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Abstract
Purpose This	systematic	review	of	randomized-controlled	trials	(RCTs)	with	meta-analyses	aimed	to	compare	the	effects	
on	intraoperative	arterial	oxygen	tension	to	inspired	oxygen	fraction	ratio	(PaO2/FiO2),	exerted	by	positive	end-expiratory	
pressure	 (PEEP)	 individualized	 trough	 electrical	 impedance	 tomography	 (EIT)	or	 esophageal	 pressure	 (Pes)	 assessment	
(intervention)	vs.	PEEP	not	tailored	on	EIT	or	Pes	(control),	in	patients	undergoing	abdominal	or	pelvic	surgery	with	an	open	
or laparoscopic/robotic approach.
Methods PUBMED®,	EMBASE®,	and	Cochrane	Controlled	Clinical	trials	register	were	searched	for	observational	stud-
ies and RCTs from inception to the end of August 2022. Inclusion criteria were: RCTs comparing PEEP titrated on EIT/
Pes	assessment	vs.	PEEP	not	individualized	on	EIT/Pes	and	reporting	intraoperative	PaO2/FiO2. Two authors independently 
extracted	data	from	the	enrolled	investigations.	Data	are	reported	as	mean	difference	and	95%	confidence	interval	(CI).
Results Six	RCTs	were	included	for	a	total	of	240	patients	undergoing	general	anesthesia	for	surgery,	of	whom	117	subjects	
in	the	intervention	group	and	123	subjects	in	the	control	group.	The	intraoperative	mean	PaO2/FiO2	was	69.6	(95%CI	32.-
106.4	)	mmHg	higher	in	the	intervention	group	as	compared	with	the	control	group	with	81.4%	between-study	heterogeneity	
(p	<	0.01).	However,	at	meta-regression,	the	between-study	heterogeneity	diminished	to	44.96%	when	data	were	moderated	
for	body	mass	index	(estimate	3.45,	95%CI	0.78–6.11,	p	=	0.011).
Conclusions In	patients	undergoing	abdominal	or	pelvic	surgery	with	an	open	or	laparoscopic/robotic	approach,	PEEP	per-
sonalized	by	EIT	or	Pes	allowed	the	achievement	of	a	better	intraoperative	oxygenation	compared	to	PEEP	not	individual-
ized	through	EIT	or	Pes.
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PaO2  Arterial oxygen tension
PEEP	 	Positive	end-expiratory	pressure
Pes  Esophageal pressure
RCTs	 	Randomized	controlled	trials

1 Introduction

The	 achievement	 of	 lung-protection	 in	 delivering	 inva-
sive	mechanical	ventilation	(IMV)	is	a	cornerstone	for	the	
prevention	 of	 postoperative	 pulmonary	 complications	 in	
patients undergoing general anesthesia for surgery [1,	2]. 
In	 particular,	 high	 driving	 pressure	 is	 associated	 with	 an	
increased	incidence	of	postoperative	pulmonary	complica-
tions [3].	In	keeping	with	the	findings	from	a	large	prospec-
tive	observational	study	[4],	 the	combination	of	high	tidal	
volume	and	low	positive	end-expiratory	pressure	(PEEP)	in	
mechanically	 ventilated	 patients	 undergoing	 surgery	 is	 an	
independent	 risk	 factor	 for	postoperative	pulmonary	com-
plications.	 However,	 whereas	 there	 is	 widespread	 agree-
ment	on	 the	need	 to	avoid	high	driving	pressure	and	 tidal	
volume,	 the	 strategy	 for	 optimizing	 PEEP	 during	 general	
anesthesia for surgery is still under debate. According to 
recent	findings	[5],	titrating	PEEP	on	the	basis	of	maximal	
compliance-minimal	 driving	 pressure	 is	 effective	 in	 ame-
liorating	 the	 intraoperative	 oxygenation	 and	 reducing	 the	
incidence	of	postoperative	pulmonary	complications	com-
pared	to	a	fixed	PEEP.	However,	despite	these	encouraging	
results	in	favor	of	PEEP	chosen	on	the	best	respiratory	sys-
tem	 compliance-driving	 pressure	 compromise,	 it	 is	worth	
to consider the drawbacks of setting PEEP using maximal 
compliance-minimal	 driving	pressure	method.	 In	 fact,	 the	
aforementioned practice is based on the assumption of a pro-
portionality	between	aerated	 lung	volume	and	compliance	
of	the	respiratory	system.	Also,	the	maximization	of	compli-
ance	and	minimization	of	driving	pressure	do	not	take	into	
account	of	the	tidal	recruitment	phenomenon,	characterized	
by	the	cyclic	opening	and	closing	of	the	alveoli	units	during	
respiratory phases [6].	Finally,	this	approach	of	PEEP	titra-
tion	 is	 strictly	dependent	on	mechanical	ventilator	 regula-
tions,	such	as	tidal	volume	[7]. All these factors contribute 
to	elucidate	the	mismatch	between	alveolar	recruitment	and	
reduced	 respiratory	 system	 compliance-increased	 driving	
pressure	 observed	 in	 conventional	 and	 non-conventional	
acute	 respiratory	 distress	 syndrome	 (ARDS)	 [6–8].	 Thus,	
we	 hypothesized	 that	 different	 methods	 for	 setting	 PEEP	
in	mechanically	ventilated	patients	under	surgery	might	be	
used	 to	preserve	 intraoperative	oxygenation	and,	possibly,	
reduce	postoperative	pulmonary	complications	incidence.

