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Abstract 

Background  Acute respiratory syndrome distress (ARDS) is a clinical common syndrome with high mortality. Electri-
cal impedance tomography (EIT)-guided positive end-expiratory pressure (PEEP) titration can achieve the compro-
mise between lung overdistension and collapse which may minimize ventilator-induced lung injury in these patients. 
However, the effect of EIT-guided PEEP titration on the clinical outcomes remains unknown. The objective of this trial 
is to investigate the effects of EIT-guided PEEP titration on the clinical outcomes for moderate or severe ARDS, com-
pared to the low fraction of inspired oxygen (FiO2)-PEEP table.

Methods  This is a prospective, multicenter, single-blind, parallel-group, adaptive designed, randomized controlled 
trial (RCT) with intention-to-treat analysis. Adult patients with moderate to severe ARDS less than 72 h after diagnosis 
will be included in this study. Participants in the intervention group will receive PEEP titrated by EIT with a stepwise 
decrease PEEP trial, whereas participants in the control group will select PEEP based on the low FiO2-PEEP table. Other 
ventilator parameters will be set according to the ARDSNet strategy. Participants will be followed up until 28 days after 
enrollment. Three hundred seventy-six participants will be recruited based on a 15% decrease of 28-day mortality in 
the intervention group, with an interim analysis for sample size re-estimation and futility assessment being under-
taken once 188 participants have been recruited. The primary outcome is 28-day mortality. The secondary outcomes 
include ventilator-free days and shock-free days at day 28, length of ICU and hospital stay, the rate of successful wean-
ing, proportion requiring rescue therapies, compilations, respiratory variables, and Sequential Organ Failure Assess-
ment (SOFA).

Discussion  As a heterogeneous syndrome, ARDS has different responses to treatment and further results in different 
clinical outcomes. PEEP selection will depend on the properties of patients and can be individually achieved by EIT. 
This study will be the largest randomized trial to investigate thoroughly the effect of individual PEEP titrated by EIT in 
moderate to severe ARDS patients to date.
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Introduction
Background and rationale {6a}
Acute respiratory distress syndrome (ARDS) is char-
acterized by an acute inflammatory lung injury, asso-
ciated with alveolar-capillary permeability, increased 

lung weight, and loss of aerated lung tissue [1]. This 
life-threatening condition clinically manifests as a rapid 
onset of severe hypoxemia secondary to many pulmo-
nary or non-pulmonary insults and bilateral pulmonary 
infiltrates on chest imaging, which is associated with 
non-hydrostatic pulmonary edema [2, 3]. Despite consid-
erable advances in clinical recognition and management 
of ARDS, it remains a leading cause of death in critically 
ill patients with a high mortality of approximately 40% 
[4]. Although mechanical ventilation (MV) is the cor-
nerstone of the management of ARDS, it may aggravate 
ventilator-induced lung injury (VILI) [5].

ARDS, known as “baby lung,” presents a high degree 
of inhomogeneity and not inflated regions, mainly in the 
gravitationally dependent lung regions. Aerated, poorly 
aerated, and consolidated/collapsed regions indeed coex-
ist in the ARDS lung parenchyma and the proportion of 
the recruitable regions is always less than 50% [6, 7]. The 
application of positive end-expiratory pressure (PEEP) to 
reduce the collapsed regions and further improve oxy-
genation has been largely accepted in clinical practice [8, 
9]. Worth noting, the potential adverse effects of PEEP 
in mechanically ventilatory patients are not neglected, 
including circulatory depression and VILI [10]. The 
occurrence of VILI conceptually is associated with high 
local lung stress and parenchymal shear injury which may 
be caused by repetitive opening and closing of alveoli and 
distal small airways (“atelectrauma”) at low volume [5]. 
Experimental studies showed that atelectrauma is promi-
nent in mechanically ventilatory patients with ARDS [11, 
12]. Therefore, “open the lung and keep it open” was pro-
posed based on the application of higher PEEP to prevent 
the intra-tidal collapse and decollapse [10, 13].

Although the selection of PEEP to minimize VILI has 
been investigated by numerous studies, substantial con-
troversies still exist over the best strategy to set optimal 
PEEP for ARDS patients. Many different methods have 
been conducted in clinical trials to identify their effects 
on clinical outcomes. Setting PEEP based on the change 
in oxygenation is the most common approach and has 
been taken for the current standard of care in combi-
nation with low tidal volume (Vt) and plateau pressure 
(Pplat) ≤ 30  cm H2O. Brower et  al. compared the effect 
of higher and lower PEEP in ARDS patients [14]. The 
setting of PEEP is based on the high or low FiO2-PEEP 
table in the study. The result showed that higher PEEP 
did not improve clinical outcomes. They supposed that 
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it was possible that the beneficial effects of higher PEEP 
on reducing VILI from ventilation with nonaerated lung 
regions were offset by its adverse effects. In theory, ate-
lectrauma may be mitigated by recruitment maneuvers 
(RM) to open collapsed lung tissue and high-level PEEP 
to prevent further collapse. The “lung open ventilation” 
(LOV) strategy was conducted to identify these effects 
[15]. In this study, the PEEP level was adjusted in terms 
of the oxygenation target after RM in the LOV strategy 
group, and followed by the ARDS network protocol in 
the control group. The trial demonstrated that there was 
no difference on mortality between the two groups. It is 
widely accepted that “optimal” PEEP may be the PEEP 
that best compromises between the overdistension of the 
aerated regions and the collapse of the recruited regions. 
“ExPress” study raised a ventilatory strategy using higher 
PEEP to increase recruitment while avoiding overdisten-
sion, and the results suggested that this method using 
lung mechanics was not effective in improving mortality 
[16]. “ART” study further demonstrated RM combined 
with PEEP titrated by the best respiratory-system com-
pliance even increased 28-day mortality [17]. Due to the 
differences of thoracic compliance and intra-abdominal 
pressure among individuals, a given PEEP may contribute 
to different degrees of lung recruitment and distension in 
different patients. EPVent-2 trial compared esophageal 
pressure (PES)-guided PEEP titration and high ARDSNet 
FiO2-PEEP table, and the results showed no significant 
difference in death and ventilator-free days (VFDs) was 
found [18].

