) and 
H2020MCSA
Rise (Grant No. 872488—DCPM).

Jiménez et al. 
[19]

2023 RCT 6/6 March 
2019 to 
Jun 2022

United 
States

High 
PEEP/
FiO2 
table

To 
explore 
the 
effects 
of EIT-
guided 
PEEP 
titra-
tion on 
mechani-
cal 
power in 
patients 
with 
ARDS.

CHEST foundation.
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7.2  Lenght of stay (LOS) in the ICU

Hsu et al. [17] and He et al. [16] evaluated the LOS in the 
ICU. None of the studies found statistically significant dif-
ferences between the groups. In the study of Hsu et al. [17], 
a similar duration was observed in both groups: 19.9 ± 9.6 
days in the control group versus 20.2 ± 9.1 days in the EIT 
group. In the study by He et al. [16], statistically significant 
differences between the groups could also not be demon-
strated: 13.0 (7.0–25.0) in the EIT group versus 10.0 (7.0-
14.8) in the control group.

7.3  Weaning success rate

Three included studies assessed weaning success rate [16–18]. 
No significant differences were observed between the two 

difference that was clinically relevant. The pooled results 
for this variable are shown in Fig. 3. The overall random 
effects pooled bias was RR = 0.64, 95% CI: 0.45–0.91. Inter-
study heterogeneity was low (I2 = 0%).

7.1  Days on mechanical ventilation

Hsu et al. [17] assessed the number of days on MV and 
found no statistically significant difference between the 
two groups (20.6 ± 11.7 days in the control group versus 
25.3 ± 14.4 days in the EIT group). He et al. [16]assessed 
ventilator-free days during the first 28 days of study partici-
pation and found no statistically significant difference in this 
outcome variable between the two groups: 14.0 (0–23.0) 
days in the EIT group versus 18.5 (0–24.0) days in the con-
trol group.

Fig. 3  Comparison of mortality between EIT-guided and conventional PEEP titration. CI: Confidence Interval, df degrees of freedom, I2 heteroge-
neity statistic, M-H Mantel–Haenszel random effects model, RCTs: Randomized clinical trials

 

Fig. 2  Risk of bias assessment for 
included randomized controlled 
trials (RCTs) using the Rob-II 
tool
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FiO2 table. This study demonstrated a significant reduc-
tion in MP in the EIT group compared to the control group 
(− 2.50 ± 3.70 vs. 1.87 ± 1.61).

7.7  SOFA (sequential organ failure assessment) 
score

SOFA score was measured only in the study by He et al. 
[16]. Differences in SOFA were measured after day 1 (dif-
ference in SOFA at day 1 minus SOFA measured at random-
ization) and after day 2 from randomization. Statistically 
significant differences were detected in the evolution of the 
SOFA index between baseline and day 3 in the EIT group 
versus control group.

7.8  Safety

None of the selected studies has specifically assessed the 
safety of the intervention. There are no reports of discontin-
uation of the intervention due to AE in any of the included 
studies.

8  Discussion

Our meta-analysis indicates that ARDS patients with opti-
mized PEEP by EIT have a significantly lower mortality risk 
than those titrated with the conventional strategy. However, 
EIT was not associated with other clinical benefits. In this 

groups in any of the individual studies. A meta-analysis of the 
available data revealed no statistically significant difference in 
weaning success rate between the EIT-guided PEEP titration 
and control groups: RR = 1.19, 95% CI: —0.85–1.67]. Inter-
study heterogeneity was moderate (I2 = 51%) (Fig. 4).

7.4  Occurrence of barotrauma/pneumothorax

The incidence of barotrauma was evaluated by two differ-
ent studies [16, 18]. Only in one of them, two barotraumas 
were detected in the control group (2 in 31 patients, 6.5%) 
during the study [18]. No other group or study detected such 
events. Jimenez et al. [19] detected one pneumomediasti-
num, but it did not require any additional intervention.