In	recent	years,	several	investigations,	aimed	at	assessing	
the	 impact	 of	mechanical	 ventilation	 driven	 by	 advanced	
respiratory	 monitoring	 tools,	 i.e.,	 electrical	 impedance	

tomography	 (EIT)	 and	 esophageal	 pressure	 (Pes)	 assess-
ment,	on	intraoperative	oxygenation	and	postoperative	pul-
monary	complications,	have	been	conducted	[9–14].

EIT	allows	the	assessment	of	 the	 tidal	modifications	of	
lung	 impedance	 as	well	 as	 the	 changes	 of	 end-expiratory	
lung	 impedance	 in	 response	 to	 mechanical	 ventilation.	
Accordingly,	EIT	permits	the	evaluation	of	the	homogeneity	
of	ventilation	distribution	along	with	the	identification	the	
lung	zones	at	 risk	 for	overdistention	and	collapse	 [15]. In 
invasively	ventilated	ARDS	patients,	several	strategies	for	
PEEP	titration	have	been	proposed	with	the	aim	of	simulta-
neously	minimizing	the	collapse	and	overdistention	of	 the	
lung [16],	 stabilizing	 the	 end-expiratory	 lung	 impedance	
[17],	and	reducing	global	inhomogeneity	of	ventilation	[18].

Pes	assessment	allows	the	evaluation	of	transpulmonary	
pressure,	 namely,	 the	 actual	 pressure	 distending	 the	 lung	
[19–21] and the partitioning of the total pressure applied 
to respiratory system into lung and chest wall portion [22]. 
In	ARDS	patients	 subjected	 to	 IMV,	 setting	PEEP	 to	 ren-
der	an	end-expiratory	transpulmonary	pressure	≥	0	cmH2O 
has	proven	 to	ameliorate	oxygenation	[23]	without	a	final	
improvement	of	mortality	[24].

2 Methods

The	present	systematic	review	and	meta-analysis	was	carried	
out in line with the Preferred Reporting Items for System-
atic	reviews	and	Meta-analysis	(PRISMA)	guidelines	[25] 
and	was	registered	on	PROSPERO	(CRD	42,021,218,306)	
on	 13/01/2021	 and	 finally	 recorded	 on	 30/01/2023	 after	
revision	and	modification.

The	aim	of	the	present	study	was	to	compare	the	effects	
of	tailoring	PEEP	on	the	basis	of	EIT	or	Pes	assessment	vs.	
PEEP	not	individualized	through	EIT	or	Pes	on	intraopera-
tive	oxygenation	 (primary	objective),	 as	 assessed	by	arte-
rial	oxygen	tension	on	inspired	oxygen	fraction	ratio	(PaO2/
FiO2),	and	pulmonary	complications	(secondary	objective).

2.1 PICO (patients, intervention, comparator, 
outcome) questions

We	sought	information	about	the	intraoperative	application	
of	 EIT	 or	 Pes	 assessment	 for	 PEEP	 individualization	 (I)	
in	 adult	patients	 subjected	 to	 IMV	and	general	 anesthesia	
for	 surgery	 (P)	 with	 comparator,	 namely,	 non-individual-
ized	PEEP	through	EIT	or	Pes,	(C)	and	aimed	to	ascertain	
the	 impact	 on	 intraoperative	 oxygenation,	 as	 assessed	 by	
PaO2/FiO2	(O).

1 3



Journal of Clinical Monitoring and Computing

2.2 Search strategy and study selection

PUBMED®,	EMBASE® and the Cochrane Controlled Clin-
ical trials register were searched from inception to August 
2022	 for	 observational	 studies	 and	 randomized-controlled	
trials without language restrictions. The search was con-
ducted	 by	 inserting	 the	 following	 terms,	 combined	 each	
other	according	to	database	syntax	(Additional	file	1):	“lapa-
roscopy”,	“robotic”,	“pneumoperitoneum”,	“open	surgery”,	
“abdominal”,	“pelvic”,	“elective”,	“positive	end-expiratory	
pressure”,	“PEEP”,	“mechanical	ventilation”,	“positive	end	
expiratory pressure”.

