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SUMMARY 

 

Preventing postoperative complications became an outstanding area of research either in 

surgical or in anaesthetic care. Both the severity and the incidence of complications are related 

to the type of surgery and anaesthesia, and even patient’s actual physical status and 

comorbidities. Over the past decade proportion of minimally invasive surgical interventions 

increased to reduce the incidence of the surgical procedure related complications. On the other 

hand, the underlying pathophysiology of anaesthesia related risk factors and complications have 

been recognised and perioperative lung protective ventilatory strategies (LPV) have gained 

increasing importance during general anaesthesia in routine anaesthetic care. However, recent 

trials indicated, that the entire LPV concept is still not widely implemented in current 

anaesthesia practice 

The main goal of lung protective ventilation is to prevent ventilator-induced lung injury 

(VILI) characterized by mechanical (volu-, baro, atelectotrauma) and biological injury of the 

lungs leading to tissue oxygenation disorders resulting postoperative complications. Excessive 

lung stress due to high transpulmonary and driving pressures (ΔP) induces intrapulmonary 

inflammatory response. The main inflammatory cytokines and interleukins involved in this 

mechanism induce procalcitonin (PCT) – a commonly used inflammatory marker -, production 

and release. There is strong correlation between the degree and dynamics of inflammatory 

response and serum PCT concentrations or rather PCT kinetics, hence it has some rationale that 

monitoring inflammatory response by regular PCT measurements in the postoperative period 

reflects host response. Therefore, it has some rationale to monitor PCT values in order to 

evaluate their potential correlation with the development of VILI. 

There is convincing evidence to recommend the use of lung protective ventilation (LPV) 

applying low tidal volumes (TV = 6 ml kg-1 of Ideal Body Weight), optimal positive and-

expiratory pressure (PEEPopt) and regular alveolar recruitment manoeuvres during general 

anaesthesia even in patients with non-injured lungs. Applying individual PEEP to achieve the 

highest possible static pulmonary compliance (Cstat) in order to optimize respiratory mechanics 

is the key to avoid hyperinflation of the lungs, to prevent or reverse atelectasis and to improve 

gas exchange. Additionally, appropriate mechanical ventilation may attenuate pulmonary 

inflammatory response. These anticipated advantages may also improve postoperative recovery 

and survival rates, shorten in-hospital stay and reduce healthcare related costs. Although, 

inappropriate PEEP values may lead to decreased pulmonary compliance and gas exchange 
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disorders, the effects of applying an individually titrated optimal PEEP (PEEPopt) on 

respiratory mechanics, oxygenation and even on the inflammatory response, and its correlation 

with postoperative complications has not entirely been evaluated yet. 

Therefore, to test our hypothesis we conducted a prospective randomized controlled trial 

(Study I) to compare the effects of a standard LPV applying a 6 cmH2O of PEEP with a LPV 

using an individualized PEEPopt (titrated during a decremental procedure) on intraoperative 

respiratory mechanics, oxygenation and their potential correlation with the inflammatory 

response indicated by early PCT kinetics following open radical cystectomy and urinary 

diversion. Respiratory mechanics parameters were monitored during surgery, blood gas 

samples were analysed in order to assess oxygenation and PCT kinetics were measured to 

evaluate the host inflammatory response. Haemodynamic parameters and organ disfunctions 

were also recorded and evaluated. Importantly, titrated PEEPopt levels in the study group (SG) 

were higher than the standard (6 H2Ocm) PEEP in the control group. Applying PEEPopt 

improved oxygenation and reduced ΔP significantly. However, higher levels of PEEP impaired 

haemodynamics during surgery leading to higher vasopressor requirements and more common 

kidney injury in the early postoperative period. Although a more balanced inflammatory 

response was observed in the SG, subjects’ PCT values were significantly different indicating 

a large individual variability of the host response to mechanical ventilation. Overall, our results 

have some promising details and may further improve our knowledge on the effects of optimal 

intraoperative ventilatory strategies applied in patients undergoing major abdominal surgery, 

whether these have any effect on short and long term outcomes require further investigations. 