7.5  Driving pressure (∆P)

All included studies assessed changes in driving pressure 
(∆P). While Zhao et al. [18] reported a significant reduc-
tion in ∆P in the EIT-guided PEEP group compared to the 
control group (15.1 ± 3.1 cmH2O vs. 19.1 ± 3.7 cmH2O), the 
remaining studies did not find statistically significant differ-
ences. Thus, the effect of EIT-guided PEEP on ∆P was not 
significantly different from comparators and heterogeneity 
(I2 = 82%) was detected in the pooled analysis (Fig. 5).

7.6  Mechanical power (MP)

Only Jimenez et al. [19] measured the change in MP of 
an EIT-based strategy versus a strategy based on PEEP/

Fig. 4  Comparison of successful weaning between EIT-guided and conventional PEEP titration. CI: Confidence Interval, df degrees of freedom, I2 
heterogeneity statistic, M-H Mantel–Haenszel random effects model, RCTs: Randomized clinical trials
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Notably, while He et al. excluded patients with COVID-
19 and morbid obesity (Body Mass Index (BMI) > 40 kg/
m2), these groups represent a significant proportion of 
ARDS patients with the highest risk of complications 
[37, 39]. Addressing this gap highlights the need for 
further research to evaluate PEEP titration strategies in 
these high-risk populations.

Previous studies arised the importance of mortality as a 
primary outcome to assess individualized PEEP titration in 
ARDS patients with MV [40, 41]. Our results showed a sig-
nificant improvement in the EIT guided group versus con-
ventional strategies, without heterogeneity. We have also 
evaluated ∆P and MP, outcomes that have been associated 
with mortality in ARDS patients [42].

The studies included in the meta-analysis did not report 
any relevant information on aspects related to the cost of 
EIT implementation. A previous review by the National 
Institute for Health and Care Excellence (NICE) briefly 
assessed the economics of this technology in 2019 [38]. 
Complete post-pandemic economic evaluation studies are 
needed to approximate better the economics associated with 
implementing this technology.

8.1  Strengths and limitations

Our study presents some strengths. The research question 
targets a specific population, as well as intervention, com-
parators, and outcome variables. The aim was to evaluate 
the efficacy of the EIT guidance strategy versus conven-
tional alternatives for titrating PEEP in critically ill patients 
with ARDS. We excluded any studies that were not focused 
on answering this research question. This analysis assessed 

regard, significant heterogeneity was detected for ∆P and 
weaning success rate.

PEEP titration in ARDS patients with mechanical ven-
tilation is a challenging task. Previous evidence has shown 
that individualized PEEP titration can improve overdis-
tension and lung collapse resulting from prolonged use 
of mechanical ventilation, and ultimately reduce the inci-
dence of VILI [20]. The pandemic has increased the num-
ber of studies conducted specifically in the COVID-19 
population [20–22]. EIT has been proposed as a valuable 
technology for monitoring and guiding appropriate PEEP 
titration in critically ill patients with ARDS. Two previ-
ous meta-analyses analyzed the use of EIT-guided PEEP 
setting in ARDS patients and reported similar results [26, 
27]. However, the present study presents substantial dif-
ferences. Our analysis was more focused in terms of the 
design and purpose of the included studies. We excluded 
(1) studies due to differences in the study population 
[28, 29], (2) studies that assessed different outcomes not 
included in our PICO questions [21–23, 30–36], and (3) 
studies with inappropriate design, including those with-
out a comparator group [20, 21, 23, 33, 37] (see elec-
tronic supplementary material 3, S.3). This strict design 
leads to an increase in the homogeneity of the observed 
results. This review provides additional insights not cov-
ered by Songsangvorn et al., including an economic per-
spective [38] and information on ongoing trials that may 
shape future research in this area. By addressing a more 
specific research question and providing additional data, 
this review complements existing literature and offers 
refined insights to guide clinical and research practices.

Fig. 5  Comparison of ∆P between EIT-guided and conventional PEEP titration. CI: Confidence Interval, df degrees of freedom, I2 heterogeneity 
statistic, M-H Mantel–Haenszel random effects model, RCTs: Randomized clinical trials

 

1 3



Journal of Clinical Monitoring and Computing

O-S and OR critically reviewed and edited the manuscript. All authors 
read and approved the final manuscript.

