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Abstract
Background: Post-operative pulmonary complications (PPC) can develop in up to 13% of patients undergoing
neurosurgical procedures and may adversely affect clinical outcome. The use of intraoperative lung protective
ventilation (LPV) strategies, usually including the use of a low Vt, low PEEP and low plateau pressure, seem to
reduce the risk of PPC and are strongly recommended in almost all surgical procedures. Nonetheless, feasibility of
LPV strategies in neurosurgical patients are still debated because the use of low Vt during LPV might result in
hypercapnia with detrimental effects on cerebrovascular physiology. Aim of our study was to determine whether
LPV strategies would be feasible compared with a control group in adult patients undergoing cranial or spinal
surgery.
Methods: This single-centre, pilot randomized clinical trial was conducted at the University Hospital “Maggiore della
Carità” (Novara, Italy). Adult patients undergoing major cerebral or spinal neurosurgical interventions with risk index
for pulmonary post-operative complications > 2 and not expected to need post-operative intensive care unit (ICU)
admission were considered eligible. Patients were randomly assigned to either LPV (Vt = 6 ml/kg of ideal body
weight (IBW), respiratory rate initially set at 16 breaths/min, PEEP at 5 cmH2O and application of a recruitment
manoeuvre (RM) immediately after intubation and at every disconnection from the ventilator) or control treatment
(Vt = 10 ml/kg of IBW, respiratory rate initially set at 6–8 breaths/min, no PEEP and no RM). Primary outcomes of the
study were intraoperative adverse events, the level of cerebral tension at dura opening and the intraoperative
control of PaCO2. Secondary outcomes were the rate of pulmonary and extrapulmonary complications, the number
of unplanned ICU admissions, ICU and hospital lengths of stay and mortality.
Results: A total of 60 patients, 30 for each group, were randomized. During brain surgery, the number of episodes
of intraoperative hypercapnia and grade of cerebral tension were similar between patients randomized to receive
control or LPV strategies. No difference in the rate of intraoperative adverse events was found between groups. The
rate of postoperative pulmonary and extrapulmonary complications and major clinical outcomes were similar
between groups.
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Conclusions: LPV strategies in patients undergoing major neurosurgical intervention are feasible. Larger clinical
trials are needed to assess their role in postoperative clinical outcome improvements.
Trial registration: registered on the Australian New Zealand Clinical Trial Registry (www.anzctr.org.au), registration
number ACTRN12615000707561.
Keywords: Mechanical ventilation, Postoperative pulmonary complications, Neurosurgery

Introduction
About 230 millions patients worldwide undergo major
surgical procedures every year, requiring general anaesthesia and invasive mechanical ventilation [1]. Postoperative pulmonary complications (PPC), including
atelectasis, pneumonia or infections, can develop in up
to 13% of patients undergoing neurosurgical procedures
and they may adversely affect the clinical outcome [2, 3].
Different strategies of mechanical ventilation with high
tidal volumes (Vt > 10 mL/Kg of predicted body weight),
with exposition to elevated airway pressures and without
positive end-expiratory pressure (PEEP), are associated
with the development of PPC [4]. On the contrary, intraoperative lung protective ventilation (LPV) strategies,
usually including the use of a low Vt, low PEEP and low
plateau pressure, seem to reduce the risk of PPC and are
strongly recommended [5]. Noteworthy, the PERISCOPE
study showed that the development of PPCs was associated with worse outcome [6]. Furthermore, different
studies showed that even mild PPCs resulted in increased postoperative mortality, need for intensive care
unit (ICU) admission, and ICU and hospital length of
stay [2, 7]. Therefore, the use of LPV strategies is becoming more and more frequently adopted in all surgical procedures. Nonetheless, neurosurgical patients were
often excluded from most trials on protective intraoperative ventilation because the use of low Vt during LPV
might result in hypercapnia with detrimental effects on
cerebrovascular physiology [8, 9].
Scientific evidence is still inconclusive on the feasibility
of the use of LPV strategies in cranial and spinal surgery
[10, 11]. Therefore, the present pilot, assessor-blinded
randomized clinical trial was conducted to determine
whether a strategy of LPV would be feasible in adult patients undergoing cranial or spinal surgery.

representative, according to the local regulations and to
the principles of Helsinki Declaration. The CONSORT
recommendations concerning the report of randomized
trials were followed [12].
Patients