In	addition,	we	 reviewed	 the	 references	of	 the	 selected	
papers,	review	articles,	commentaries,	and	editorials	on	the	
same	topic	to	find	out	other	studies	of	interest	missed	during	
the primary search..

The	 titles	 and	 abstracts	 of	 the	 investigations	 retrieved	
from	 the	 search	 were	 independently	 evaluated	 by	 two	
authors	(TE	and	MF)	according	to	the	following	inclusion	
criteria:	(1)	randomized	clinical	trials	regardless	of	sample	
size	 enrolling	 adult	 patients	 undergoing	 elective	 abdomi-
nal	and/or	pelvic	surgery,	(2)	comparing	titration	of	PEEP	
on	 the	basis	of	EIT	or	Pes	assessment	vs.	PEEP	not	 indi-
vidualized	on	EIT	or	Pes	evaluation,	and	(3)	reporting	the	
intraoperative	PaO2/FiO2.	In	case	of	potentially	overlapping	
cohorts from multiple publications of the same research 
group/centre,	the	most	recent	publication	was	selected.	The	
same	 authors	 separately	 evaluated	 the	 full-texts,	 and	 any	
disagreement	 was	 resolved	 by	 discussion	 or	 involving	 a	
senior	review	author	(GC).	When	needed,	the	correspond-
ing authors of the selected studies were contacted to obtain 
essential	information	not	available	in	the	published	format.

2.3 Data extraction, study quality, and bias 
assessment

Once	studies	screening	and	selection	were	completed,	two	
authors	(TE	and	MF)	independently	extracted	data	from	the	
screened	investigations.	Also	in	this	case,	any	disagreement	
was	 resolved	 by	 discussion	 or	 involving	 a	 senior	 review	
author	 (GC).	 Extracted	 data	 included:	 investigation	 fea-
tures	 (e.g.,	 study	 design,	 setting),	 demographic	 character-
istics	 (e.g.,	 age,	 sex,	body	mass	 index),	 arterial	blood	gas	
exchange	 (e.g.,	PaO2,	 arterial	carbon	dioxide	 tension,	pH,	
serum	 lactate	 concentration),	 respiratory	 system	 mechan-
ics	 and	 ventilator	 settings	 (tidal	 volume,	 respiratory	 rate,	
PEEP	 administrated,	 peak	 of	 inspiratory	 pressure,	 plateau	
inspiratory	pressure,	total	PEEP,	driving	pressure,	dynamic	
and	 static	compliance,	 fraction	of	 inspired	oxygen),	 intra-
operative	pulmonary	complications	and	hemodynamic	sta-
tus	as	well	as	pulmonary	complications.	For	intraoperative	
pulmonary	complications	we	intended	desaturation	(defined	

as peripheral oxygen saturation <	90%)	 and	 hypercapnia	
(defined	 as	 partial	 pressure	 of	 carbon	 dioxide	>	6.7	 kPa).	
For	postoperative	pulmonary	complications	 (occurring	 till	
28	 days	 after	 surgery	 or	 hospital	 discharge)	 we	 intended	
desaturation	(defined	as	oxygen	saturation	<	90%	requiring	
oxygen),	hypercapnia	(defined	as	an	end-tidal	partial	pres-
sure of carbon dioxide >	6.7	kPa),	atelectasis	 (radiological	
and/or	ultrasonographic	 evidence	of	 lung	 collapse),	 pneu-
monia	 (radiological	 and/or	 ultrasonographic	 evidence	 of	
lung	consolidation	and	clinical	symptoms),	and	pneumotho-
rax	(radiological	and/or	ultrasonographic	evidence	of	pneu-
mothorax	with	or	without	clinical	symptoms).

The	selected	articles	were	evaluated	for	methodological	
quality using the Cochrane Collaboration’s Risk of Bias tool 
(RoB-2	version	2019)	 [26],	which	provides	 specific	crite-
ria for appraisal of risk of bias according to the following 
domains:	 (1)	 risk	 of	 bias	 arising	 from	 the	 randomization	
process;	(2)	risk	of	bias	due	to	deviations	from	the	intended	
interventions;	(3)	risk	of	bias	due	to	missing	outcome	data;	
(4)	risk	of	bias	in	measurement	of	the	outcome	and	(5)	risk	
of	bias	in	selection	of	the	reported	result.	The	overall	risk-
of-bias	judgment	was	finally	provided,	according	to	the	five	
domains	of	bias	assessment	as	“low	risk”,	“some	concerns”	
or	 “high	 risk”.	Also,	 the	 certainty	was	 evaluated	 through	
Grading	 of	 Recommendations	Assessment,	 Development,	
and	 Evaluation	 (GRADE)	 approach	 regarding	 intraopera-
tive	oxygenation	(primary	outcome)	and	pulmonary	compli-
cations	(secondary	outcome)	by	GRADEpro	GDT	software	
(McMaster	University	and	Evidence	Prime	Inc.)	[27]. The 
following criteria were taken into account with GRADE 
assessment:	 study	 risk	 of	 bias	 (methodological	 quality),	
inconsistency	of	 results	 (unexplained	heterogeneity),	 indi-
rectness	of	evidence	(population,	intervention,	comparator,	
or	outcome),	imprecision	of	results	(wide	confidence	inter-
vals),	and	publication	bias.	Accordingly,	the	certainty	of	the	
evidence	for	each	outcome	was	categorized	as	‘high’,	‘mod-
erate’,	‘low’,	or	‘very	low’	[27].