Funding  Open Access funding provided thanks to the CRUE-CSIC-
Instituto de Salud Carlos III agreement with Springer Nature.

Data availability  No datasets were generated or analysed during the 
current study.

Declaration

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​:​​​/​​/​c​r​e​a​t​i​​v​e​c​​o​m​m​o​​n​​s​.​​o​
r​​​g​/​l​i​c​e​n​s​​e​s​/​​b​​y​/​4​.​0​/.

References

1.	 Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et 
al. Epidemiology, patterns of care, and mortality for patients with 
acute respiratory distress syndrome in intensive care units in 50 
countries. JAMA. 2016;315(8):788–800.

2.	 Herridge MS, Cheung AM, Tansey CM, Matte-Martyn A, Diaz-
Granados N, Al-Saidi F, et al. One-year outcomes in survi-
vors of the acute respiratory distress syndrome. N Engl J Med. 
2003;348(8):683–93.

3.	 Slutsky AS, Ranieri VM. Ventilator-induced lung injury. N Engl J 
Med. 2013;369(22):2126–36.

4.	 Gattinoni L, Marini JJ. In search of the Holy Grail: identify-
ing the best PEEP in ventilated patients. Intensive Care Med. 
2022;48(6):728–31.

5.	 Network ARDS. Ventilation with lower tidal volumes as com-
pared with traditional tidal volumes for acute lung injury 
and the acute respiratory distress syndrome. N Engl J Med. 
2000;342(18):1301–8.

6.	 Gattinoni L, Pelosi P, Crotti S, Valenza F. Effects of positive end-
expiratory pressure on regional distribution of tidal volume and 
recruitment in adult respiratory distress syndrome. Am J Respir 
Crit Care Med. 1995;151(6):1807–14.

7.	 Cressoni M, Cadringher P, Chiurazzi C, Amini M, Gallazzi E, 
Marino A, et al. Lung inhomogeneity in patients with acute 
respiratory distress syndrome. Am J Respir Crit Care Med. 
2014;189(2):149–58.

8.	 Battaglini D, Roca O, Ferrer R. Positive end-expiratory pressure 
optimization in ARDS: physiological evidence, bedside methods 
and clinical applications. Intensive Care Med. 2024;50(5):762–5.

9.	 Brown BH. Electrical impedance tomography (EIT): a review. J 
Med Eng Technol. 2003;27(3):97–108.

10.	 Muders T, Luepschen H, Putensen C. Impedance tomogra-
phy as a new monitoring technique. Curr Opin Crit Care. 
2010;16(3):269–75.

mortality and weaning success as primary outcomes. Vari-
ables related to the performance of MV on lung mechanics, 
such as ∆P, were also evaluated. Detailed information on 
potential biases and the quality of the studies involved in the 
meta-analysis has also been included, and well-known and 
widely used tools have been used for the quality assessment.

However, it is not exempt from limitations. First, some 
degree of heterogeneity was reported in the pooled results 
of the weaning success and ∆P. This could be partially 
explained by differences in the baseline characteristics 
of the patients included in the selected studies. Differ-
ences in the conventional strategies used in the control 
groups and in the EIT-guided PEEP titration techniques 
may also have contributed to the inter-study variability. It 
is important to note that the I² statistic, while commonly 
used to assess heterogeneity, can be biased in small meta-
analyses, potentially underestimating or overestimating 
true heterogeneity. This limitation should be considered 
when interpreting our findings [43]. Despite this, the I² 
statistic remains a widely accepted tool for assessing het-
erogeneity, and its use here aligns with standard practices 
in systematic reviews and meta-analyses. Secondly, the 
analysis was constrained by the small sample size, which 
limits the generability of the observed results. Only three 
single-center RCTs and one observational study were 
included, ranging from 12 to 117 patients, which may 
affect the precision and stability of the results. Finally, 
we found heterogeneity regarding the lack of standard-
ization of PEEP assessment based on EIT among studies.