Patients were considered to be eligible for participation
if they satisfied the following criteria: 1) age > 18 years;
2) undergoing cerebral or spinal neurosurgical interventions with an expected duration > 4 h; 3) risk index for
pulmonary post-operative complications > 2 [13]; 4) not
expected to need post-operative ICU admission. The
preoperative risk index for pulmonary complications is a
validated tool to identify patients at risk for postoperative pneumonia [13]. The risk index stratifies patients in
risk classes ranging from 1 to 5, with higher risk classes
indicating a higher risk of postoperative pulmonary complications [13]. By adding points from single risk factors,
the investigators obtained a score associated with a risk
class. The single points for risk factors and classification
for classes are listed in the Table E1 (in the ESM).
Patients were planned for post-operative ICU admission after a joint team decision, weighing the preoperative clinical conditions (i.e. presence of comorbidities,
functional level and issues related to the type and site of
lesion), the risk for perioperative complications and
postoperative requirements (neuromonitoring, sedation,
two-stage surgical intervention).
Exclusion criteria were: 1) history of mechanical ventilation in the previous 2 weeks [14]; 2) Body Mass Index
≥35 kg/m2; 3) history of sepsis or acute respiratory failure in the previous 2 weeks [14]; 4) need for emergency
surgery; 5) presence of neuromuscular diseases; 6) refusal to participate.
Randomization and interventions

Materials and methods
Design and oversight

The study was a single-centre, pilot randomized clinical
trial conducted from December 2014 to December 2015
at the University Hospital “Maggiore della Carità” (Novara, Italy). The study was approved by the local Ethics
Committee (protocol n° 134/14) and registered at ACTR
N (ACTRN12615000707561). Written informed consent
was obtained from each participant or from a legal

A computer-generated randomization list was created by
an independent investigator. Randomization was conducted using sealed, sequentially numbered, and opaque
envelopes placed in the nurse-head office of the operating room and without any stratification factor. Patients
who satisfied all inclusion criteria and had no exclusion
criteria were randomly assigned in a 1:1 ratio to either
LPV or control treatment with a permuted-block
method. The two tested ventilation strategies were:
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1) Interventional group: low tidal volume with PEEP
(LPV strategy) with Vt equal to 6 ml/kg of ideal
body weight (IBW), respiratory rate initially set at
16 breaths/min, PEEP at 5 cmH2O and application
of a recruitment manoeuvre (RM) immediately after
intubation and at every disconnection from the
ventilator (interventional group).
2) Control group: Vt equal to 10 ml/kg of IBW,
respiratory rate initially set at 6–8 breaths/min, no
PEEP and no RM. The initial respiratory rate was
left to the free decision of the attending
anaesthesiologist.
In both groups, the initial inspired oxygen fraction
(FiO2) set at the ventilator was 0.3. IBW was computed
according to the following formula: 50 + 0.91 x (centimeters of height – 152.4) for males and 45.5 + 0.91 x (centimeters of height – 152.4) for females [14].
For safety reasons, in both groups respiratory rate was
modulated to achieve physiological pH and normocapnia, as assessed either by Arterial Blood Gases (ABG)
(aimed between 35 and 45 mmHg) or through the endtidal carbon dioxide (etCO2) (aimed to range between 30
and 40 mmHg). A transitory increase of the FiO2 up to
100% was allowed for safety reasons in case of peripheral
oxygen saturation (SpO2) < 90%. In case of persistent
hypoxemia, as defined by a ratio between arterial partial
pressure of oxygen (PaO2) and FiO2 (PaO2/FiO2) < 250
mmHg, a RM was applied in both groups. RM was delivered by applying in Pressure Support Ventilation (PSV)
mode a PEEP of 30 cmH2O for 30 s, without any inspiratory support.
All patients were ventilated with a Flow-I ventilator
(Maquet Critical Care, Solna, Sweden).
Intra-operative anaesthesiologic managements were
standardized in both groups (see ESM for further
details).
Outcomes

Primary outcomes of the study; intraoperative adverse
events, such as i) haemoglobin desaturation (SpO2 <
90% with a FiO2 ≥ 40%) ii) hypoxemic events (as detected by ABG and defined by a PaO2/FiO2 < 250
mmHg), and iii) hemodynamic events characterized
by hypotension (i.e., mean arterial pressure < 50
mmHg or a remarkable reduction in systolic arterial
blood pressure less than 90 mmHg) [14–16], hypertension (i.e., mean arterial blood pressure > 90 mmHg)
[16], bradycardia (i.e., heart rate < 50 beats/min) or
tachycardia (i.e., heart rate > 95 beats/min); 2) the
level of cerebral tension at dura opening; 3) intraoperative control of PaCO2 (i.e., number of patients
with one or more episodes of hypercapnia and the
overall PaCO2 detected by ABG).
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Intraoperative adverse events were expressed either
compositely and separately.
Secondary outcomes were the rate of pulmonary and
extrapulmonary complications, the number of unplanned ICU admissions, ICU and hospital lengths of
stay and mortality.
Postoperative pulmonary complications were scored
using a grade scale ranging from 0 to 4, with grade 0
representing the absence of any pulmonary complication and grades 1 through 4 representing successively
the worse forms of complications (see Table E2 in
the ESM) [17].
Data acquisition and analysis