Speculation on failing to show the benefits of higher 
PEEP is that none of these trials has been effective in 
assessing lung recruitability [19]. According to the mor-
phological characteristics of lung lesions, ARDS can be 
classified into focal and non-focal as assessed by chest 
CT [20, 21]. Patients with focal ARDS have a lower 
amount of potentially recruitable lung and higher lung 
compliance. The application of higher PEEP may be 
more harmful than beneficial because it increases the 
inflation of aerated lung regions which in turn increases 
the stress and strain on these regions in these patients. 
Although CT-derived PEEP is physiologically consider-
able, the proof that is useful in guiding the management 
is lacking. “LIVE” study identified the effects of per-
sonalized MV tailored to lung morphology which was 
assessed by CT or chest x-ray, and the results demon-
strated personalization of MV did not reduce mortality, 
a ventilator strategy misaligned with lung morphology, 
however, significantly increased the mortality in ARDS 
patients [20]. As its limitation, CT cannot be used at 
the bedside in clinical practice. So, it is not feasible for 
routine treatment in ARDS patients.

Electrical impedance tomography (EIT) is an imaging 
tool that allows individual, non-radiation, non-inva-
sive, and real-time monitoring the regional ventila-
tion distribution at the bedside [22]. EIT can identify 
the personalized PEEP by titrating PEEP to balance 
alveolar overdistension and recruitment [22, 23]. He 
et al. recently compared PEEP guided by EIT with low 
FiO2-PEEP table in ARDS patients [24]. They found that 
PEEP titrated by EIT had a better but insignificant sur-
vival. Potential explanation for this result may include 
the inclusion of mild and rapidly improving ARDS, 
short period of intervention, and effect of prone posi-
tioning. Considering these implications, further larger, 
multi-center randomized controlled trials are needed 
to identify the effects of PEEP titrated by EIT on the 
clinical outcomes.

Objectives {7}
The primary objective of this trial is to determine 
whether EIT-guided PEEP titration can reduce 28-day 
mortality in moderate-to-severe ARDS patients ven-
tilated with lung protective ventilation strategy 
compared to PEEP setting by low FiO2-PEEP table. 
Secondarily, we will further examine the effect of EIT-
guided PEEP titration on the duration of MV, length of 
ICU and hospital stay, successful weaning, duration of 
shock-free day, compilations, and safety.

Trial design {8}
This is a prospective, multicenter, single-blind, parallel-
group, adaptive randomized controlled trial (RCT) with 
intention-to-treat analysis. The adaptive trial design 
with the interim analysis allows sample size re-estima-
tion to assess the EIT-guided PEEP titration’s ability to 
improve clinical outcome when approximately 50% of 
the prespecified sample are enrolled. Only if the interim 
analyses were positive would the study continue until 
attaining the target size to evaluate 28-day mortality. 
The study will be conducted within a superiority frame-
work. Patients with moderate or severe ARDS will be 
randomly assigned to ventilated in the lung protective 
ventilation strategy with PEEP titrated by EIT (EIT-
PEEP strategy) or conventional approach (ARDSNet 
strategy) in 1:1 allocation ratio.

Methods: participants, interventions, 
and outcomes
Study setting {9}
The trial will be conducted in patients admitted to inten-
sive care medicine over a period of approximately 3 years 
from 6 academic hospitals (Zhongda Hospital, School 
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of Medicine, Southeast University; Zhongshan Hospi-
tal of Fudan University; The First Affiliated Hospital of 
Guangzhou Medical University; Beijing Tiantan Hospi-
tal, Capital Medical University; Renji Hospital, School of 
Medicine, Shanghai Jiao Tong University; Sichuan Pro-
vincial People’s Hospital, University of Electronic Sci-
ence and Technology of China) in China. Participants 
will be identified by the study team.

Eligibility criteria {10}
Patients who received invasive MV will be screened for 
eligibility. All eligible patients must fulfill the following 
inclusion criteria during screening and prior to enrol-
ment into the study.

Inclusion criteria

1.	 Age ≥ 18 years
2.	 Moderate-to-severe ARDS, defined by the ARDS 

Definition Task Force in the Berlin definition 
(partial pressure of arterial oxygen [PaO2]:FiO2 
ratio ≤ 200 mmHg with a PEEP ≥ 5 cmH2O) [25]

3.	 Diagnosis of ARDS less than 72 h

Exclusion criteria
All patients who meet any of the following criteria will 
be excluded at enrollment and randomization.

	 1.	 Expected to be mechanically ventilated for less 
than 48 h

	 2.	 Severe chronic respiratory diseases requiring long-
term home oxygen therapy or noninvasive MV

	 3.	 Undrained pneumothorax or subcutaneous 
emphysema

	 4.	 Undergoing extracorporeal membrane oxygenation 
(ECMO) before enrollment

	 5.	 Contraindication to the use of EIT (pacemaker, 
automatic implantable cardioverter defibrillator, 
and implantable pumps)

	 6.	 Severe neuromuscular disease
	 7.	 Hemodynamic instability (> 30% increase in vaso-

pressors within 6 h or norepinephrine > 0.5 µg/kg/
min) [26]

	 8.	 Contraindications to hypercapnia, such as intracra-
nial hypertension or acute coronary syndrome

	 9.	 Severe other organs dysfunction with a low 
expected survival (7 days) or palliative care

	10.	 Solid organ or hematologic tumors with the 
expected survival time of less than 30 days

	11.	 Participating in other clinical trials within 30 days
	12.	 Pregnancy
	13.	 Refusal to sign the informed consent

Who will take informed consent? {26a}
A member of the study team will take consent prior to 
the start of the study activity. For patients who are unable 
to sign or initial the consent form, the consent form will 
be allowed to be signed and dated by his/her trustee or 
guardian.

Additional consent provisions for collection and use 
of participant data and biological specimens {26b}
As a part of the consent form process, participants will 
be required to provide authorization for the extraction 
and use of their data. Participants will also be asked for 
permission for gathering de-identified information which 
may be used for ancillary studies. Biological samples 
obtained for further ancillary studies are not applicable 
in this study.