2.4 Statistical analysis

The	 analysis	 was	 conducted	 on	 the	 data	 retrieved	 from	
peer-reviewed	manuscripts.	A	descriptive	analysis	of	all	the	
selected	 variables	 considered	 in	 the	 included	 studies	 was	
performed.	 Continuous	 or	 non-continuous	 variables	 were	
reported	as	appropriate.	Trials	were	stratified	into	two	sub-
groups	 according	 to	 the	 individualization	 or	 not	 of	 PEEP	
based	on	EIT	and	Pes	assessment.	For	 those	 trials	having	
more	than	two	subgroups,	the	overall	population	was	sorted	
in	order	to	obtain	two	final	subgroups.	A	random	effect	meta-
analysis	 based	 on	 Der	 Simonian-Laird	 method	 was	 esti-
mated	on	mean	difference	for	the	continuous	endpoint	and	
risk ratio for a binary outcome with a restricted maximum 
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(Additional	file	3)	and	6	eligible	randomized-controlled	tri-
als [9–14]	were	identified,	for	a	total	of	240	patients	under-
going	 IMV	 for	 surgery,	 of	 whom	 117	 subjects	 received	
non-individualized	 PEEP	 and	 123	 subjects	 received	 indi-
vidualized	PEEP.

3.1 Characteristics of the included studies

Additional	file	4 describes the main characteristics of the 
selected studies. As depicted in Fig. 2,	 the	enrolled	inves-
tigations	presented	a	high	risk	of	bias	overall	at	the	meth-
odological quality assessment. The certainty obtained at 
GRADE	 rating	 in	 support	 of	 intraoperative	 individualiza-
tion of PEEP for oxygenation and pulmonary complications 
were	moderate	(Table	1).

Among	 the	 enrolled	 studies,	 1	 trial	 (16.7%)	 was	 con-
ducted	also	in	open	abdominal	surgery	and	4	trials	(66.7%)	
individualized	PEEP	through	EIT	assessment.

3.2 Patient characteristics

The	 patients’	 demographic	 characteristics,	 namely,	 gen-
der	distribution,	age,	body	mass	index	anesthesiologic	risk	
assessment,	anesthesia	type	and	duration,	surgery	duration	
and	comorbidities	are	reported	in	Additional	file	5. The age 
ranged	from	an	average	value	of	41.0	to	62.8	years	in	the	
arm	with	 PEEP	 individualized	 via	EIT	 and	Pes	 and	 from	

likelihood estimator for the heterogeneity component. The 
zero	 count	 events,	 for	 the	 binary	 endpoint	 analysis,	 were	
handled	 in	 the	 estimation	 procedure	 according	 to	 Hybrid	
estimator method [28]. Other approaches are reported in 
Additional	file	2.

The	 contour-enhanced	 funnel	 plot	 for	 the	 publication	
bias	 assessment	 were	 reported	with	 90%,	 95%,	 and	 99%	
confidence	bounds	(Additional	file	2).

The	heterogeneity	statistics	have	been	reported	as	I2. The 
point estimate I2 should be interpreted cautiously when a 
meta-analysis	has	few	studies	(<	7	investigations);	for	this	
reason,	 95%	 confidence	 intervals	 supplement	 the	 I2 point 
estimate.	A	75%	I2	indicates	a	medium	heterogeneity	level	
[29].

Univariable	meta-regression	estimates	was	also	reported	
with	 a	 95%	 confidence	 interval	 estimation	 to	 assess	 the	
impact	on	body	mass	 index,	gender,	and	comorbidities	on	
PaO2/FiO2 and pulmonary complications.

Analysis	 has	 been	 performed	 with	 R	 3.4.2	 and	 meta	
package.

3 Results

The	 search	 identified	 a	 total	 of	 7765	 potentially	 eligible	
records,	 as	 depicted	 in	 Fig.	 1. After excluding duplicates 
and	screening	titles	and	abstracts,	full	texts	were	evaluated	

Fig. 1	 Enrollment	flow	diagram
PEEP,	positive	end-expiratory	pressure;	EIT,	electrical	impedance	tomography
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Fig. 2	 Cochrane	risk-of-bias	(RoB	2.0)	assessment	tool
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41.3	to	64.2	years	in	the	arm	where	PEEP	was	not	individu-
alized	by	EIT	and	Pes,	respectively.	Body	mass	index	varied	
from	a	mean	value	of	22.7	to	48.3	kg/m2 in the group where 
PEEP	 was	 individualized	 through	 EIT	 and	 Pes,	 while	 it	
ranged	from	a	mean	value	of	23.9	to	53.2	kg/m2 in the group 
with	PEEP	not	individualized	by	EIT	and	Pes,	respectively.