Data were collected through a dedicated case report
form and, afterward, uploaded on a customized database
on Microsoft Excel (Microsoft Corporation, USA). Patients’ characteristics, administered fluid and blood components, and diuresis were recorded. At the beginning of
surgery, ventilator settings, peak (Ppeak) and plateau
(Pplat) pressures were also recorded.
Cerebral tension was scored using a grade scale ranging from 1 to 4, with “1” representing the relaxed brain;
“2” representing a mild, acceptable brain swelling; “3” a
moderate brain swelling not requiring therapy; “4” indicating a severe swellingrequiring treatment [16]. The
level of cerebral tension, as indicated by the surgeon at
dural opening was recorded.
The surgeon was blinded with regard to the applied
ventilation strategy. The need for osmotic therapies or
transient hyperventilation aimed to reduce cerebral tension were also recorded [16]. ABGs were analysed after
intubation and at every 1-h interval.
Any adverse event requiring additional monitoring or
treatment after patient’s awakening in the recovery room
(such as cough, seizure, shivering, haemoglobin desaturation, agitation or altered mental status, uncontrolled severe post-operative pain) and/or during hospital stay,
need for ICU admission, hospital length of stay, and
mortality were recorded [16]. Moreover, blood test results at baseline, and 1 and 3 days after surgery were collected [14]. Patients were followed by a blinded assessor
up to hospital discharge.
Statistical analysis

For this feasibility study, we chose a small sample size of
60 patients after exclusion and inclusion criteria were
fulfilled. However, this sample size allowed us to detect
a 32% difference with an alpha error of 10% and a power
of 80% in a two-sided test.
All the analyses were performed on an intention-totreat basis. Normal distribution of data was assessed
through the Kolmogorov Smirnov test. Data were
expressed as mean (SD) or median [25th–75th IQR], as
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appropriate. Comparisons of normally distributed variables were performed by unpaired t-tests, whereas the
Mann-Whitney U-test was used for non-parametric data.
Comparisons of two or more proportions were made by
using the chi-square test; the Fisher exact test was used
for small frequencies. Comparison of ordinal data of
cerebral tensions was performed through the KruskalWallis H-test. Multiple data comparison was performed
with the analysis of variance (ANOVA) for repeated
measures, and the Bonferroni post-hoc test was used,
when indicated.
Two-tailed p values < 0.05 were considered statistically
significant.

Results
Patients

From December 2014 through December 2015, a total
of 1145 patients scheduled for neurosurgery were
assessed for trial eligibility. A total of 60 patients, 30 for
each group, were included in the intention-to-treat

Page 4 of 10

analysis. All patients received the allocated treatment,
and primary outcomes data were available for all patients (Fig. 1).
Baseline characteristics and scheduled surgical procedures were similar between groups (Table 1).

Perioperative procedures

Table E3 (in ESM) enlists the intraoperative fluid balance and ventilator settings in both groups. Administered fluids, blood components, diuresis and
intraoperative fluid balance were similar between
cohorts.
Respiratory rate required to achieve physiological pH
and normocapnia was significantly lower in control
group, compared to LPV strategy (8 ± 1 vs. 16 ± 1
breaths/min, respectively; p < 0.0001). Ppeak and Pplat did
not differ between groups (Table E3 in the ESM).
Surgery duration (260 ± 74 vs. 250 ± 98 min, p = 0.637)
and the time spent under invasive mechanical ventilation

Fig. 1 Flowchart of the study. The figure depicts the study flowchart, which includes four arms
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Table 1 baseline characteristics of study population
Control treatment (n = 30)

LPV strategy (n = 30)

P value

Age (years), mean (SD)

58 (13)

58 (18)

0.987

Male, n (%)

15 (50)

12 (40)

0.604

Height (cm), mean (SD)

167 (8)

166 (9)

0.880

Weight (kg), mean (SD)

69.7 (13.0)

69.6 (14.3)

0.978

25.0 (4.0)

25.1 (4.5)

0.942

Class 1

9

6

0.535

Class 2

19

22

Class 3

2

2

Class 4

0

0

Brain surgery

21 (70)

23 (77)

Spinal surgery

9 (30)

7 (23)

2

BMI (kg*m ), mean (SD)
ASA Classification, n (%)

Type of surgery, n (%)

(373 ± 96 vs. 393 ± 116 min, p = 0.482) were also similar
between groups.
All patients received intravenous analgesia and
achieved a good control of pain, thus not needing the
adjunctive administration of analgesics.
No adverse events after patient’s awakening in the recovery room were recorded.
Outcomes

No difference in the rate of composited and separated
intraoperative adverse events was found between groups
(Table 2). Of note, desaturation mainly occurred during
the first hour of surgery in the control group, whereas
transient hypotensive events were observed during execution of RMs and spontaneously recovered at the end
of RMs.

0.771

During brain surgery, the grade of cerebral tension
was similar between patients randomized to receive control treatment or LPV strategies, as well as the need for
osmotic therapy (mannitol 18%) (107 ± 18 mL vs 138 ±
19 mL; p = 0.224). (Table 2).
The number of patients who experienced one or more
episodes of hypercapnia was also similar between groups.
(Table 2) Furthermore, the overall PaCO2 was slightly, although significantly, higher in the LPV group, compared to
control one (Table 2). ABGs during surgery and at arousal
are shown in Fig. 2. Throughout the study protocol, ABGs
were similar between the two ventilator strategies.
The rate of postoperative pulmonary and extrapulmonary complications was similar between groups
(Table 3). Major clinical outcomes were similar between
groups (Table 4).