Interventions
Explanation for the choice of comparators {6b}
EIT is increasingly used as a non-invasive image to assess 
lung ventilation and perfusion, which has been identified 
as a tool for PEEP setting in patients with ARDS. From 
the physiological standpoint, PEEP-guided EIT titration 
can achieve the compromission of alveolar overdistention 
and collapse. This may reduce VILI in these patients and 
further improve clinical outcomes. PEEP setting by EIT 
will be compared with the low FiO2-PEEP table, which is 
currently standard clinical practice. The study diagram is 
presented in Fig. 1.

Intervention description {11a}
The procedures used for the EIT-PEEP strategy and 
ARDSNet strategy groups are summarized in Table 1.

Ventilation settings  During this period, all patients 
will be fully sedated (with propofol, midazolam, and/
or remifentanil), and even paralyzed (with a neuro-
muscular blocker) to prevent any spontaneous breath-
ing. In addition, invasive arterial blood pressure is 
needed. Participants in both arms will be ventilated 
with volume-controlled mode. The initial Vt will be 
set to 6 ml/kg predicted body weight (PBW), and then 
adjusted to maintain Pplat less than 30 cmH2O accord-
ing to ARDSNet protocol. The PBW is measured 
according to the formula:

The fraction of inspired oxygen (FiO2) will be 
adjusted for oxygen saturation (SpO2) of 88% to 95%, 

Men : PBW = 50+ 0.91 ∗ height[cm]− 152.4

Women : PBW = 45.5+ 0.91 ∗
(

height[cm]− 152.4
)
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and PaO2 of 55 to 80 mmHg. The respiratory rate (RR) 
will be adjusted to maintain a partial pressure of car-
bon dioxide (PaCO2) between 35 and 50 mmHg based 
on arterial blood gases. The procedures that will be 
used for the EIT-PEEP group and ARDSNet group is 
summarized in Table 1.

PEEP setting in the EIT‑PEEP group  A recruitment 
maneuver (RM) followed by the sustained inflation (SI) 
method with an airway pressure of 35–40 cmH2O for 30 s 
will be used to perform before the PEEP titration once or 
twice. Recruitment will be terminated if any of the fol-
lowing signs are observed: heart rate > 150 or < 60 breaths 

Fig. 1  Study flow diagram. MV, mechanical ventilation; ARDS, acute respiratory distress syndrome; PEEP, positive end-expiratory pressure; EIT, 
electrical impedance tomography

Table 1  Summary of mechanical ventilation characteristics in the EIT-PEEP and ARDSNet strategy

Procedure EIT-PEEP strategy ARDSNet strategy

Recruitment maneuver Yes Yes

Ventilation mode Volume-control Volume-control

Vt target 6–8 ml/kg of predicted body weight 6–8 ml/kg of predicted body weight

Plateau pressure  < 30 cm H2O  < 30 cm H2O

Respiratory rate Set to attain target PaCO2 of 35–50 mmHg Set to attain target PaCO2 of 35–50 mmHg

Oxygenation goal

PaO2 55–80 mmHg 55–80 mmHg

SpO2 88–95% 88–95%

PEEP and FiO2 adjustment Set guided by EIT Set using low FiO2− PEEP table

Criteria to initiate ventilator
Weaning on pressure support mode

(1) The underlying condition that required MV 
improvement; (2) PaO2/FiO2 ≥ 200 mm Hg, 
PEEP ≤ 5 cm H2O, FiO2 ≤ 50%, RR < 35 breath/min; (3) 
hemodynamic stability; (4) no or low sedation

(1) The underlying condition that required MV improve-
ment; (2) PaO2/FiO2 ≥ 200 mm Hg, PEEP ≤ 5 cm H2O, 
FiO2 ≤ 50%, RR < 35 breath/min; (3) hemodynamic 
stability; (4) no or low sedation
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per minute (bpm); decrease of mean arterial blood 
pressure < 65  mmHg or decrease of systolic blood pres-
sure < 90 mmHg; decrease of SpO2 < 88% for > 30 s; acute 
atrial fibrillation, atrial flutter, or ventricular tachycardia.

EIT-guided PEEP titration will be performed with a 
decremental trial at the enrollment. Right after complet-
ing RM, PEEP will be set to 20 cmH2O and then reduced 
in steps of 2 cmH2O from 20 to zero every 2  min. The 
EIT device provides the percentages of alveolar overdis-
tention and collapses at each PEEP level. The best com-
promised PEEP is defined as the PEEP level above the 
intersection of curves representing relative alveolar over-
distention and collapse (Fig.  2). Once the best compro-
mised PEEP is identified, the lung will be again recruited. 
PEEP will then be set to the best compromised PEEP and 
kept to the next PEEP titration. In addition, FiO2 will be 
reduced by 5% step if the PaO2 > 80 mmHg. PEEP will be 
titrated every 24  h between 8:00 and 10:00 AM. More-
over, PEEP titrated by EIT needs to be repeated within 
2  h after prone positioning. The process will exist for 
7  days unless the selected PEEP is less than 5  mmHg. 
Participants randomized to the EIT-PEEP group will be 
remained in the protocol for up to 7  days. Thereafter, 
they will receive MV according to the ARDSNet recom-
mendation guidelines.

PEEP setting in ARDSNet strategy  RM followed by SI 
method with an airway pressure of 35–40 cmH2O for 30 s 
will be used to perform before the PEEP setting once or 
twice. PEEP will be subsequently set according to the low 
FiO2-PEEP table (Table 2) to keep the oxygenation goals: 

SpO2 between 88 and 95%, and PaO2 between 55 and 
80 mmHg (Table 2). PEEP will be titrated once daily and 
maintained until the next PEEP titration (titrated every 
24 h, 8:00–10:00 AM) for 7 days. Patients randomized to 
the ARDSNet group will be remained in the protocol for 
up to 7 days. Thereafter, they will receive MV according 
to the ARDSNet recommendation guidelines.