As no nationwide surveys regarding perioperative pulmonary protective management have 

been carried out previously in Hungary, we conducted an online, questionnaire-based survey 

study (Study II) to evaluate the routine anaesthetic care and adherence to the LPV concept of 

Hungarian anaesthesiologists during major abdominal surgery. Results of our survey research 

indicated that the use of LPV is common, but the individualized approach is rare. Moreover, 

institutional LPV protocols implementing recent international guidelines are missing. Main risk 

factors of postoperative pulmonary complications are widely known, however applying the 

Early Recovery After Surgery (ERAS) approach is still missing. Despite driving pressure is 

currently considered one of the most important safety limits for mechanical ventilation, it is 

used only by expert anaesthesiologists. These results highlight the need for regular, high quality 

education and training sessions. 
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1 INTRODUCTION 

As a result of increasing both human population and life expectancy at birth, the number 

of surgical interventions has increased dramatically in the past decades. However, we do not 

have exact data about the amount of surgical care globally, the estimated worldwide need for 

major surgical procedures to address the burden of disease is more than 320 million 

(approximately 5000 procedures / 100.000) per year [1,2,3]. As population become older and 

more comorbidities develop it is expected that this number will increase substantially in the 

next decades [4]. The four major surgical specialties with the largest annual workload are 

orthopaedics and trauma (22.1%), general surgery (16.1%), gynaecology and urology (10-10%) 

[5], associated with high rates (5-60%) of postoperative complications [6 – 11]. Despite several 

anaesthetic techniques exist, general anaesthesia with the use of mechanical ventilation is 

required in about 65% of these procedures to achieve safe and adequate anaesthesia, analgesia 

and optimal surgical conditions [12,13]. However, it should not be forgotten that mechanical 

ventilation is a double-edged sword. It is necessary to maintain gas exchange and tissue 

oxygenation, but inappropriate ventilatory settings may result in adverse events. 

Preventing postoperative complications became an outstanding area of research either in 

surgical or in anaesthetic care. Both the severity and the incidence of complications are related 

to the type of surgery and anaesthesia, and even patient’s actual physical status and 

comorbidities. Over the past decade proportion of minimally invasive surgical interventions 

increased (eg.: laparoscopic surgery was twice as high in 2017 as in 2012, in Hungary) to reduce 

the incidence of the surgical procedure related complications [14]. On the other hand, the 

underlying pathophysiology of anaesthesia related risk factors and complications have been 

recognised and perioperative lung protective ventilatory strategies have gained increasing 

importance during general anaesthesia in routine anaesthetic care. 

 

1.1 BASIC PRINCIPLES AND PHYSIOLOGY OF UNASSISTED SPONTANEOUS RESPIRATION 

Physiologic respiration is a result of complex and precise interaction between the chest 

wall and the lungs. Contribution of respiratory muscles, elastic components of the chest wall 

and the lungs play a central role in generating a pressure gradient across the respiratory system 

(between the mouth and the external surface of the chest wall), resulting in an airflow through 

the airways to ensure air to enter the alveolar space where gas exchange by diffusion between 

alveolar gases and those in the blood of pulmonary capillaries can occur (Fig. 1) [15]. There 
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are four different thoracic pressures involved in breathing (referred to be in relative terms to the 

atmospheric pressure): pressure at the mouth (equal to the atmospheric pressure, Pm), in the 

alveoli (intrapulmonary pressure, Palv), in the pleural space (intrapleural pressure, Ppl) and 

pressure at the body surface (Pbs). 

 

 

FIGURE 1. The mechanics of spontaneous ventilation and the resulting pressure waves (approximately normal 

values). Adapted from Jimmy Cairo [15]. 

During spontaneous inspiration intrapleural pressure (Ppl) decreases, generating PL resulting in a “physiological 

negative pressure” ventilation. 

 

During spontaneous breathing Pm and Pbs are always zero, while Palv and Ppl (which is 

normally negative) vary throughout the respiratory cycle. Differences between these pressures 

are called pressure gradients.  The three key pressure gradients involved in the mechanism of 

breathing are the transrespiratory (PTR = Pm - Palv), the transpulmonary (PL = Palv - Ppl) and 

the transthoracic pressure (PTT = Ppl - Pbs) gradients. The PTR is responsible for the actual flow 

of gas into and out of the alveoli during breathing. The PL is responsible for maintaining alveolar 

inflation, while the PTT represents the total pressure required to expand or contract the lungs 

and chest wall [15,16]. During unassisted spontaneous inspiration movement of the chest wall 

and an increase in thoracic cavity and lung volumes due to active contraction of respiratory 

muscles decrease the already negative pleural pressure further and generate PL resulting in a 

“physiological negative pressure” ventilation [17,18].  PL is determined by the following 

universal equation: 

Pao + Pmus = PEEP + [Ers × VT] + [Rrs × Flow] 



14 
 

In this equation Pao represents the pressure at the airway opening and Pmus is the pressure 

generated by respiratory muscles. PEEP stands for positive end-expiratory pressure, Ers is the 

elastance and Rrs is the resistance of the respiratory system, VT stands for tidal volume, and 

Flow means the airflow [17]. It is evident, that this equation can be applied to positive pressure 

ventilation as well, that means ventilation takes place when a pressure difference occurs across 

the respiratory system, regardless of its origin. 