Table 2 Primary Outcomes
Control treatment

LPV strategy

P value

Patients with one or more adverse events, n (%)
Composite

8 (26.7)

8 (26.7)

0.999

Hypoxemic events

6 (20.0)

2 (6.7)

0.129

Haemoglobin desaturation

0 (0.0)

0 (0.0)

0.999

Hypotension or bradycardia

2 (6.7)

6 (20.0)

0.129

Grade 1 n (%)

7 (33.3)

7 (30.4)

0.677

Grade 2 n (%)

9 (42.9)

10 (43.5)

Grade 3 n (%)

5 (23.8)

6 (26.1)

Grade 4 n (%)

0 (0.0)

0 (0.0)

Cerebral tension by the surgeon (only in case of brain surgery)

PaCO2 control
Patients with one or more episode of hypercapnia n (%)

1 (3.3)

2 (6.6)

0.554

Overall PaCO2 recorded (mmHg), mean (SD)

35.5 (4.0)

37.1 (3.4)

0.002
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Fig. 2 Arterial Blood Gases. Box plots of pH, arterial partial pressure
of carob dioxide (PaCO2) and the ratio between arterial partial
pressure to inspired fraction of oxygen (PaO2/FiO2) are depicted for
control treatment and lung protective (LPV) ventilation strategies
groups, at induction, 1 and 4 h after induction and at the
extubation. The bottom and top of the box indicate the 25th and
75th percentile, the horizontal band near the middle of the box is
the median, and the ends of the whiskers represent the 10th and
90th percentiles. P values between study arms are report in
the figures

Discussion
The findings of our pilot randomized clinical trial can be
summarized as follows: a) use of LPV was feasible in a
population of patients scheduled to undergo major
neurosurgical procedures, since the cerebral tension
assessed by the surgeon were not different between
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groups, while PaCO2 was significantly higher during
LPV, though the difference was not clinically relevant; b)
the rate of adverse events during surgery was not different between groups; c) no difference in the incidence of
PPCs and other relevant outcomes was observed.
In several trials, application of LPV in different types
of surgery improved the rates of postoperative complications [14, 15, 18], postoperative arterial oxygenation and
pulmonary function tests [15], and also decreased acute
lung injury and atelectasis [19], as well as the need for
reintubation [20], hemodynamic instability, and renal
failure [21]. More recently, the enthusiasm for LPV has
been mitigated by some studies reporting no outcome
differences between low or high tidal volumes [22] and
PEEP [23, 24] during major surgeries. In addition, for
fear of hypercapnia, the use of LPV strategies in cranial
and spinal surgery is still debated because potentially
contraindicated in neurosurgical patients [3].
Some trials reported higher PaCO2 values during LPV
[15, 25]. Indeed, changes of 1 mmHg in PaCO2 levels induce modifications ranging from about 2 to 4% in cerebral blood flow, thus also affecting intracranial pressure
[8]. Similar effects were also reported for spinal cord
blood flow [9]. In this regard, we detected slightly higher
overall PaCO2 values (+ 1.6 mmHg) during LPV, while
PaCO2 was similar at the different timepoints; however,
the cerebral tension as evaluated by the surgeon at dural
opening, the use of osmotic agents, and/or the need for
transient hyperventilation were not different between
groups. In fact, a rise of 1.6 mmHg of PaCO2 translates
into an increase of cerebral blood flow of 2.7 ml every
100 g of tissue per minute, that produces a negligible
modification of the intracranial pressure [26].
We observed similar rates of adverse events between
groups. Of note, in our population, the vast majority of
hemodynamic adverse events (i.e., transient hypotension)
occurred during execution of RMs and spontaneously
recovered at the end of RMs, consistently with previous
trials [14, 27]. This can happen when high pressures are
applied to the thoracic system, thus reducing both venous return to the heart and cardiac output, and consequently causing a transient hypotension [28]. The
optimization of patients volemia before anaesthesia induction and the use of a stepwise recruitment
manoeuvre should be considered in the attempt to reduce the hypotensive events during RM. [29] In fact, the
occurrence of intraoperative hypotension, even of short
(1–3 min) duration, may be associated with impaired
outcomes [30].
Furthermore, one or more desaturations occurred in
20% of patients randomized to control treatment, as
compared to 6% in the PLV group. Noteworthy, all episodes occurred within the first hour after anaesthesia induction and resolved with the application of a RM, as
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Table 3 Secondary outcomes
Control treatment (n = 30)

LPV strategy (n = 30)

P value

9 (30.0)

7 (23.3)

0.341

0 (0.0)

0 (0.0)

0.999

3 (10.0)

3 (10.0)

0.999

Pulmonary complication n (%)
Overall
Grade 1
Dyspnea not due to other documented cause
Grade 2
Atelectasis
Chest X-ray worsening

4 (13.3)

2 (6.6)