The	 mechanical	 ventilation	 settings	 and	 respiratory	
mechanics	 parameters,	 before	 randomization,	 after	 ran-
domization,	 and	 at	 the	 end	 of	 surgery	 prior	 to	 extubation	
are	 reported	 in	 additional	 file	6	 for	 overall	 study	 popula-
tion.	After	randomization,	intraoperative	PEEP	individual-
ized	 through	EIT	and	Pes	 ranged	from	a	mean	value	of	8	
to	18.5	cmH2O,	whereas	PEEP	not	tailored	by	EIT	and	Pes	
varied	from	a	mean	value	of	4	to	10	cmH2O. After random-
ization	and	PEEP	application,	when	 reported,	mean	value	
of	respiratory	system	compliance	varied	from	34.1	to	61.0	
ml/cmH2O	in	the	interventional	group	and	from	27.6	to	32.9	
ml/cmH2O in the control group.

3.3 Oxygenation and clinical outcomes

In	additional	file	7,	arterial	blood	gas	analyses	obtained	at	
baseline,	 before	 randomization,	 after	 randomization,	 and	
at	 the	 end	 of	 surgery	 before	 extubation,	 were	 described.	
The	intraoperative	mean	difference	in	PaO2/FiO2 obtained 
after	 randomization	 between	 the	 group	 of	 patients	 with	
PEEP	individualized	through	EIT	and	Pes	and	the	group	of	
patients without PEEP titration by EIT and Pes is depicted 
in Fig. 3.	The	mean	difference	in	PaO2/FiO2	was	in	favor	of	
the	 patients	 arm	where	 PEEP	was	 individualized	 through	
EIT	 and	 Pes	with	 respect	 to	 the	 subjects	 group	 receiving	
non-individualized	 PEEP	 by	 EIT	 and	 Pes,	 with	 a	 81.4%	
between-study	heterogeneity	(p	<	0.01).	However,	at	meta-
regression,	 the	between-study	heterogeneity	diminished	 to	
44.96%	when	 data	 were	 moderated	 for	 body	mass	 index	
(estimate	 2.25,	 95%CI	 0.01–4.49,	 p	=	0.049).	 In	 Fig.	 4,	
the	 pooled	 intraoperative	 mean	 difference	 in	 PaO2/FiO2	
obtained	after	randomization	between	the	group	of	patients	
with	 PEEP	 individualized	 through	 EIT	 and	 Pes	 and	 the	
group of patients without PEEP titration by EIT and Pes is 
depicted,	following	the	elimination	of	He	et	al.	study	[13] 
due	to	similar	PEEP	levels	in	experimental	and	control	arm.	
Also	 in	 this	 case,	 the	 pooled	 intraoperative	 mean	 differ-
ence in PaO2/FiO2	confirmed	to	be	in	favor	of	the	patients’	
group	where	PEEP	was	individualized	through	EIT	and	Pes	
with	respect	 to	 the	subjects	group	receiving	non-individu-
alized	PEEP	by	EIT	and	Pes,	with	a	41.2%	between-study	
heterogeneity	 (p	=	0.15).	 At	 meta-regression,	 after	 that	
data	 were	 moderated	 for	 body	 mass	 index,	 the	 between-
study	 heterogeneity	 diminished	 to	 34.8%	 (estimate	 2.61,	
95%CI	 0.26–4.96,	 p	=	0.035).	A	 subgroup	 analysis	 forest	
plot	for	intraoperative	oxygenation	mean	difference	among	
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individualized	by	EIT	and	Pes	nor	in	favor	of	PEEP	not	indi-
vidualized	through	EIT	and	Pes.	Similar	findings	have	been	
evidenced	between	the	Hybrid	adjustment	method	for	zero	
count	 (additional	 file	2,	 Fig.	2)	 and	 the	 other	 approaches	
(additional	file	2,	Fig.	4),	also	with	the	elimination	of	He	et	
al.	study	(additional	file	2,	Fig.	5).

The	 intraoperative	 hemodynamic	 complications	 with	
corrective	therapies	administration	rates	as	well	as	pulmo-
nary	complication	are	described	in	Additional	file	8.

experimental and control groups is represented for EIT and 
Pes in Fig. 5.	With	EIT,	 intraoperative	oxygenation	mean	
difference	was	of	107	[73.6;140.4]	mmHg	vs.	51	[3.0-99.1]	
mmHg	 obtained	 individualizing	 PEEP	 by	 Pes.	 At	 meta-
regression,	 body	mass	 index	 showed	 an	 estimate	 of	 2.61	
(95%CI	0.26–4.96,	p	=	0.03).