It is well known that regional distribution of ventilation is heterogenous due to the elastic 

properties of the lungs and vertical gradient of pleural (and transpulmonary) pressure [19].  

There are two groups of the muscles of the thoracic wall: those involved in inhalation and those 

responsible for forced exhalation. The principal muscle is the dome-shaped diaphragm whose 

contraction increases either the vertical dimension of the thorax by pushing downward the 

abdominal content, or the anterior-posterior dimension by an outward traction of the ribs. 

Contraction of the external intercostals elevates the lateral part of the ribs resulting in an 

increase of the transverse diameter of the chest. This excursion of the diaphragm is not 

homogenous, as well as ventilation and perfusion. Recent research using fluoroscopic imaging 

proved that the diaphragm can be divided into three segments functionally: top (nondependent, 

anterior tendon plate), middle and dorsal (dependent, posterior) segments. During spontaneous 

breathing the posterior part move more than the anterior, opposing alveolar compression, 

preventing ventilation/perfusion (V/Q) mismatch and resulting in improved ventilation of the 

dependent regions of the lungs. These advantages remain even in supine position [20,21]. 

During exhalation an opposite process takes place: the diaphragm and external intercostals 

relax, and due to the elastic elements of the lungs, the natural recoil of the lungs decreases the 

thoracic space, while abdominal content pressed so far moves upward, squeezing the air out of 

the lungs. This elastic recoil is sufficient during normal breathing thus expiration occurs in a 

passive way. However, during forced expiration several other muscles (internal intercostal 

muscles and rectus abdominis) are recruited to increase the power and effectiveness of 

expiration. Moreover, it should not be forgotten that breathing patterns, respiratory rate and 

amplitude is variable during spontaneous ventilation to achieve metabolic requirements. 

 

1.2 BASIC RESPIRATORY MECHANICS PARAMETERS 

There are some forces that must be overcome in order to ventilation (adequate airflow) 

occur.  These include elastance (or the inverse of elastance, namely compliance), surface 

tension and resistance. Understanding, and properly evaluating respiratory mechanics 

parameters at the bedside is crucial for detecting changes in the respiratory system. As changes 
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can occur abruptly (and prompt immediate action), it is evident that close and continuous 

monitoring of respiratory mechanics is essential during mechanical ventilation [18,22,23,24]. 

Here I focus on the mechanical measurements that can be used to help make clinical decisions, 

however the important role of surface tension will also be described. 

 

1.2.1 Elastance and compliance 

Elasticity is that property of a material to try to maintain its shape and resist to stretching 

forces. The elasticity of the lungs is due to its elastic and collagen fibers in its parenchyma.  

According to Hooke’s Law, elastance (E) is defined as E = ΔP / ΔV, where ΔP is the change in 

pressure applied to the lungs and ∆V stands for the change in volume in the lungs. Compliance 

(C) is the opposite and reciprocal of elastance (C = 1 / E = ΔV / ΔP).  

In respiratory physiology elastance is the willingness of the lungs to return to the resting 

position, and compliance describes the willingness to distend. ΔV is tidal volume (TV) and ΔP 

is the difference between end-inspiratory alveolar pressure (termed plateau pressure Pplat) and 

end-expiratory pressure (Pex). Pex is usually zero when referenced to atmosphere. However, 

when positive end-expiratory pressure (PEEP) is applied, Pex is at least as great as PEEP [18]. 

In this context C = TV / (Pplat – PEEP) during mechanical ventilation applying PEEP. The 

difference between Plat and PEEP is termed driving pressure (ΔP). 

In everyday practice we use C to evaluate the distensibility and flexibility of the lungs. One 

should note that airway pressure during inflation is influenced by volume, C of the lungs and 

the chest wall together (namely thoracic compliance), and thoracic resistance to flow. It can be 

concluded that C should be measured under static conditions (during a period of no flow), in 

order to eliminate resistance to flow from the equation. Therefore, C is determined by taking 

static measurements of the distending pressure at different lung volumes and can be done during 

inflation or deflation [18]. Using the plots of a serial measurement throughout the respiratory 

cycle, a pressure-volume (PV) curve can be constructed (Fig. 2). The slope of the PV curve 

represents the C, however inspiratory and expiratory curves are separated. This area of 

separation is termed hysteresis. Hysteresis is a result of both the surface tension of the alveoli 

and the collapse of small airways. 
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FIGURE 2. Pressure–volume curve. Shown is a pressure–volume curve developed from measurements in isolated 

lung during inflation (inspiration) and deflation (expiration). The slope of each curve is the compliance. The 

difference in the curves is hysteresis. Adapted from Daniel C Grinnan [18]. 