Criteria for discontinuing or modifying allocated 
interventions {11b}
Participants have the right to discontinue the interven-
tion voluntarily at any time and the reason is not required 
to provide. When a participant withdraws from the trial 
due to an adverse event or treatment failure, the study 
staff should take the necessary measures to minimize the 
adverse effects in accordance with the patient’s condition. 
The follow-up will proceed normally, and relevant data 
should be properly preserved, not only for archiving, but 
also for statistics of full analysis set (FAS).

Participants will be withdrawn from the trial which is 
determined by the investigator when any of the follow-
ing criteria is met: (1) combined with other diseases that 
affected the judgment of efficacy and safety during the 
trial; (2) seriously violated eligibility criteria or met the 
inclusion criteria but not treated after randomization.

When a participant withdraws from the trial, the study 
staff should take measures to complete the last test as far 
as possible for the analysis of the efficacy and safety. The 
necessary measures to minimize adverse effects will be 
applied when patients withdraw consent to the study. For 
all withdrawal cases, the study conclusion sheet and the 

Fig. 2  Setting positive end-expiratory pressure (PEEP) based on electrical impedance tomography. PEEP, positive end-expiratory pressure

Table 2  Low FiO2-PEEP table

FiO2 30% 40% 40% 50% 50% 60% 70% 70% 70% 80% 90% 90% 90% 100%

PEEP 5 5 8 8 10 10 10 12 14 14 14 16 18 18–24
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reason and circumstances for the withdrawal should be 
filled in the research medical record.

Strategies to improve adherence to interventions {11c}
All study staff will receive protocol and device training 
before they can obtain the delegation and training logs to 
ensure protocol adherence. Once the patient is enrolled, 
the study protocol will be laminated and pace by the 
study team at the bedside, and the registered nurse will 
be informed. Meanwhile, a customized card containing 
the study protocol will be placed at the bedside of the 
participant.

Relevant concomitant care permitted or prohibited 
during the trial {11d}
Routine standard of care is allowed throughout the study, 
whereas the randomized intervention will be executed at 
least 16 h per day. All clinical practice will be consistent 
with the pragmatic study design. So, there are no restric-
tions on concomitant care.

Provisions for post‑trial care {30}
The participants will complete the study follow-ups to 
28 days, with serious adverse events being recorded dur-
ing this period. After participation in the trial, partici-
pants will continue the routine standard of care.

Outcomes {12}
Primary outcome

•	 28-day mortality (participant will be a follow-up to 
28 days)

Secondary outcomes

•	 Mechanical ventilation-free from day 1 to 28 (VFDs, 
defined as the number of days between successful 
weaning from MV and day 28 after study enrollment. 
For patients ventilated for 28  days or more and for 
patients who die, the VFDs are 0.)

•	 Shock-free days (no vasopressor requirement) from 
day 1 to 28

•	 Length of ICU stay
•	 Length of hospital stay
•	 The rate of successful weaning (defined as the 

absence of the requirement for ventilatory support, 
without reintubation, a cardiac arrest event, or mor-
tality within 48 h after extubating or withdrawal)

•	 Proportion requiring rescue therapies: (i) neuromus-
cular blocker, (ii) prone position, (iii) high-frequency 
oscillatory ventilation, and (iv) ECMO

•	 Compilations: pneumothorax, pneumomediastinum, 
hemodynamic adverse events, and time of tracheot-
omy (defined as days from baseline to tracheotomy)

•	 Respiratory variables: blood gas analysis, SpO2, and 
RR at enrollment (D0), 24  h after enrollment (D1), 
48  h after enrollment (D2), 72  h after enrollment 
(D3), 7 days after enrollment (D7)/last day of invasive 
ventilatory support/ICU discharge.

•	 Hemodynamic variables: mean blood pressure, heart 
rate, and central venous pressure (CVP) at baseline, 
D1, D2, D3, and D7/ last day of invasive ventilatory 
support/ICU discharge

•	 Respiratory mechanics: ventilator mode, Ppeak, 
Pplat, flow, and respiratory compliance at baseline, 
D1, D2, D3, D4, D5, D6, and D7/ last day of invasive 
ventilatory support/ICU discharge

•	 Sequential Organ Failure Assessment (SOFA) at D0
•	 Adverse events

Participant timeline {13}
The participant timeline is presented in Table 3.

Sample size {14}
The primary outcome of this study is 28-day mortal-
ity with EIT-guided PEEP titration (EIT-PEEP group) as 
the intervention group and PEEP setting based on the 
low FiO2-PEEP table (ARDSNet group) as the control 
group. According to previous study, it is anticipated that 
the 28-day mortality of the FiO2-PEEP group is 39% [27], 
with a 15% decrease in the EIT-PEEP group [28]. We 
hypothesize that EIT-guided PEEP titration will improve 
28-day mortality, with a probability of α = 0.025 (single-
side) to allow for type I error, and power 0.85. A seqde-
sign procedure in SAS software is performed to calculate 
the sample size and determine that a sample size of 169 
patients per arm is required. A final sample size of 188 
per arm accounts for an additional 10% dropout rate in 
case of follow-up.

Recruitment {15}
Patients’ recruitment is currently conducted in the six cent-
ers. The estimated recruitment in each center is as follows: 
Zhongda Hospital, School of Medicine, Southeast Univer-
sity (5–6 participants); Zhongshan Hospital of Fudan Uni-
versity (4–5 participants); The First Affiliated Hospital of 
Guangzhou Medical University (3–4 participants); Beijing 
Tiantan Hospital, Capital Medical University (3–4 partici-
pants); Renji Hospital, School of Medicine, Shanghai Jiao 
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Tong University (1–2 participants); Sichuan Provincial Peo-
ple’s Hospital, University of Electronic Science and Tech-
nology of China (3–4 participants). Recruitment started in 
February 2022 in one center. As of February 21, 2023, we 
had already enrolled 139 patients. There is no specific strat-
egy to promote the rate of patients’ recruitment.

Assignment of interventions: allocation
Sequence generation {16a}
Patients will be block-randomized in a 1:1 ratio to the 
EIT-PEEP strategy or ARDSNet strategy. The randomiza-
tion list was generated by a statistician in the study team 
according to the computer-generated number and it was 
then sealed.

Concealment mechanism {16b}
An online computer-generated system will conceal the 
randomization sequence until planned initiation of the 
study intervention.