0.389

Need for oxygen therapy

5 (16.7)

2 (6.6)

0.228

Post-operative hypoxia

8 (26.7)

5 (16.7)

0.347

1 (3.3)

0 (0.0)

0.313

Grade 3
Pneumonia
Grade 4
Need for invasive mechanical ventilation

0 (0.0)

0 (0.0)

0.999

Need for CPAP/NIV

0 (0.0)

0 (0.0)

0.999

2 (6.6)

1 (3.3)

0.554

Extra-Pulmonary complications
Infective complications, n (%)

CPAP Continuous Positive Airway Pressure, NIV Non-Invasive Ventilation

per study protocol. This is attributable to the application
of a RM immediately after intubation and PEEP in the
LPV group.
We also recorded a higher diuresis in the LPV group.
Of note, in this group, the administered fluids were
slightly, though not significantly, higher. Therefore, the
intraoperative fluid balance was similar between groups.
Our trial has some strengths. Notably, the trial is
characterized by a low risk for detection bias. First
of all, having included the “healthiest” patients and
the “easiest” cases, we excluded bias arising from
baseline clinical characteristics of patients, reducing
important confounding factors. In this way, the clinical effect of ventilatory approach is arguably due to
the ventilatory approach itself, not to the baseline
patients’ comorbidities or the most complex surgical
cases. At the same time, this makes difficult to
generalize our results to an average population with
co-morbidities, that is the most susceptible population to be affected by the ventilatory setting.

Moreover, the main outcomes are characterized by
objective assessments, such as the ABGs or predefined modifications of vital parameters. Furthermore, secondary outcomes were assessed by assessors blinded to the delivered ventilation strategy. In
addition, the trial is characterized by a pragmatic nature of the protocol, while maintaining the routine
clinical practice. Moreover, the fluid management
was standardized by the trial protocol, overcoming
the limitations of previous trials [14].
Before outlining our conclusions, some important limitations deserve to be discussed. First of all, our pilot
trial aimed to assess feasibility of LPV, rather than differences in outcome variables. Therefore, no conclusions
on postoperative clinically relevant outcomes, such the
occurrence of PPCs, can be drawn from our small population. In addition, we acknowledge that the preoperative
risk index for pulmonary complications is a validated
tool to identify patients at risk for postoperative pneumonia, but it is not a good score to evaluate other

Table 4 Clinical outcomes
Control treatment (n = 30)

Protective strategy (n = 30)

P value

Unplanned ICU admission, n (%)

2 (6.7)a

3 (10.0)a

0.999

ICU length of stay (days) mean (SD)

0.3 (0.7)

0.3 (0.5)

0.870

Hospital length of stay (days), mean (SD)

8.1 (3.7)

8.6 (3.6)

0.629

ICU mortality, n (%)

0 (0%)

0 (0%)

0.999

Hospital mortality, n (%)

0 (0%)

0 (0%)

0.999

ICU Intensive Care Unit
a
Noteworthy, 1 patient in the control group and 5 patients in protective strategy were admitted also to ICU after surgery because of shortage of subintensive
beds due to the admission of other patients after randomization
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postoperative complications such as atelectasis or ARDS.
In addition, we included both cranial and spinal surgical
interventions which are very different settings and deserve to be analysed separately. Moreover, the method
we used to evaluate cerebral tension could raise criticism, due to a poor agreement with the subdural pressure assessed with a small catheter and a pressure
transducer system [31]. Nonetheless, our method was
used in other studies and previously published [16].
Future trials should consider the results from more recent studies on intraoperative ventilation. For example,
PEEP should be set individually, tidal volume should be
adjusted on the patients’ lung size and on the predicted
body weight in order to assure a Pplat < 20 cmH2O and a
driving pressure < 15 cmH2O. In addition, high FiO2
should be avoided, if unnecessary [32]. Moreover, since
our hypotensive events lasted less than 30 s, further trials
with proper design and sample size should investigate if
these episodes would impair patients’ outcomes. In
addition, the possible impairments due to a slight increase in PaCO2 may be probably overpassed by the
great benefits derived from the reduction of PPCs occurrence [2, 6, 7]. Nonetheless, this result requires further
confirmation in larger trials including those patients excluded from our study. Moreover, we did not record the
need and use of hyperosmolar therapy in the postoperative period up to 96 h after surgery. Further trials
should also investigate this feature.

Conclusions
In patients scheduled for major neurosurgery, LPV strategy is feasible. Further studies with an adequate sample
size should be properly designed and conducted to assess safety and potential clinical outcome improvements,
such as the occurrence of postoperative pulmonary and
extrapulmonary complications.
Abbreviations
ABGs: Arterial Blood Gases; etCO2: End-tidal Carbon dioxide; FiO2: Inspired
oxygen fraction; IBW: Ideal Body Weight; ICU: Intensive Care Unit; LPV: Lung
Protective Ventilation; PaCO2: Arterial tension of carbon dioxide; Ppeak: Peak
airway pressures; Pplat: Plateau airway pressures; PEEP: Positive End-Expiratory
Pressure; PPC: Post-operative Pulmonary Complications; PSV: Pressure
Support Ventilation; RM: Recruitment Manoeuvre; SpO2: Peripheral oxygen
saturation; Vt: Tidal volume

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12871-021-01404-8.
Additional file 1: Table S1. Preoperative Risk Index [1]. Table S2.
Grade scale for postoperative pulmonary complications. Table S3.
Intraoperative fluid balance and ventilator settings.