 

Normal adult lung compliance ranges from 100 to 400 ml cmH20
-1. However, lung 

compliance will change with age, body position, and various pulmonary (e.g.: pneumonia, 

pulmonary oedema, pulmonary fibrosis, acute respiratory distress syndrome, tension 

pneumothorax, dynamic hyperinflation, etc.) and extrapulmonary  pathological entities 

(extreme obesity, ascites, intraabdominal hypertension, chest deformities, etc.). Moreover, a 

significant decrease in compliance is usually observed immediately after endotracheal 

intubation and a further decrease is common during mechanical ventilation lasting for several 

hours (Fig. 3). 

 

FIGURE 3. Rightward shift of the PV curve (left) indicating decreasing lung compliance, and slight decrease on 

the lung compliance trend graph (right) during radical cystectomy. Changes are highlighted by yellow arrows. 

Measurements were carried out using Dräger Primus© Anaesthesia Workstation (Dräger AG & Co, Lübeck, 

Germany) 
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1.2.2 Flow and resistance 

Flow (Q) is the movement of air in the airways. It is dependent on a ΔP and is inversely 

related to the resistance to flow (R). This relationship is described in the following equation: Q 

= ΔP/R. Two types of flow are present in the lungs: laminar and turbulent flow. In general, 

there is a turbulent flow in the large airways and major bifurcations, whereas laminar flow is 

present in the distant, lower (smaller) airways. The type of flow present in an airway is 

influenced by the rate of flow (V), the airway radius (r), the density (p), and the viscosity of gas 

(η). In case of laminar flow R = 8ηl/πr4 (Poiseuille's Law), where l is airway length. When flow 

is turbulent, a frictional factor (f) must be incorporated and a modification of Poiseuille's 

equation should be used: R = Vflη/π2r5 [18]. 

Resistance of the lungs is originated from airway resistance and tissue resistance. During 

spontaneous breathing, normal airway resistance is estimated at 2 to 3 cmH2O l-1 s-1. Airway 

resistance is the friction caused by the movement of air throughout the respiratory system and 

conducting airways (mainly the medium-sized bronchi), and accounts for about 80% of total 

resistance. Tissue resistance consists of the impedance to motion (friction) caused by moving 

the organs and chest wall during the respiratory cycle. In the mechanically ventilated patient, 

resistance can be measured as follows: R = (Ppeak – Pplat) / Q. In this equation R is resistance, 

Ppeak is peak pressure, Pplat is plateau pressure and Q is the flowrate in litres per second. 

In a normal individual resistance to flow is minimal and does not limit inspiration. Maximal 

expiratory flow is initially limited only by expiratory muscle strength, however, as the airway 

lumen decreases, resistance to flow will increase and flow is limited by resistance [18]. This 

phenomenon is well described in the case of acute bronchospasm or chronic obstructive 

pulmonary diseases (COPD), and even when atelectasis occurs. Increasing airway resistance 

may be a marker of developing atelectasis and increasing dead space. 

    

1.2.3 Dead space 

Dead space is the volume of air that is inhaled that does not take part in the gas exchange, 

because it either remains in the conducting airways (anatomical dead space) or reaches alveoli 

that are not or only poorly perfused (alveolar dead space). The total respiratory dead space, 

termed physiological dead space is a sum of the anatomical and the alveolar dead space 

fractions. Based on earlier research the anatomic dead space is considered approximately 26% 

of TV [25], while alveolar dead space is negligible in healthy, spontaneously breathing 

individuals. However, alveolar dead space can dramatically increase either in pulmonary 

diseases due to V/Q mismatch, or as a consequence of inappropriate mechanical ventilation. 
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The extent of dead space fraction (Vds/Vt) can be measured by spirometry or even 

visualized by electrical impedance tomography, or it can be estimated using both time-based 

and volumetric capnography (e.g. arterial to end-tidal carbon dioxide difference as an indicator 

of dead space is easy to calculate) at the bedside.  

The importance of dead space fraction during mechanical ventilation was recognized by 

the development of the “baby lung” concept in patients with acute respiratory distress syndrome 

(ARDS) [26]. Baby lung is the functional – ventilating - part of the lungs. The decrease in 

available lung for ventilation manifests both as a decrease in respiratory system compliance and 

as an increase in resistance. The problem with stiff lungs is that small increases in volume can 

generate large increases in pressure (lung stress) and cause barotrauma. In this case driving 

pressure can be a key role parameter to optimize mechanical ventilation parameters [27]. 