Implementation {16c}
The allocation sequence was computer generated by a 
sealed envelope and submitted to the clinical research 
unit for storage. The method of random number genera-
tion, process, group setting, and grouping results will be 
recorded and explained for checking when necessary. 

After taking informed consent, confirmation of eligibility, 
and completion of baseline assessments, the study site staff 
will randomize the patients using sealed envelopes.

Assignment of interventions: blinding
Who will be blinded {17a}
Blinding of trial participants is not necessary since the inter-
vention will be administered to critically ill patients on invasive 
MV who are mostly sedated. By the nature of the intervention, 
the treatment allocation assigned to each participant is not 
possible to blind to the study staff. Screening, enrollment, and 
random code allocation of patients are performed by the study 
staff. Also, the name and random number of the randomized 
patients were recorded and saved by the study staff.

Procedure for unblinding if needed {17b}
No procedure for unblinding will be necessary as nei-
ther the study staff nor the participant will be blinded 
to treatment allocation.

Data collection and management
Plans for assessment and collection of outcomes {18a}
The patients will be visited daily between days 1 and 7 
after enrollment, on ICU discharge, and 28  days after 

Table 3  Participant timeline
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enrollment. Study follow-up and patients’ data are 
recorded below.

Baseline  Baseline data will be collected once the study 
staff takes valid informed consent, including patients’ 
demographics (age, gender, height, weight); physical 
status at ICU admission (diagnosis, date of ICU admis-
sion, acute physiology, and chronic health evaluation 
II (APACHE II) score, SOFA, causes of ARDS, days of 
intubation prior randomization, timing of ARDS onset); 
past disease history; and lung recruitability (assessing by 
recruitment-to-inflation ratio).

At the time of randomization (D0)  The following data 
will be collected: respiratory variables (SpO2, ventilator 
mode, Ppeak (peak airway pressure), Pplat, flow, PEEP, 
total RR, FiO2, Arteria blood gas analysis (arteria pH, 
PaO2, PaCO2, PaO2/FiO2); hemodynamic variables (heart 
rate, mean arterial pressure, central venous pressure 
(CVP), use of vasopressors); blood chemistry.

Period of intervention (1‑day follow‑up to 7‑day fol‑
low‑up)  Data during the period of intervention will be 
collected, including respiratory variables (SpO2, ventila-
tor mode, Ppeak, Pplat, flow, PEEP, total RR, FiO2, Arte-
ria blood gas analysis (arteria pH, PaO2, PaCO2, PaO2/
FiO2) (D1, D2, D3, D7)); hemodynamic variables (heart 
rate, mean arterial pressure, CVP, use of vasopressors (up 
to daily)); blood chemistry (up to daily); need for rescue 
therapies (up to daily); adverse events (up to daily).

Primary and secondary outcome data collection  Assess-
ment of the primary outcome will be conducted at the 
28 days of follow-up (study protocol initiated).

Data on the secondary outcome will be collected at dis-
charge from ICU and hospital and 28 days after the ini-
tiation of the study protocol.

Plans to promote participant retention and complete 
follow‑up {18b}  All participants will be informed of 
28 days of follow-up and phone calls to ensure the com-
pletion of surveys at consent. Participants choosing to 
withdraw consent to the study will be encouraged to con-
tinue with the follow-up of the trial for the evaluation of 
efficacy and safety. The reasons and circumstances for 
discontinuing the study will be recorded.

Data management {19}  Data will be collected by paper 
case report form (CRF) and then stored as electronic data 
using the REDCap system with access limited to the study 
staff and supervisors. Range checks for data values are 
built into the system to ensure data quality. The data will 

be pseudonymized and all participants will be assigned 
a unique trial identification code. All study material will 
be kept in a special filing cabinet for information security 
and later traceability.

Confidentiality {27}  Participants’ data will be consid-
ered as strictly confidential. All study staff must follow the 
requirements of all data and privacy laws relevant to the 
jurisdiction with respect to the collection, storage, pro-
cessing, and disclosure of personal information.

Plans for collection, laboratory evaluation, and storage 
of biological specimens for genetic or molecular analysis 
in this trial/future use {33}  This trial does not contain 
biological specimens for genetic or molecular analysis. 
All laboratory results collected from participants are 
obtained from clinical routine blood tests.

Statistical methods
Statistical methods for primary and secondary outcomes 
{20a}

Statistical analysis  Data will be collected using a stand-
ardized CRF, and the statistical analysis will base on an 
intention-to-treat basis. SAS 9.4 statistical software will 
be used for analysis.

Continuous data will be reported as mean (standard 
deviation) or median (interquartile range) depending on 
the nature and distribution. For data normally distribu-
tion, the Student t test will be used for comparison. The 
Mann–Whitney U rank test will be used for skewed dis-
tributed data. Categorical data will be reported as counts 
and percentages. Group comparisons will be made using 
the chi-square test, Fisher’s exact test, or Wilcoxon’s 
signed-rank test for categorical variables, whenever 
appropriate.

The primary outcome (28-day mortality) will be 
assessed using Kaplan–Meier curves and Cox propor-
tional hazard models, without adjustment for other 
covariates. Treatment effects on VFDs at day 28, shock-
free days at day 28, length of ICU stay, length of hospi-
tal stay, SOFA, and respiratory variables will be analyzed 
using t test. The rate of successful weaning, proportion 
requiring rescue therapies, and compilations will be 
assessed using the chi-square test or Fisher’s exact test. 
All tests will be two-tailed, and P value < 0.05 will be con-
sidered significant.

Interim analysis {21b}  The interim analysis will be per-
formed after the recruitment of approximately 50% of 
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the sample to assess the effects on clinical outcomes. 
The conditional power (Cp) will be calculated when 50% 
of patients complete the follow-up. The sample size will 
increase if necessary and the re-estimation of the sample 
size will base on the Cp value. The interim analysis will 
not be performed again if the sample size has increased. 
The independent data monitoring committee (IDMC) 
will be established to operate and make decisions for the 
interim analysis.