Acknowledgements
Not applicable.

Page 8 of 10

Authors’ contributions
F.L. was responsible for conception and design of the study, and the
acquisition, analysis and interpretation of the data, and for drafting and
revising the article for final approval of the version to be published. L.P. was
responsible for analysis and interpretation of the data, and for drafting and
revising the article for final approval of the version to be published. C.M. was
responsible for conception and design of the study, and the acquisition of
the data, and for revising the article for final approval of the version to be
published. P.K. was responsible for conception and design of the study, and
the acquisition of the data, and for revising the article for final approval of
the version to be published. A.B. was responsible for analysis and
interpretation of the data, and for drafting and revising the article for final
approval of the version to be published. E.G. was responsible for analysis and
interpretation of the data, and for drafting and revising the article for final
approval of the version to be published. P.M. was responsible for analysis
and interpretation of the data, and for revising the article for final approval
of the version to be published. C.P. was responsible for analysis and
interpretation of the data, and for revising the article for final approval of the
version to be published. V.R. was responsible for acquisition, analysis and
interpretation of the data, and for revising the article for final approval of the
version to be published. F.D. was responsible for conception and design of
the study, and the acquisition, analysis of the data, and for drafting and
revising the article for final approval of the version to be published. G.C. was
responsible for conception and design of the study, and the acquisition,
analysis and interpretation of the data, and for drafting and revising the
article for final approval of the version to be published. R.V. was responsible
for conception and design of the study, and the analysis and interpretation
of the data, and for revising the article for final approval of the version to be
published. M.J.S. was responsible for conception and design of the study,
and the analysis and interpretation of the data, and for revising the article
for final approval of the version to be published. P.N. was responsible for
conception and design of the study, and the analysis and interpretation of
the data, and for drafting and revising the article for final approval of the
version to be published.
Funding
None.
Availability of data and materials
The authors will share all of the individual participant data collected during
the trial after de-identification, to researchers who provide a methodologically sound proposal. The full protocol and raw data are available at longhini.
federico@gmail.com

Declarations
Ethics approval and consent to participate
The study was approved by the local Ethics Committee of the Maggiore
della Carità Hospital, in Novara (Italy) on the 10th October 2014 (protocol n°
134/14). All patients provided written informed consent to participate in the
trial, according to the national regulations.
Consent for publication
All patients gave consent for data publication according to national
regulations.
Competing interests
No conflict related to the present work. Dr. Navalesi’s research laboratory has
received equipment and grants from Maquet Critical Care, Draeger and
Intersurgical S.p.A. He also received honoraria/speaking fees from Maquet
Critical Care, Orionpharma, Philips, Resmed, MSD and Novartis. Dr. Navalesi
contributed to the development of the helmet Next, whose licence for
patent belongs to Intersurgical S.P.A., and receives royalties for that
invention. Dr. Longhini and Dr. Navalesi contributed to the development of
a new device not discussed in the present study (European Patent number
3320941, released on 5th August 2020). The remaining authors have no
conflict of interest to disclose.
Author details
Anesthesia and Intensive Care, Department of Medical and Surgical
Sciences, “Magna Graecia” University, Catanzaro, Italy. 2Anesthesia and
1

Longhini et al. BMC Anesthesiology

(2021) 21:184

Intensive Care, University Hospital of Padua, Via Giustiniani 2, Padova, Italy.
3
Anesthesia and Intensive Care, “Maggiore Della Carità” Hospital, Novara, Italy.
4
Department of Clinical and Experimental Medicine, University of Catania,
Catania, Italy. 5Anesthesia and Intensive Care, Sant’Andrea Hospital, ASL VC,
Vercelli, Italy. 6Department of Intensive Care, Academic Medical Center,
Amsterdam, The Netherlands. 7Laboratory of Experimental Intensive Care and
Anesthesiology (LEICA), Academic Medical Center, Amsterdam, The
Netherlands. 8Anesthesiology and Intensive Care Unit, Department of
Medicine-DIMED, University of Padova, Padova, Italy.
Received: 1 November 2020 Accepted: 17 June 2021