 

1.2.4 Surface tension 

The pressure required to keep a sphere open is directly proportional to the tension in the 

wall and inversely proportional to the radius of the sphere (Laplace’s Law). This is 

demonstrated by the following equation: P = 2T/r. In context of ventilation P is the pressure 

required to inflate the lungs, T is the tension in the wall of the alveoli and r stands for the radius 

of the alveoli. The smaller the radius of an alveoli, the higher the surface tension becomes, and 

extraordinary pressure would be required to inflate. 

Alveolar surface of the lungs is covered by a thin film of fluid (surfactant) produced by 

alveolar cells, creating an air-fluid interphase, resulting a significant decrease in surface tension 

of the alveoli. However, when damage of the surfactant layer occurs regardless of origin, 

alveolar collapse and atelectasis develop. 

  

1.3 CHANGES OF RESPIRATORY PHYSIOLOGY DURING POSITIVE PRESSURE VENTILATION 

Positive pressure ventilation modes can be divided into two groups: invasive or non-

invasive assisted spontaneous ventilation (e.g. pressure support ventilation, PSV), and 

controlled ventilation (e.g. volume- or pressure-controlled ventilation modes, VCV, PCV). Due 

to the principles of positive pressure ventilation significant changes occur compared to 

spontaneous breathing. Firstly, during controlled mechanical ventilation, especially in the 

intraoperative settings, due to the use of anaesthetics and analgesics or even neuromuscular 

blocking agents (NMBAs), respiratory drive and activity of the musculature may be 

significantly reduced, or in most cases completely extinguished. In this case the positive 

inspiratory pressure – i.e. the eligible pressure gradient – must be generated by a ventilator to 
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create airflow, while all respiratory work is carried out by the machine. As a result, during 

controlled ventilation Pao and alveolar pressure (Palv) are always positive, while Pmus = 0 

cmH2O. 

During assisted spontaneous ventilation the work of breathing is shared by the respiratory 

muscles and the ventilator, while alveolar pressure (Palv) decreases below PEEP for only a 

proportion of the inspiratory time, while Pao and Pmus are positive [17]. 

Beyond these major differences from physiological breathing, that is, mechanical ventilators 

pressurize the respiratory system, and a more heterogenous redistribution of PL occurs during 

positive pressure ventilation [19]. This heterogenous redistribution of PL in combination with 

inappropriate ventilatory settings might be responsible for both mechanical and biological 

injury of the lungs, leading to ventilator-induced lung injury (VILI) and postoperative 

pulmonary complications (PPC).  

In addition to the redistribution of the PL, a typical redistribution of ventilation occurs 

during positive pressure ventilation, especially when neuromuscular blockade is also 

introduced. The main extent of ventilation is being shifted to the nondependent and less 

perfused anterior regions of the lungs leading to V/Q mismatch and extent atelectasis in the 

dependent lung regions resulting increased pulmonary shunts [28]. These observed differences 

are based on the altered excursion of the diaphragm. Movement of the posterior, dependent part 

of the diaphragm decreased significantly but rather at anterior, nondependent part during 

controlled ventilation even when low tidal volumes were applied (Fig. 4) [29,30,31]. 

Additionally, when NMBAs are used, redistribution of diaphragmatic excursion and the 

concomitant ventilatory impairments become much more striking. 

 

FIGURE 4. Diaphragmatic excursion. Adapted from 

Bruce S. Kleinman [21]. 

 

End-inspiratory video frame has been digitally pasted 

on video frame of diaphragm at functional residual 

capacity (FRC) position. Diaphragmatic borders are 

graphically enhanced. Stippled outline represents end 

inspiration; thick black line is diaphragm at FRC 

position. Area between stippled outline and thick 

black line represents diaphragmatic displacement. 

A: SB, low TV. B: SB, large TV. 

C: IPPV, low TV. D: IPPV, large TV 

Excursion is greater in nondependent segments as 

contrasted with SB (A vs C). 

 

SB = spontaneous breathing; TV = tidal volume; 

IPPV = intermittent positive pressure ventilation 
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At this point, it should be mentioned that there are several disadvantages of spontaneous 

breathing during mechanical ventilation. Disadvantages include the possibility of uncontrolled 

inspiratory efforts that may worsen lung injury due to volutrauma or barotrauma; increased 

heterogeneity of ventilation leading to “occult pendelluft” (regionally elevated PL despite a safe 

mean value); regional dorsal atelecto-trauma due to cyclic opening and closing of small airways 

[32,33]; patient-ventilator asynchrony resulting patient distress; increased alveolo-capillary 

pressure gradient leading to interstitial oedema and impaired haemodynamics. Recognizing the 

role of this effort-dependent lung injury - termed patient self-inflicted lung injury (P-SILI) – 

regarding to respiratory impairment has become a new direction of research in recent years 

[34]. 