Methods for additional analyses (e.g., subgroup analy‑
ses) {20b}  Treatment effects on 28-day mortality will 
be analyzed according to the following subgroups: (1) 
PaO2/FiO2; (2) SOFA; (3) respiratory compliance; (4) 
lung recruitability; (5) pulmonary ARDS vs. extrapul-
monary ARDS; (6) vasopressors vs. non-vasopressors; 
(7) prone position vs. non-prone position; (8) ECMO vs. 
non-ECMO.

Methods in analysis to handle protocol non‑adherence 
and any statistical methods to handle missing data 
{20c}  Both intention-to-treat and per-protocol analyses 
will be reported to assess the robustness of the results at 
the final analysis. In case of missing data, the reason and 
mechanism for missing data will be explored. For missing 
data greater than 20%, multiple imputation may be con-
sidered as a sensitivity analysis to evaluate the treatment 
effect and associated standard error as appropriate.

Plans to give access to the full protocol, participant‑level 
data, and statistical code {31c}  All of the full protocol, 
participant-level data, and de-identifiable data will be 
made available from the corresponding author if requested 
by the members of the trial with reasonable cause.

Oversight and monitoring
Composition of the coordinating center and trial steering 
committee {5d}
The coordinating center is Zhongda Hospital, School of 
Medicine, Southeast University. The trial steering com-
mittee (TSC) is responsible for the overall study super-
vision and assisting in reviewing and approving any 
modifications to the study protocol. The TSC is com-
posed of investigators trained in designing and conduct-
ing.randomized clinical trials, clinicians, and statisticians.

Composition of the data monitoring committee, its role, 
and reporting structure {21a}
IDMC is set up to provide recommendations for the TSC 
of continuing the study as planned or discontinuing the 
recruitment based on interim analyses. The IDMC is 

composed of independent expert statisticians and cli-
nicians, so as to ensure the blinding of the trial and the 
objectivity of decision-making. The statistician will pro-
vide the interim reports for the DMEC. The confidenti-
ality of trial results is ensured throughout the process. 
Only the IDMC has assessed to unblind the results before 
the end of the trial.

Adverse event reporting and harms {22}
Any unexpected medical events occurring in the partici-
pant during the intervention period will be considered as 
an adverse event (AE). Serious adverse events (SAE) are 
defined as adverse events (including death, life-threat-
ening, permanent or severe disability or loss of function, 
and need for or prolonged hospitalization) that occur 
following the trial treatment. All AE will be recorded in 
CRF, and SAE will be reported to the principal investi-
gators as soon as possible. Once AE is found, the inves-
tigators will assess the association between intervention 
and AE and decide whether to stop the intervention. The 
patients who discontinued the intervention because of 
AE will be followed up.

Frequency and plans for auditing trial conduct {23}
The sponsor will perform monitoring for each site to 
ensure the study quality, including the accuracy of data 
entered in REDCap, as well as to assess the occurrence 
of risks and benefits and detect evidence of achieving the 
primary objective of the study.

Plans for communication of important protocol amendments 
to relevant parties (e.g., trial participants, ethical 
committees) {25}
Any change in the study will generate synchronous proto-
col amendments, which will be submitted for approval to 
the Ethics Committee/institutional review board for filing 
in a timely manner. The changes will only be implemented 
after approval by the ethical committee. Once approved, 
the amendments will be circulated to the other study site 
and ClinicalTrials.gov will be synchronously updated 
about any major changes; if necessary, protocol training 
will be provided for the amendments by the study team.

Dissemination plans {31a}
Once available, the results of this research will be pre-
sented at conferences, published in scientific journals, 
and shared with the practice. The primary outcome of the 
study will be published as the first article and additional 
results derived from the data could be published in sepa-
rate articles. If the results are favorable to the interven-
tion, we will share details of the intervention with other 
healthcare organizations.
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Discussion
In patients with moderate to severe ARDS, the applica-
tion of PEEP is the most widely accepted approach to 
improve alveolar recruitment. However, the strategy of 
the PEEP setting is substantially controversial in these 
patients. Hence, evidence from well-designed and con-
ducted trials is needed to resolve this problem. This trial 
is designed to evaluate the effects of an individualized 
PEEP setting guided by EIT on the clinical outcomes in 
patients with moderate or severe ARDS, compared with a 
PEEP setting with a low FiO2-PEEP table.

ARDS is a heterogeneous syndrome because of the dif-
ferent etiology, time of onset, activation of inflammation, 
respiratory mechanics, and lung recruitability [2, 3]. Differ-
ent subphenotypes have different responses to the ventila-
tory treatment, which further result in distinct outcomes. 
Due to the substantial heterogeneity of ARDS, one fixed 
PEEP does not fit all these patients. The PEEP selection 
should be an individual process depending on the proper-
ties of the patient. Individualized PEEP, as measured with 
EIT at the lowest relative alveolar overdistention and col-
lapse, may improve ventilation inhomogeneity. Zhao et al. 
confirmed that the individual PEEP setting using a stand-
ardized incremental PEEP trial with EIT could achieve the 
most homogeneous ventilation in the lung [29]. A recent 
study comparing the two different methods of PEEP selec-
tion showed that PEEP setting guided by EIT could facili-
tate more homogeneous distribution of ventilation and 
moderate dorsal hypoventilated units [30]. However, there 
is limited information on the effect of PEEP setting guided 
by EIT in the outcomes of ARDS patients.

This study was planned to be the largest randomized 
trial including moderate to severe ARDS patients to 
investigate thoroughly the effect of individual PEEP 
selection by EIT to date. It will provide more deep insight 
into the PEEP selection for clinicians in clinical practice.

Trial status
The trial is currently ongoing in 6 sites (Zhongda Hospi-
tal, School of Medicine, Southeast University; Zhongshan 
Hospital of Fudan University; The First Affiliated Hospital 
of Guangzhou Medical University; Beijing Tiantan Hos-
pital, Capital Medical University; Renji Hospital, School 
of Medicine, Shanghai Jiao Tong University; Sichuan Pro-
vincial People’s Hospital, University of Electronic Science 
and Technology of China) in China. Enrollment started 
in February 2022 in one site. Now, all 6 sites are actively 
screening for patients, and the remaining are undergoing 
REB evaluation. As of February 21, 2023, we had already 
enrolled 139 patients. The protocol version is 4.0 (8th 
October 2022).