The pooled risk ratio for respiratory complications occur-
ring	in	the	time	lapse	between	intraoperative	period	(day	of	
surgery,	day	0)	and	day	28	after	surgery	or	day	of	hospital	
discharge	 for	 patients	 with	 individualized	 PEEP	 through	
EIT	and	Pes	and	patients	with	non-individualized	PEEP	by	
EIT	and	Pes	is	represented	in	additional	file	2,	Fig.	2. Respi-
ratory	complications	risk	ratio	was	neither	in	favor	of	PEEP	

Fig. 4	 Sensitivity	 analysis	 forest	 plot	 for	 intraoperative	 oxygenation	
for	the	two	strategies	of	pressure	positive	end-expiratory	pressure	titra-
tion	in	patients	subjected	to	surgery	without	He	et	al.	study
The	vertical	dotted	line	refers	to	the	mean	difference	(mmHg)	in	intra-
operative	 PaO2/FiO2	 among	 patients	 receiving	 PEEP	 individualized	
through	EIT	or	Pes	vs.	PEEP	not	individualized	through	EIT	or	Pes.	
Gray	squares	indicate	the	individual	study	mean	differences	whereas	

the	black	horizontal	lines	indicate	the	95%	confidence	interval	of	sin-
gle	studies.	The	diamond	refers	to	the	to	the	overall	mean	difference	
(mmHg)	with	95%	confidence	interval
PaO2/FiO2,	arterial	oxygen	tension	to	inspired	oxygen	fraction;	PEEP,	
pressure	 positive	 end-expiratory	 pressure;	EIT,	 electrical	 impedance	
tomography;	Pes,	esophageal	pressure;	I2,	heterogeneity;	SD,	standard	
deviation

 

Fig. 3	 Forest	plot	for	intraoperative	oxygenation	after	randomization	
in	patients	subjected	to	surgery
The	vertical	dotted	line	refers	to	the	mean	difference	(mmHg)	in	intra-
operative	 PaO2/FiO2	 among	 patients	 receiving	 PEEP	 individualized	
through	EIT	or	Pes	vs.	PEEP	not	individualized	through	EIT	or	Pes.	
Gray	squares	indicate	the	individual	study	mean	differences	whereas	
the	black	horizontal	lines	indicate	the	95%	confidence	interval	of	sin-

gle	studies.	The	diamond	refers	to	the	to	the	overall	mean	difference	
(mmHg)	with	95%	confidence	interval
PaO2/FiO2,	arterial	oxygen	tension	to	inspired	oxygen	fraction;	PEEP,	
pressure	 positive	 end-expiratory	 pressure;	EIT,	 electrical	 impedance	
tomography;	Pes,	 esophageal	 pressure,	 I2,	 heterogeneity,	MD,	mean	
difference;	SD,	standard	deviation
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PEEP	 value	 able	 to	 assure	 a	 mean	 end-expiratory	 trans-
pulmonary pressure ≥	0	cmH2O [9,	11]. In the light of the 
previous	 considerations,	 the	 individualized	 PEEP	 via	EIT	
and	Pes	ranged	between	a	mean	value	of	8	cmH2O	and	19	
cmH2O	in	our	setting,	whereas	the	individualized	PEEP	set	
by	combining	maximal	compliance	to	minimal	driving	pres-
sure	was	between	a	mean	value	of	8	cmH2O	and14	cmH2O,	
as elsewhere reported [5].	As	 a	 final	 consequence,	 in	 our	
context,	 individualizing	 PEEP	 by	 EIT	 and	 Pes	 yielded	 a	
mean	 intraoperative	difference	 in	PaO2/FiO2	of	69	mmHg	
with	respect	to	PEEP	not	individualized	by	EIT	or	Pes,	that	
reached	85	mmHg	with	the	elimination	of	He	et	al.	inves-
tigation	 due	 to	 similar	 PEEP	values	 among	 study	 groups.	
Conversely,	 tailoring	 PEEP	 on	 the	 maximal	 respiratory	
system	compliance	 and	minimal	driving	pressure	 led	 to	 a	
mean	 intraoperative	difference	 in	PaO2/FiO2	of	21	mmHg	
compared	to	a	fixed	PEEP	strategy	[5].	Noteworthy,	in	con-
trast to our dataset obtained mainly in robotic/laparoscopic 
abdominal	or	pelvic	surgery,	data	from	PEEP	individualized	
on	compliance	and	driving	pressure	were	acquired	in	both	
open and robotic/laparoscopic surgery [5].	Also,	in	that	set-
ting [5],	PaO2/FiO2	assessment	was	a	carried	out	at	different	
time points from PEEP application compared to our context.