9  Conclusion

Our results suggest that ARDS patients may benefit from 
EIT-guided PEEP titration. The real-time bedside assess-
ment of regional ventilation provided by EIT may result 
in improved PEEP individualization, thereby limiting the 
occurrence of VILI and enhancing survival. However, 
standardization of EIT-guided PEEP selection tested in 
large RCTs is still needed. These trials should not only 
consider mortality, days free of MV, or length of stay but 
also economic and organizational issues that may be rel-
evant to the implementation of the technology.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​8​7​7​-​0​
2​5​-​0​1​2​6​6​-​2.

Acknowledgements  We would like to thank Esther Elena García-Car-
pintero for her expert guidance in revising our search strategies.

Author contributions  All authors designed the study. The literature 
search, screened and reviewed for eligibility was performed by CS-P 
and BR-O-S independently. The manuscript was drafted by CS-P. BR-

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10877-025-01266-2
https://doi.org/10.1007/s10877-025-01266-2


Journal of Clinical Monitoring and Computing

review and meta-analysis. Med Intensiva (English Edition). 
2023;47(7):383–90.

27.	 Songsangvorn N, Xu Y, Lu C, Rotstein O, Brochard L, Slutsky 
AS, et al. Electrical impedance tomography-guided positive end-
expiratory pressure titration in ARDS: a systematic review and 
meta-analysis. Intensive Care Med. 2024;50(5):617–31.

28.	 Weber J, Gutjahr J, Schmidt J, Lozano-Zahonero S, Borgmann S, 
Schumann S, et al. Effect of individualized PEEP titration guided 
by intratidal compliance profile analysis on regional ventilation 
assessed by electrical impedance tomography–a randomized con-
trolled trial. BMC Anesthesiol. 2020;20:1–10.

29.	 Karsten J, Voigt N, Gillmann H-J, Stueber T. Determination of 
optimal positive end-expiratory pressure based on respiratory 
compliance and electrical impedance tomography: a pilot clini-
cal comparative trial. Biomedical Engineering/Biomedizinische 
Technik. 2019;64(2):135–45.

30.	 Fumagalli J, Santiago RR, Teggia Droghi M, Zhang C, Fintel-
mann FJ, Troschel FM, et al. Lung recruitment in obese patients 
with acute respiratory distress syndrome. Anesthesiology. 
2019;130(5):791–803.

31.	 Heines SJ, Strauch U, van de Poll MC, Roekaerts PM, Bergmans 
DC. Clinical implementation of electric impedance tomography 
in the treatment of ARDS: a single centre experience. J Clin 
Monit Comput. 2019;33:291–300.

32.	 Di Pierro M, Giani M, Bronco A, Lembo FM, Rona R, Bel-
lani G, et al. Bedside selection of positive end expiratory pres-
sure by electrical impedance tomography in patients undergoing 
veno-venous extracorporeal membrane oxygenation support: a 
comparison between COVID-19 ARDS and ARDS from other 
etiologies. J Clin Med. 2022;11(6):1639.

33.	 Liu X, Liu X, Meng J, Liu D, Huang Y, Sang L, et al. Electrical 
impedance tomography for titration of positive end-expiratory 
pressure in acute respiratory distress syndrome patients with 
chronic obstructive pulmonary disease. Crit Care. 2022;26(1):339.

34.	 Eronia N, Mauri T, Maffezzini E, Gatti S, Bronco A, Alban L, et 
al. Bedside selection of positive end-expiratory pressure by elec-
trical impedance tomography in hypoxemic patients: a feasibility 
study. Ann Intensiv Care. 2017;7:1–10.

35.	 Scaramuzzo G, Spadaro S, Dalla Corte F, Waldmann AD, Böhm 
SH, Ragazzi R, et al. Personalized positive end-expiratory pres-
sure in acute respiratory distress syndrome: comparison between 
optimal distribution of regional ventilation and positive transpul-
monary pressure. Crit Care Med. 2020;48(8):1148–56.