References
1. Weiser TG, Regenbogen SE, Thompson KD, Haynes AB, Lipsitz SR, Berry WR,
et al. An estimation of the global volume of surgery: a modelling strategy
based on available data. Lancet. 2008;372(9633):139–44. https://doi.org/10.1
016/S0140-6736(08)60878-8.
2. Fernandez-Bustamante A, Frendl G, Sprung J, Kor DJ, Subramaniam B,
Martinez Ruiz R, et al. Postoperative pulmonary complications, early
mortality, and hospital stay following noncardiothoracic surgery: a
multicenter study by the perioperative research network investigators.
JAMA Surg. 2017;152(2):157–66. https://doi.org/10.1001/jamasurg.2016.4065.
3. Robba C, Hemmes SNT, Serpa Neto A, Bluth T, Canet J, Hiesmayr M, et al.
Intraoperative ventilator settings and their association with postoperative
pulmonary complications in neurosurgical patients: post-hoc analysis of LAS
VEGAS study. BMC Anesthesiol. 2020;20(1):73. https://doi.org/10.1186/s12
871-020-00988-x.
4. Neto AS, Hemmes SN, Barbas CS, Beiderlinden M, Fernandez-Bustamante A,
Futier E, et al. Association between driving pressure and development of
postoperative pulmonary complications in patients undergoing mechanical
ventilation for general anaesthesia: a meta-analysis of individual patient
data. Lancet Respir Med. 2016;4(4):272–80. https://doi.org/10.1016/S2213-2
600(16)00057-6.
5. Young CC, Harris EM, Vacchiano C, Bodnar S, Bukowy B, Elliott RRD, et al.
Lung-protective ventilation for the surgical patient: international expert
panel-based consensus recommendations. Br J Anaesth. 2019;123(6):898–
913. https://doi.org/10.1016/j.bja.2019.08.017.
6. Mazo V, Sabate S, Canet J, Gallart L, de Abreu MG, Belda J, et al. Prospective
external validation of a predictive score for postoperative pulmonary
complications. Anesthesiology. 2014;121(2):219–31. https://doi.org/10.1097/A
LN.0000000000000334.
7. LAS VEGAS investigators. Epidemiology, practice of ventilation and outcome
for patients at increased risk of postoperative pulmonary complications: LAS
VEGAS - an observational study in 29 countries. Eur J Anaesthesiol. 2017;
34(8):492–507.
8. Meng L, Gelb AW. Regulation of cerebral autoregulation by carbon dioxide.
Anesthesiology. 2015;122(1):196–205. https://doi.org/10.1097/ALN.
0000000000000506.
9. Komjati K, Greenberg JH, Reivich M, Sandor P. Interactions between the
endothelium-derived relaxing factor/nitric oxide system and the
endogenous opiate system in the modulation of cerebral and spinal
vascular CO2 responsiveness. J Cereb Blood Flow Metab. 2001;21(8):937–44.
https://doi.org/10.1097/00004647-200108000-00006.
10. Rock AK, Opalak CF, Workman KG, Broaddus WC. Safety outcomes following
spine and cranial neurosurgery: evidence from the National Surgical Quality
Improvement Program. J Neurosurg Anesthesiol. 2018;30(4):328–36. https://
doi.org/10.1097/ANA.0000000000000474.
11. Soh S, Shim JK, Ha Y, Kim YS, Lee H, Kwak YL. Ventilation with high or low
tidal volume with PEEP does not influence lung function after spinal
surgery in prone position: a randomized controlled trial. J Neurosurg
Anesthesiol. 2018;30(3):237–45. https://doi.org/10.1097/ANA.
0000000000000428.
12. Altman DG, Schulz KF, Moher D, Egger M, Davidoff F, Elbourne D, et al. The
revised CONSORT statement for reporting randomized trials: explanation
and elaboration. Ann Intern Med. 2001;134(8):663–94. https://doi.org/10.732
6/0003-4819-134-8-200104170-00012.
13. Arozullah AM, Khuri SF, Henderson WG, Daley J. Development and
validation of a multifactorial risk index for predicting postoperative
pneumonia after major noncardiac surgery. Ann Intern Med. 2001;135(10):
847–57. https://doi.org/10.7326/0003-4819-135-10-200111200-00005.