 

1.4 VENTILATOR INDUCED LUNG INJURY AND LUNG PROTECTIVE VENTILATION 

Ventilator induced lung injury is the result of physical and biological injury of the lungs. 

The former is due to volu-, baro-, atelectotrauma, the latter is caused by surfactant aggregation 

and inactivation, harmful local inflammatory response and damage of the pulmonary 

extracellular matrix. These can lead to postoperative pulmonary and consequent 

extrapulmonary complications that is a common risk of mechanical ventilation not just in 

critically ill patients ventilated with injured lung but also during general anaesthesia [35,36]. 

Indeed, previously conducted trials over the past decades identified the main surgical, 

anaesthesia-, and patient-related risk factors and the pathophysiology of VILI resulting 

postoperative pulmonary complications (PPC, Table 1.) [37,38,39,40]. 

TABLE 1. Risk factors of postoperative pulmonary complications 

Risk factors 

Surgery related Anaesthesia related Patient related 

Vascular surgery Excessive fluid administration Age > 65 years 

Thoracic surgery Blood transfusion (> 4 units) ASA physical status ≥ 3 

Upper abdominal surgery Residual neuromuscular blockade History of pulmonary disease (COPD) 

Neurosurgery Intraoperative hypothermia Obstructive sleep apnoa 

Head and Neck surgery Use of nasogastric tube Preoperative SpO2 < 96% 

Emergency procedure Inadequate ventilator settings Congestive heart failure 

Reoperation for surgical complications  Recent respiratory infection (< 1 mo) 

Duration of surgery ≥ 2 hours  Partial or total functional dependency 

Open laparotomy > laparoscopy  Active smoking 

  Alcohol abuse 

  Preoperative sepsis 

  Weight loss > 10% in the last 6 months 

  Preoperative anaemia (Hgb < 10 g dl-1) 

  Obesity 

ASA = American Society of Anesthesiologists; SpO2 = peripheral oxygen saturation 
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The main pathophysiological risk factors of VILI are excessive lung stress due to high PL 

and ΔP; extensive lung strain characterized by destructive cyclic closing and opening of small 

airways; and induction of local and systemic inflammatory response [38]. The main 

inflammatory cytokines and interleukins (IL) involved in this mechanism are tumour necrosis 

factor-alpha (TNF-α), nuclear factor kappa-beta (NF-κβ), IL-6, IL-8 and IL-1β, surfactant 

protein-D, receptor for advanced glycation end-products (RAGE) and  club cell secretory 

protein (CC-16). Measuring the level of these proinflammatory molecules is challenging, 

cumbersome and expensive, however it has been shown by several studies that these induce 

procalcitonin (PCT) – a commonly used inflammatory marker -, production and release 

[41,42,43]. There is strong correlation between the degree and dynamics of inflammatory 

response and serum PCT concentrations or rather PCT kinetics, hence it has some rationale that 

monitoring inflammatory response by regular PCT measurements in the postoperative period 

reflects host response [44,45,46,47,48]. It is expected that PCT values will peak approximately 

24 hours after surgery and they should decline by 50% daily in the case of an uneventful 

postoperative course [49]. Therefore, it has some rationale to monitor PCT values in order to 

evaluate their potential correlation with the development of VILI [44,45,46,47,48,49,50].  

There is convincing evidence to recommend the use of lung protective ventilation (LPV) 

applying low tidal volumes (TV = 6 ml kg-1 of Ideal Body Weight, IBW), optimal PEEP and 

regular alveolar recruitment manoeuvres (ARM) during general anaesthesia even in patients 

with non-injured lungs [51,52,53,54,55]. Applying individual PEEP titrated during a 

decremental procedure after an ARM in order to optimize respiratory mechanics is the key to 

avoid hyperinflation of the lungs and even to prevent or reverse atelectasis and to achieve the 

so called open lung approach (Fig. 5) [56,57,58,59]. 

The main advantages of protective open lung approach (OLA) ventilation are improved 

respiratory mechanics and gas exchange, and prevention from VILI. These anticipated 

advantages may also improve postoperative recovery and survival rates, shorten in-hospital stay 

and reduce healthcare related costs. However, inappropriate PEEP values may lead to decreased 

pulmonary compliance and gas exchange disorders due to pulmonary atelectasis and/or 

hyperinflation of the lungs [54]. Additionally, results of recent trials suggested the use of 

moderate PEEP values (5-6 cmH2O) against low or high PEEP values. However, the effect of 

applying an individually titrated optimal PEEP (PEEPopt) on respiratory mechanics, 

oxygenation and even on the inflammatory response, and its correlation with postoperative 

complications has not entirely been evaluated yet. 
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FIGURE 5. Pressure-Volume (PV) curve of the lungs. 