36.	 Becher T, Buchholz V, Hassel D, Meinel T, Schädler D, Frerichs 
I, et al. Individualization of PEEP and tidal volume in ARDS 
patients with electrical impedance tomography: a pilot feasibility 
study. Ann Intensiv Care. 2021;11(1):89.

37.	 Dana R, Bannay A, Bourst P, Ziegler C, Losser M-R, Gibot S, et 
al. Obesity and mortality in critically ill COVID-19 patients with 
respiratory failure. Int J Obes. 2021;45(9):2028–37.

38.	 The technology.| PulmoVista 500 for monitoring ventilation in 
critical care| advice| NICE. National Institute for Health and Care 
Excellence (NICE).

39.	 Diehl J-L, Vimpere D, Guérot E. Obesity and ARDS: opportu-
nity for highly personalized mechanical ventilation? Respiratory 
Care; 2019. pp. 1173–4.

40.	 Yuan X, Zhang R, Wang Y, Chen D, Chao Y, Xu J, et al. Effect of 
EIT-guided PEEP titration on prognosis of patients with moder-
ate to severe ARDS: study protocol for a multicenter randomized 
controlled trial. Trials. 2023;24(1):266.

41.	 Phoenix SI, Paravastu S, Columb M, Vincent J-L, Nirmalan 
M. Does a higher positive end expiratory pressure decrease 
mortality in acute respiratory distress syndrome? A system-
atic review and meta-analysis. J Am Soc Anesthesiologists. 
2009;110(5):1098–105.

11.	 Stahn A, Terblanche E, Gunga H-C. Use of bioelectrical imped-
ance: general principles and overview. Handbook of anthropom-
etry: physical measures of human form in health and disease. 
Springer; 2012. pp. 49–90.

12.	 Bodenstein M, David M, Markstaller K. Principles of electrical 
impedance tomography and its clinical application. Crit Care 
Med. 2009;37(2):713–24.

13.	 Puñal Riobóo J, Baños Álvarez E, Varela Lema L, Castillo 
Muñoz MA, Atienza Merino G, Ubago Pérez R et al. Guía para 
la elaboración y adaptación de informes rápidos de evaluación de 
tecnologías sanitarias. Santiago de Compostela: Unidad de Ase-
soramiento Científico-técnico (avalia-t), Axencia Galega para a 
Xestión do Coñecemento en Saúde; 2016. Report No.: avalia-t 
2015/10.

14.	 Sterne JA, Hernán MA, Reeves BC, Savović J, Berkman ND, 
Viswanathan M et al. ROBINS-I: a tool for assessing risk of bias 
in non-randomised studies of interventions. BMJ. 2016;355.

15.	 Sterne JA, Savović J, Page MJ, Elbers RG, Blencowe NS, 
Boutron I et al. RoB 2: a revised tool for assessing risk of bias in 
randomised trials. BMJ. 2019;366.

16.	 He H, Chi Y, Yang Y, Yuan S, Long Y, Zhao P, et al. Early indi-
vidualized positive end-expiratory pressure guided by electrical 
impedance tomography in acute respiratory distress syndrome: a 
randomized controlled clinical trial. Crit Care. 2021;25:1–11.

17.	 Hsu H-J, Chang H-T, Zhao Z, Wang P-H, Zhang J-H, Chen 
Y-S, et al. Positive end-expiratory pressure titration with elec-
trical impedance tomography and pressure–volume curve: a 
randomized trial in moderate to severe ARDS. Physiol Meas. 
2021;42(1):014002.

18.	 Zhao Z, Chang M-Y, Chang M-Y, Gow C-H, Zhang J-H, Hsu 
Y-L, et al. Positive end-expiratory pressure titration with elec-
trical impedance tomography and pressure–volume curve in 
severe acute respiratory distress syndrome. Ann Intensiv Care. 
2019;9:1–9.