Abbreviations
ARDS	� Acute respiratory distress syndrome
EIT	� Electrical impedance tomography
PEEP	� Positive end-expiratory pressure
FiO2	� Fraction of inspired oxygen
RCT​	� Randomized controlled trial
SOFA	� Sequential Organ Failure Assessment
MV	� Mechanical ventilation
VILI	� Ventilator-induced lung injury
Vt	� Tidal volume
Pplat	� Plateau pressure
RM	� Recruitment maneuvers
LOV	� Lung open ventilation
PES	� Esophageal pressure
VFDs	� Ventilator-free days
PaO2	� Partial pressure of arterial oxygen
ECMO	� Extracorporeal membrane oxygenation
PBW	� Predicted body weight
SpO2	� Oxygen saturation
RR	� Respiratory rate
PaCO2	� Partial pressure of carbon dioxide
SI	� Sustained inflation
FAS	� Full analysis set
CVP	� Central venous pressure
APACHE II	� Acute physiology and chronic health evaluation II
CRF	� Case report form
IDMC	� Independent data monitoring committee
TSC	� Trial steering committee
AE	� Adverse event
SAE	� Serious adverse events

Acknowledgements
Not applicable.

Authors’ contributions {31b}
LL and HBQ is the principal investigator; XYY, CP, YY, HBQ, and LL designed 
the study protocol; XYY wrote the manuscript; all authors contributed to the 
revise the manuscript. The authors read and approved the final manuscript.

Funding
This research is supported by the National Key R&D Program of China(No. 
2022YFC2504405), the Clinical Science and Technology Specific Projects of 
Jiangsu Province (BE2020786), the National Natural Science Foundation of 
China (81,870,066, 82,270,083), the Second Level Talents of the “333 High Level 
Talents Training Project” in the sixth phase in Jiangsu (LGY2022025), Jiangsu 
Provincial Medical Key Laboratory (ZDXYS202205), and Draeger. The funders 
played no role in the study design and will play no role in the collection, analy-
sis, and interpretation of data, and writing the manuscript.

Availability of data and materials {29}
Any data collected in this study can be obtained from the corresponding 
author with a reasonable request.

Declarations

Ethics approval and consent to participate {24}
The trial has been approved by the Ethics Committee of the Zhongda Hospital 
(2021ZDSYLL303-P01). Written, informed consent to participate will be 
obtained from all participants or his/her trustee or guardian.

Consent for publication {32}
Not applicable. No identifying images or other personal or clinical details of 
participants are presented here or will be presented in reports of the trial 
results. Informed consent materials are available from the corresponding 
author on request.

Competing interests {28}
The authors declare that they have no competing interests.



Page 12 of 12Yuan et al. Trials          (2023) 24:266 

Author details
1 Jiangsu Provincial Key Laboratory of Critical Care Medicine, Department 
of Critical Care Medicine, School of Medicine, Zhongda Hospital, Southeast 
University, Nanjing 210009, Jiangsu, China. 2 Department of Critical Care Medi-
cine, The First People’s Hospital of Yancheng, Yancheng 224000, Jiangsu, China. 
3 Department of Critical Care Medicine, The Affiliated Hospital of Xuzhou Medi-
cal University, Xuzhou 320300, Jiangsu, China. 

Received: 6 March 2023   Accepted: 27 March 2023

References
	1.	 Fan E, Brodie D, Slutsky AS. Acute respiratory distress syndrome: advances 

in diagnosis and treatment. JAMA. 2018;319(7):698–710.
	2.	 Meyer NJ, Gattinoni L, Calfee CS. Acute respiratory distress syndrome. 

Lancet. 2021;398(10300):622–37.
	3.	 Thompson BT, Chambers RC, Liu KD. Acute respiratory distress syndrome. 

N Engl J Med. 2017;377(6):562–72.
	4.	 Bellani G, Laffey JG, Pham T, et al. Epidemiology, patterns of care, and 

mortality for patients with acute respiratory distress syndrome in inten-
sive care units in 50 countries. JAMA. 2016;315(8):788–800.

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

	6.	 Gattinoni L, Pesenti A. The concept of “baby lung.” Intensive Care Med. 
2005;31(6):776–84.

	7.	 Gattinoni L, Tonetti T, Quintel M. Regional physiology of ARDS. Crit Care. 
2017;21(Suppl 3):312.

	8.	 Gattinoni L, Collino F, Maiolo G, et al. Positive end-expiratory pressure: 
how to set it at the individual level. Ann Transl Med. 2017;5(14):288.

	9.	 Luciano Gattinoni, John J Marini. In search of the Holy Grail: iden-
tifying the best PEEP in ventilated patients. Intensive Care Med. 
2022;48(6):728–31.

	10.	 Sahetya SK, Goligher EC, Brower RG. Fifty Years of Research in ARDS. 
Setting positive end-expiratory pressure in acute respiratory distress 
syndrome. Am J Respir Crit Care Med. 2017;195(11):1429–38.

	11.	 Muscedere JG, Mullen JB, Gan K, et al. Tidal ventilation at low air-
way pressures can augment lung injury. Am J Respir Crit Care Med. 
1994;149:1327–34.

	12.	 Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS. Injurious ventilatory 
strategies increase cytokines and c-fos m-RNA expression in an isolated 
rat lung model. J Clin Invest. 1997;99:944–52.

	13.	 van der Zee P, Gommers D. Recruitment Maneuvers and Higher PEEP, 
the So-Called Open Lung Concept, in Patients with ARDS. Crit Care. 
2019;23(1):73.

	14.	 Acute Respiratory Distress Syndrome Network; Brower RG, Matthay MA, 
Morris A, et al. Ventilation with lower tidal volumes as compared with 
traditional tidal volumes for acute lung injury and the acute respiratory 
distress syndrome. N Engl J Med. 2000;342(18):1301–8.

	15.	 Meade MO, Cook DJ, Guyatt GH, et al. Ventilation strategy using low 
tidal volumes, recruitment maneuvers, and high positive end-expiratory 
pressure for acute lung injury and acute respiratory distress syndrome: a 
randomized controlled trial. JAMA. 2008;299(6):637–45.