Interestingly,	in	our	setting,	the	mean	difference	in	intra-
operative	PaO2/FiO2	was	magnified	 at	 increasing	of	 body	
mass	 index,	 suggesting	 the	 necessity	 of	 application	 of	

4 Discussion

In	patients	receiving	IMV	for	abdominal	or	pelvic	surgery,	
principally	in	laparoscopic	or	robotic	technique,	the	appli-
cation of a strategy tailoring PEEP on the basis of EIT or 
Pes	 assessment	 allowed	 to	 achieve	 a	 higher	 oxygenation	
compared	to	a	ventilation	strategy	with	non-individualized	
PEEP	by	EIT	or	Pes.	Despite	this,	the	individualization	of	
PEEP through EIT or Pes did not reduce the occurrence of 
pulmonary complications compared to PEEP not tailored on 
EIT	or	Pes	evaluation.

Advanced	respiratory	monitoring	tools	such	as	EIT	and	
Pes	are	used	to	manage	mechanical	ventilation	in	patients	
suffering	for	acute	respiratory	failure	and	ARDS	[15]. EIT 
and	 Pes	 assessment	 have	 also	 been	 employed	 in	 patients	
under	general	anesthesia	to	properly	set	the	mechanical	ven-
tilation	to	assure	lung	protection	and/or	improve	intraopera-
tive	oxygenation	[30,	31].	In	our	surgical	setting,	EIT	or	Pes	
assessment	were	specifically	adopted	to	individualize	PEEP	
against the mechanical changes mainly induced by pneu-
moperitoneum,	with	or	without	Trendelenburg.	PEEP	indi-
vidualized	on	the	basis	of	EIT	assessment	was	set	as	the	best	
mechanical compromise at which both lung collapse and 
hyperdistention	were	minimized	 [12]	 or	 the	 PEEP	valued	
able	to	assure	the	lowest	regional	ventilation	delay	[10,	13,	
14].	On	the	other	side,	when	Pes	assessment	was	employed,	
the	individualization	of	PEEP	was	obtained	choosing	a	the	

Fig. 5	 Subgroup	analysis	forest	plot	for	intraoperative	oxygenation	for	
the	two	strategies	of	pressure	positive	end-expiratory	pressure	titration	
in	patients	subjected	to	surgery	
The	vertical	dotted	line	refers	to	the	mean	difference	(mmHg)	in	intra-
operative	 PaO2/FiO2	 among	 patients	 receiving	 PEEP	 individualized	
through	EIT	or	Pes	vs.	PEEP	not	individualized	through	EIT	or	Pes.	
Gray	squares	indicate	the	individual	study	mean	differences	whereas	

the	black	horizontal	lines	indicate	the	95%	confidence	interval	of	sin-
gle	studies.	The	diamond	refers	to	the	to	the	overall	mean	difference	
(mmHg)	with	95%	confidence	interval
PaO2/FiO2,	arterial	oxygen	tension	to	inspired	oxygen	fraction;	PEEP,	
pressure	positive	end-expiratory	pressure;	I2,	heterogeneity;	SD,	stan-
dard	deviation;	X 1

2,	subgroup	difference
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population	 obtained	 by	 enrolled	 investigations	 was	 rela-
tively	small.	The	study	quality	was	affected	by	a	high	risk	
of	bias,	probably	due	to	 the	high	between-study	heteroge-
neity	of	the	enrolled	population.	Indeed,	eliminating	He	et	
al.	investigation	[13]	due	to	similar	PEEP	value	among	the	
study groups and moderating data by body mass index at 
meta-regression,	the	between-study	heterogeneity	improved	
considerably.	Also,	the	high	risk	of	bias	relied	on	the	fact	that	
the enrolled studies were not blindly conducted because the 
outcome	assessors	were	aware	of	the	intervention	received	
by	study	participants.	However,	at	GRADE	rating,	our	find-
ings	 reached	a	moderate	 level	of	 certainty.	 In	our	 setting,	
end-expiratory	transpulmonary	pressure,	calculated	accord-
ing	 to	 direct	method,	was	 used	 for	 the	 assessment	 of	 the	
dorsal	lung	collapse,	as	previously	described	[38]. Nonethe-
less,	despite	Pes	has	been	widely	employed	to	drive	IMV	in	
critical care and anesthesia setting [9,	11,	23,	24,	39,	40] for 
the	purpose	of	recruiting	the	dependent	lung	atelectasis,	the	
validity	of	the	end-expiratory	transpulmonary	pressure	as	an	
indicator	of	the	lung	collapse	remains	a	subject	of	ongoing	
debate [41],	mainly	when	elevated	PEEP	is	adopted	[38]. In 
interpreting	our	data,	it	is	worth	to	consider	that	the	defini-
tions and the time of occurrence of the pulmonary complica-
tions	were	taken	from	the	studies	enrolled.	Thus,	different	
results	might	 be	 obtained	with	 different	 clinical	 and	 tem-
poral	 definition	 of	 respiratory	 complications.	 In	 addition,	
the	limited	sample	size	and	low	event	incidence	precludes	
conclusions	drawn	with	regard	to	postoperative	pulmonary	
complications,	warranting	further	studies.