Page 9 of 10

14. Futier E, Constantin JM, Paugam-Burtz C, Pascal J, Eurin M, Neuschwander A,
et al. A trial of intraoperative low-tidal-volume ventilation in abdominal
surgery. N Engl J Med. 2013;369(5):428–37. https://doi.org/10.1056/
NEJMoa1301082.
15. Severgnini P, Selmo G, Lanza C, Chiesa A, Frigerio A, Bacuzzi A, et al.
Protective mechanical ventilation during general anesthesia for open
abdominal surgery improves postoperative pulmonary function.
Anesthesiology. 2013;118(6):1307–21. https://doi.org/10.1097/ALN.0b013e31
829102de.
16. Citerio G, Pesenti A, Latini R, Masson S, Barlera S, Gaspari F, et al. A
multicentre, randomised, open-label, controlled trial evaluating equivalence
of inhalational and intravenous anaesthesia during elective craniotomy. Eur
J Anaesthesiol. 2012;29(8):371–9. https://doi.org/10.1097/EJA.0b013e3283
5422db.
17. Hulzebos EH, Helders PJ, Favie NJ, De Bie RA, de la Brutel Riviere A, Van
Meeteren NL. preoperative intensive inspiratory muscle training to prevent
postoperative pulmonary complications in high-risk patients undergoing
CABG surgery: a randomized clinical trial. JAMA. 2006;296(15):1851–7.
https://doi.org/10.1001/jama.296.15.1851.
18. Serpa Neto A, Hemmes SN, Barbas CS, Beiderlinden M, Biehl M, Binnekade
JM, et al. Protective versus conventional ventilation for surgery: a systematic
review and individual patient data meta-analysis. Anesthesiology. 2015;
123(1):66–78. https://doi.org/10.1097/ALN.0000000000000706.
19. Licker M, Diaper J, Villiger Y, Spiliopoulos A, Licker V, Robert J, et al. Impact
of intraoperative lung-protective interventions in patients undergoing lung
cancer surgery. Crit Care. 2009;13(2):R41. https://doi.org/10.1186/cc7762.
20. Sundar S, Novack V, Jervis K, Bender SP, Lerner A, Panzica P, et al. Influence
of low tidal volume ventilation on time to extubation in cardiac surgical
patients. Anesthesiology. 2011;114(5):1102–10. https://doi.org/10.1097/ALN.
0b013e318215e254.
21. Lellouche F, Dionne S, Simard S, Bussieres J, Dagenais F. High tidal volumes
in mechanically ventilated patients increase organ dysfunction after cardiac
surgery. Anesthesiology. 2012;116(5):1072–82. https://doi.org/10.1097/ALN.
0b013e3182522df5.
22. Karalapillai D, Weinberg L, Peyton P, Ellard L, Hu R, Pearce B, et al. Effect of
intraoperative low tidal volume vs conventional tidal volume on
postoperative pulmonary complications in patients undergoing major
surgery: a randomized clinical trial. JAMA. 2020;324(9):848–58. https://doi.
org/10.1001/jama.2020.12866.
23. Hemmes SN, Gama de Abreu M, Pelosi P, Schultz MJ. High versus low
positive end-expiratory pressure during general anaesthesia for open
abdominal surgery (PROVHILO trial): a multicentre randomised controlled
trial. Lancet. 2014;384(9942):495–503. https://doi.org/10.1016/S0140-6736(14
)60416-5.
24. Bluth T, Serpa Neto A, Schultz MJ, Pelosi P, Gama de Abreu M, Bobek I, et al.
Effect of intraoperative high positive end-expiratory pressure (PEEP) with
recruitment maneuvers vs low PEEP on postoperative pulmonary
complications in obese patients: a randomized clinical trial. JAMA. 2019;
321(23):2292–305. https://doi.org/10.1001/jama.2019.7505.
25. Memtsoudis SG, Bombardieri AM, Ma Y, Girardi FP. The effect of low versus
high tidal volume ventilation on inflammatory markers in healthy
individuals undergoing posterior spine fusion in the prone position: a
randomized controlled trial. J Clin Anesth. 2012;24(4):263–9. https://doi.org/1
0.1016/j.jclinane.2011.08.003.
26. Brian JE Jr. Carbon dioxide and the cerebral circulation. Anesthesiology.
1998;88(5):1365–86. https://doi.org/10.1097/00000542-199805000-00029.
27. Fan E, Wilcox ME, Brower RG, Stewart TE, Mehta S, Lapinsky SE, et al.
Recruitment maneuvers for acute lung injury: a systematic review. Am J
Respir Crit Care Med. 2008;178(11):1156–63. https://doi.org/10.1164/rccm.2
00802-335OC.
28. Lim SC, Adams AB, Simonson DA, Dries DJ, Broccard AF, Hotchkiss JR, et al.
Transient hemodynamic effects of recruitment maneuvers in three
experimental models of acute lung injury. Crit Care Med. 2004;32(12):2378–
84. https://doi.org/10.1097/01.CCM.0000147444.58070.72.
29. Canfran S, Gomez de Segura IA, Cediel R, Garcia-Fernandez J. Effects of fluid
load on cardiovascular function during stepwise lung recruitment
manoeuvre in healthy dogs. Vet J. 2013;197(3):800–5. https://doi.org/10.101
6/j.tvjl.2013.05.013.
30. Kouz K, Hoppe P, Briesenick L, Saugel B. Intraoperative hypotension:
pathophysiology, clinical relevance, and therapeutic approaches. Indian J
Anaesth. 2020;64(2):90–6. https://doi.org/10.4103/ija.IJA_939_19.

Longhini et al. BMC Anesthesiology

(2021) 21:184

31. Cold GE, Tange M, Jensen TM, Ottesen S. ‘Subdural’ pressure measurement
during craniotomy. Correlation with tactile estimation of dural tension and
brain herniation after opening of dura. Br J Neurosurg. 1996;10(1):69–75.
https://doi.org/10.1080/02688699650040548.
32. Hol L, Nijbroek S, Schultz MJ. Perioperative lung protection: clinical
implications. Anesth Analg. 2020;131(6):1721–9. https://doi.org/10.1213/ANE.
0000000000005187.

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

Page 10 of 10