	16.	 MercatA, RichardJC, VielleB, et al. Positive end-expiratory pressure setting 
in adults with acute lung injury and acute respiratory distress syndrome: 
a randomized controlled trial. JAMA. 2008; 299(6):646–55.

	17.	 Writing Group for the Alveolar Recruitment for Acute Respiratory 
Distress Syndrome Trial (ART) Investigators; Cavalcanti AB, Suzumura 
ÉA, Laranjeira LN, et al. Effect of lung recruitment and titrated positive 
end-expiratory pressure (PEEP) vs low PEEP on mortality in patients with 
acute respiratory distress syndrome: a randomized clinical trial. JAMA. 
2017;318(14):1335–45.

	18.	 Beitler JR, Sarge T, Banner-Goodspeed VM, et al. Effect of titrating positive 
end-expiratory pressure (PEEP) with an esophageal pressure-guided 
strategy vs an empirical high PEEP-Fio2 strategy on death and days free 
from mechanical ventilation among patients with acute respiratory 
distress syndrome: a randomized clinical trial. JAMA. 2019;321(9):846–57.

	19.	 Chiumello D, Cressoni M, Carlesso E, et al. Bedside selection of positive 
end-expiratory pressure in mild, moderate, and severe acute respiratory 
distress syndrome. Crit Care Med. 2014;42(2):252–64.

	20.	 Constantin JM, Jabaudon M, Lefrant JY, et al. Personalised mechanical 
ventilation tailored to lung morphology versus low positive end-
expiratory pressure for patients with acute respiratory distress syndrome 
in France (the LIVE study): a multicentre, single-blind, randomised 
controlled trial. Lancet Respir Med. 2019;7(10):870–80.

	21.	 Chen H, Sun Q, Chao Y, et al. Lung morphology impacts the associa-
tion between ventilatory variables and mortality in patients with acute 
respiratory distress syndrome. Crit Care. 2023;27(1):59.

	22.	 Jimenez JV, Weirauch AJ, Culter CA, et al. Electrical Impedance Tomogra-
phy in Acute Respiratory Distress Syndrome Management. Crit Care Med. 
2022;50(8):1210–23.

	23.	 Costa EL, Borges JB, Melo A, et al. Bedside estimation of recruitable alveo-
lar collapse and hyperdistension by electrical impedance tomography. 
Intensive Care Med. 2009;35(6):1132–7.

	24.	 He H, Chi Y, Yang Y, et al. Early individualized positive end-expiratory 
pressure guided by electrical impedance tomography in acute respira-
tory distress syndrome: a randomized controlled clinical trial. Crit Care. 
2021;25(1):230.

	25.	 Bernard GR, Artigas A, Brigham KL, et al. The American-European 
Consensus Conference on ARDS. Definitions, mechanisms, relevant 
outcomes, and clinical trial coordination. Am J Respir Crit Care Med. 
1994;149:818–24.

	26.	 Chen L, Sorbo LD, Grieco DL, et al. Potential for lung recruitment esti-
mated by the recruitment-to-inflation ratio in acute respiratory distress 
syndrome. a clinical trial. Am J Respir Crit Care Med. 2020;201(2):178–87.

	27.	 Briel M, Meade M, Mercat A, et al. Higher vs lower positive end-expir-
atory pressure in patients with acute lung injury and acute respira-
tory distress syndrome: systematic review and meta-analysis. JAMA. 
2010;303(9):865–73.

	28.	 Zhao ZQ, Chang MY, Chang MY, et al. Positive end-expiratory pressure 
titration with electrical impedance tomography and pressure-volume 
curve in severe acute respiratory distress syndrome. Ann Intensive Care. 
2019;9(1):7.

	29.	 Zhao Z, Steinmann D, Frerichs I, et al. PEEP titration guided by ventilation 
homogeneity: a feasibility study using electrical impedance tomography. 
Crit Care. 2010;14(1):R8.

	30.	 Scaramuzzo G, Spadaro S, Corte FD, et al. Personalized positive end-
expiratory pressure in acute respiratory distress syndrome: comparison 
between optimal distribution of regional ventilation and positive 
transpulmonary pressure. Crit Care Med. 2020;48(8):1148–56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Effect of EIT-guided PEEP titration on prognosis of patients with moderate to severe ARDS: study protocol for a multicenter randomized controlled trial
	Abstract 
	Background 
	Methods 
	Discussion 
	Trial registration 

	Administrative information
	Introduction
	Background and rationale {6a}
	Objectives {7}
	Trial design {8}

	Methods: participants, interventions, and outcomes
	Study setting {9}
	Eligibility criteria {10}
	Inclusion criteria
	Exclusion criteria

	Who will take informed consent? {26a}
	Additional consent provisions for collection and use of participant data and biological specimens {26b}
	Interventions
	Explanation for the choice of comparators {6b}
	Intervention description {11a}

	Criteria for discontinuing or modifying allocated interventions {11b}
	Strategies to improve adherence to interventions {11c}
	Relevant concomitant care permitted or prohibited during the trial {11d}
	Provisions for post-trial care {30}
	Outcomes {12}
	Primary outcome
	Secondary outcomes

	Participant timeline {13}
	Sample size {14}
	Recruitment {15}
	Assignment of interventions: allocation
	Sequence generation {16a}
	Concealment mechanism {16b}
	Implementation {16c}

	Assignment of interventions: blinding
	Who will be blinded {17a}
	Procedure for unblinding if needed {17b}

	Data collection and management
	Plans for assessment and collection of outcomes {18a}

	Statistical methods
	Statistical methods for primary and secondary outcomes {20a}

	Oversight and monitoring
	Composition of the coordinating center and trial steering committee {5d}
	Composition of the data monitoring committee, its role, and reporting structure {21a}
	Adverse event reporting and harms {22}
	Frequency and plans for auditing trial conduct {23}
	Plans for communication of important protocol amendments to relevant parties (e.g., trial participants, ethical committees) {25}
	Dissemination plans {31a}


	Discussion
	Trial status
	Acknowledgements
	References