19.	 Jimenez JV, Munroe E, Weirauch AJ, Fiorino K, Culter CA, Nel-
son K, et al. Electric impedance tomography-guided PEEP titra-
tion reduces mechanical power in ARDS: a randomized crossover 
pilot trial. Crit Care. 2023;27(1):21.

20.	 Gibot S, Conrad M, Courte G, Cravoisy A. Positive end-expi-
ratory pressure setting in COVID-19-related acute respiratory 
distress syndrome: comparison between electrical impedance 
tomography, PEEP/FiO2 tables, and transpulmonary pressure. 
Front Med. 2021;8:720920.

21.	 Caetano DS, Morais CC, Leite WS, Rômulo de Aquino CL, 
Medeiros KJ, Cornejo RA, et al. Electrical impedance tomo-
graphic mapping of hypoventilated lung areas in intubated 
patients with COVID-19. Respir Care. 2023;68(6):773–6.

22.	 Jonkman AH, Alcala GC, Pavlovsky B, Roca O, Spadaro S, Scar-
amuzzo G, et al. Lung recruitment assessed by electrical imped-
ance tomography (RECRUIT): a multicenter study of COVID-19 
acute respiratory distress syndrome. Am J Respir Crit Care Med. 
2023;208(1):25–38.

23.	 Somhorst P, Van Der Zee P, Endeman H, Gommers D. PEEP-
FiO2 table versus EIT to titrate PEEP in mechanically ven-
tilated patients with COVID-19-related ARDS. Crit Care. 
2022;26(1):272.

24.	 Wong H, Chi Y, Zhang R, Yin C, Jia J, Wang B, et al. Multicen-
tre, parallel, open-label, two-arm, randomised controlled trial on 
the prognosis of electrical impedance tomography-guided versus 
low PEEP/FiO2 table-guided PEEP setting: a trial protocol. BMJ 
open. 2024;14(2):e080828.

25.	 Ranieri VM, Rubenfeld GD, Taylor Thompson B, Ferguson ND, 
Caldwell E, Fan E et al. Acute respiratory distress syndrome: the 
Berlin definition. JAMA: J Am Med Association. 2012;307(23).

26.	 Yu M, Deng Y, Cha J, Jiang L, Wang M, Qiao S, et al. PEEP 
titration by EIT strategies for patients with ARDS: a systematic 

1 3



Journal of Clinical Monitoring and Computing

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

42.	 Tonna JE, Peltan I, Brown SM, Herrick JS, Keenan HT, Fran-
cesco UUMPSGGCKPAPV. Mechanical power and driving 
pressure as predictors of mortality among patients with ARDS. 
Intensive Care Med. 2020;46(10):1941–3.

43.	 von Hippel PT. The heterogeneity statistic I 2 can be biased in 
small meta-analyses. BMC Med Res Methodol. 2015;15:1–8.

1 3


	﻿Electrical impedance tomography for PEEP titration in ARDS patients: a systematic review and meta-analysis
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Methods
	﻿2.1﻿ ﻿Data sources and search strategy

	﻿3﻿ ﻿Study selection
	﻿4﻿ ﻿Data extraction and assessment of bias
	﻿5﻿ ﻿Synthesis of results
	﻿6﻿ ﻿Results
	﻿6.1﻿ ﻿Study identification
	﻿6.2﻿ ﻿Description of the included studies and quality assessment

	﻿7﻿ ﻿Mortality
	﻿7.1﻿ ﻿Days on mechanical ventilation
	﻿7.2﻿ ﻿Lenght of stay (LOS) in the ICU
	﻿7.3﻿ ﻿Weaning success rate
	﻿7.4﻿ ﻿Occurrence of barotrauma/pneumothorax
	﻿7.5﻿ ﻿Driving pressure (∆P)
	﻿7.6﻿ ﻿Mechanical power (MP)
	﻿7.7﻿ ﻿SOFA (sequential organ failure assessment) score
	﻿7.8﻿ ﻿Safety

	﻿8﻿ ﻿Discussion
	﻿8.1﻿ ﻿Strengths and limitations

	﻿9﻿ ﻿Conclusion
	﻿References