Normal pressure-volume loop during VCV. Optimal compliance represents the ideal pressure, at which the alveoli 

are all open and distending gradually as the pressure rises. LIP represents the critical opening pressure of the 

alveoli and UIP represents the elastic recoil of the lung tissue and chest wall which occurs when the ventilator 

switches to expiration and the pressure drops back to PEEP. The rapid drop in pressure at the beginning of the 

expiratory limb of the loop corresponds to the deflation of the most hyperinflated (overdistended) alveoli which 

contribute the highest deflation pressure. It can be concluded that the most appropriate - individually optimal - 

PEEP lies somewhere between the LIP and UIP. As lung protective ventilation means ventilating the lungs on 

optimal compliance in the “Safe” Zone, applying optimal PEEP is mandatory to prevent both overdistension and 

de-recruitment. The less the lung strain and stress, the less the physical (volu-, baro- and atelectotrauma) and 

biological (destructive intrapulmonary inflammation) injuries. As a result of optimizing respiratory mechanics in 

this way incidence of VILI may be reduced.  

PEEP = positive end-expiratory pressure; LIP = lower inflection point; UIP = upper inflection point 
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2 AIMS OF THE THESIS 

According to all the above detailed pathophysiological background and results of extensive 

clinical research LPV - previously applied in patients suffering from ARDS - has gained 

increasing importance during general anaesthesia even in patients with healthy, non-injured 

lungs. However, recent studies indicated that the entire concept of perioperative pulmonary 

protective ventilatory management is still not widely implemented in current anaesthesia 

practice even in high-risk surgical patients. The use of low TV is common, either PEEP 

individualization, or regular ARM are usually ignored. Moreover, these elements are considered 

unnecessary or even harmful and their reason and efficiency regarding to improving pulmonary 

mechanics, gas exchange and postoperative outcomes is questioned from time to time. 

Titrating PEEP in order to achieve individual requirements (i.e. individual optimal LPV) 

and to eliminate the risk factors of VILI during the anaesthesia of patients undergoing major 

abdominal surgery certainly has a strong pathophysiological rationale with potential benefits as 

indicated by recent clinical trials. However, this strategy is also cumbersome, time consuming, 

and due to the several blood gas samplings may be costly. Therefore, we hypothesized that 

optimizing PEEP in order to achieve the highest possible static pulmonary compliance (Cstat) 

may result in improved respiratory mechanics and gas exchange and may attenuate pulmonary 

inflammatory response. 

Recent trials indicated, that the entire LPV concept is still not widely implemented in 

current anaesthesia practice. However, no nationwide surveys regarding perioperative 

pulmonary protective management have been carried out previously in Hungary. 

Our aims were the following: 

I. to compare the effects of a standard LPV applying a 6 cmH2O of PEEP with a LPV 

using a titrated PEEPopt on respiratory mechanics and oxygenation as primary 

endpoints in a prospective randomized controlled clinical trial 

II. to evaluate the potential correlation of an individualized LPV with the 

inflammatory response following major abdominal surgery 

III. a questionnaire-based survey study to evaluate the routine anaesthetic care and 

adherence to the LPV concept of Hungarian anaesthesiologists during major 

abdominal surgery 
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3 MATERIALS AND METHODS 

Our investigator-initiated, double-centre, single-blinded (subject), interventional, 

prospective, randomized controlled trial (RCT) on individualized intraoperative LPV was 

approved by the Hungarian Scientific and Medical Research Council Ethics Committee (21586-

4/2016/EKU), the Local Ethics Committee of Péterfy Sándor Hospital Budapest (CO-338-045) 

and the Regional Ethics Committee of the University of Szeged (149/2016-SZTE). This study 

was registered at ClinicalTrials.gov with the trial identification number NCT02931409 and was 

conducted in accordance with the ethical standards of the institutional and national research 

committee and with the 1964 Helsinki Declaration and its later amendments or comparable 

ethical standards. Written informed consent was obtained from all participants prior to 

inclusion. 

No ethical approval was necessary to conduct our questionnaire-based survey research as 

the questionnaire was about the professional practice of anaesthesiologists, and participation 

was voluntary and anonymous. 