In	 conclusion,	 a	 ventilatory	 strategy	 individualizing	
PEEP	on	EIT	and	Pes	assessment	allows	to	achieve	a	bet-
ter	 intraoperative	 oxygenation	 compared	 to	 PEEP	 non	
individualized	through	EIT	and	Pes	in	patients	undergoing	
abdominal	or	pelvic	surgery,	principally	carried	out	through	
laparoscopic/robotic	 approach.	 This	 effect	 seems	 particu-
larly	magnified	 in	 obese	 patients	 undergoing	 this	 type	 of	
surgery.

Supplementary Information	 The	 online	 version	 contains	
supplementary	 material	 available	 at	 https://doi.org/10.1007/s10877-
023-01094-2.
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advanced	respiratory	monitoring	in	setting	mechanical	ven-
tilation for obese patients.

In	our	population,	it	is	worth	to	point	out	that,	despite	the	
increased	body	mass	 index,	 the	 individualization	of	PEEP	
by	EIT	allowed	a	higher	pooled	intraoperative	PaO2/FiO2	
difference	among	study	arms	compared	to	Pes	assessment.	
EIT	allows	a	wider	assessment	of	ventilation	distribution	in	
real	time	across	the	ventral-to-dorsal	axis.	Also,	the	esopha-
geal	balloon	calibration,	an	ad	hoc	procedure	to	avoid	arti-
facts	deriving	from	device	and	esophageal	wall	reaction	[21,	
32],	was	partially	performed	 in	 the	 investigations	 titrating	
PEEP	on	Pes	assessment.	Indeed,	conversely	to	Cammarota	
et al. [9],	in	Piyriapatsom	et	al.	investigation	[11],	esopha-
geal	 balloon	calibration	was	not	 carried	out,	 and	Pes	was	
overestimated.	 This	 could	 have	 led	 to	 the	 application	 of	
higher	PEEP	levels	in	Piyriapatsom	et	al.	setting	[11] study 
with respect to Cammarota et al. [9],	with	a	possible	detri-
mental	effect	on	oxygenation.

We	 did	 not	 observe	 any	 modification	 of	 the	 risk	 ratio	
for	 pulmonary	 complications	 incidence,	 when	 PEEP	 was	
individualized	 according	 to	EIT	 or	 Pes	 compared	 to	 non-
individualized	PEEP	strategy	by	EIT	or	Pes.	This	data	was	
in	 contrast	 to	 the	 reduction	 of	 postoperative	 pulmonary	
complications	previously	observed	with	 the	 individualiza-
tion	of	PEEP	by	maximizing	 the	 respiratory	 system	com-
pliance	and	minimizing	respiratory	system	driving	pressure	
[5].	In	this	perspective,	in	interpreting	our	data,	it	is	worth	
considering	that	most	of	the	enrolled	investigations	defined	
different	times	of	observation	of	pulmonary	complications	
occurrence	compared	to	previous	investigation	[5].	Also,	in	
our	 context,	 the	major	 part	 of	 the	 enrolled	 trials	 (85.7%)	
were	sized	to	evaluate	the	effects	exerted	by	individualized	
PEEP	on	oxygenation	and	not	on	postoperative	pulmonary	
complications incidence.

As	 a	 clinical	 implication,	 also	 in	 considerations	 of	 the	
findings	 obtained	 from	 previous	 clinical	 trials	 and	 meta-
analysis	 which	 did	 not	 observe	 any	 difference	 in	 post-
operative	 pulmonary	 complications	 incidence	 [33–36] by 
comparing	high	PEEP	of	12	cmH2O against a low PEEP of 
2–5	 cmH2O,	 the	 individualization	 of	 intraoperative	 PEEP	
through	 EIT	 and	 Pes	 could	 find	 its	 application	 in	 obese	
patients undergoing laparoscopic/robotic surgery. Notwith-
standing,	due	the	numerous	skills	required	in	handling	with	
EIT and Pes assessment and the additional equipment nec-
essary	for	the	application	these	techniques,	the	wide	diffu-
sion	of	 these	advanced	 respiratory	monitoring	 tools	could	
be	limited.	With	particular	regard	to	Pes	evaluation,	indeed,	
several	 factors	 depending	 on	 patient’s	 characteristics	 and	
esophageal	balloon	could	affect	the	reliability	of	Pes	mea-
surements [15,	37].

Our	study	has	several	limitations	that	require	to	be	men-
tioned.	Despite	the	wide	search	conducted,	the	final	patients	
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