 

3.1 EFFECTS OF OPTIMAL PEEP ON RESPIRATORY MECHANICS AND THE INFLAMMATORY 

RESPONSE (STUDY I) 

The purpose of our investigator-initiated, interventional, prospective, RCT was to assess 

the effects of an individualized intraoperative LPV on intraoperative respiratory mechanics, 

oxygenation and their potential correlation with the inflammatory response indicated by early 

PCT kinetics following open radical cystectomy and urinary diversion. 

 

3.1.1 Patient selection 

Patients with bladder cancer scheduled for open radical cystectomy and urinary diversion 

(ileal conduit or orthotopic bladder substitute) were screened and recruited during standard 

institutional perioperative assessment. Patient’s medical history, laboratory, chest X-ray or CT 

scan results, 12-lead ECG, ASA physical status, body mass index (BMI), risk of postoperative 

respiratory failure regarding to the Respiratory Failure Risk Index (RFRI), nutritional indicators 

using the Nutrition Risk Screening 2002 tool and if required results of spirometry, 

echocardiography and ergometry were evaluated, in order to determine the individual surgical 

risk and overall eligibility for radical cystectomy. 

Inclusion criteria were age over 18 years, scheduled for open radical cystectomy and 

urinary diversion (ileal conduit or orthotopic bladder substitute) due to bladder cancer and 
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signed consent to participate in the trial. Exclusion criteria were age below 18 years, ASA 

physical status IV, history of severe restrictive or chronic obstructive pulmonary  disease 

(COPD, GOLD grades III or IV), uncontrolled bronchial asthma, pulmonary metastases, history 

of any thoracic surgery, need for thoracic drainage before surgery, renal replacement therapy 

prior to surgery, congestive heart failure (NYHA grades III or IV), extreme obesity (BMI>35 

kg m-2) and lack of patient’s consent. 

Participants were randomized and allocated to the Study Group (SG) or Control Group 

(CG) in a ratio of 1:1 using a computer-generated blocked randomization list. Data were 

recorded on participants’ Case Report Files. 

 

3.1.2 Respiratory mechanics measurements 

Patients’ intraoperative static pulmonary compliance (Cstat), dead space fraction (Vds/Vt), 

airway resistance (Raw), end-tidal carbon dioxide tension (EtCO2) and respiratory rate were 

measured by the Infinity® etCO2 + Respiratory Mechanics Pod of Dräger Primus© Anaesthesia 

Workstation (Dräger AG & Co, Lübeck, Germany) and were recorded immediately after 

induction of anaesthesia and every 15 minutes during surgery. Driving pressure (ΔP) was 

calculated as the ratio of TV to Cstat. Arterial to end-tidal carbon dioxide difference as an 

indicator of dead space was calculated from EtCO2 and arterial carbon dioxide tension (PaCO2) 

data retrospectively. 

 

3.1.3 Study protocol 

This protocol conforms to the Consolidated Standards of Reporting Trials (CONSORT) 

guidelines. 

The details of perioperative care are summarised in Table 2. 

Before induction of anaesthesia an epidural catheter and an arterial cannula were inserted 

for invasive arterial blood pressure monitoring and blood gas sampling. Immediately after 

induction of anaesthesia and orotracheal intubation, once a steady state has been reached, all 

patients were submitted to an ARM using the sustained airway pressure by the CPAP method, 

applying 30 cmH2O PEEP for 30 seconds. 

Patients randomized into the SG underwent a Cstat directed decremental PEEP titration 

procedure: PEEP was decreased from 14 cmH2O by 2 cmH2O every 4 minutes, until a final 

PEEP of 6 cmH2O. On each level of PEEP mean Cstat values were recorded and arterial blood 

gas samples (ABGs) were collected and evaluated. PEEPopt was considered as the PEEP value 

resulting the highest possible Cstat measured by the ventilator. After PEEP titration procedure, 
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LPV (applying TV = 6 ml kg-1 IBW and FiO2 = 0.5) was performed applying PEEPopt. ARM 

(30 cmH2O PEEP for 30 seconds) were repeated every 60 minutes during surgery. 

Patients in CG group underwent an ARM immediately after endotracheal intubation 

followed by low tidal volumes LPV using a PEEP value of 6 cmH2O ("standard PEEP"). ARM 

were repeated every 60 minutes during surgery. 

Arterial and central venous blood gas samples (ABGs, CVBGs) were evaluated every 60 

minutes. In case of decreased peripheral oxygen saturation (SpO2 < 94%) rescue ARM was 

performed using FiO2 of 1.0. 

PCT levels were measured 2, 6, 12, 24, 48 and 72 hours after surgical incision. 

Mean arterial blood pressure (MAP), heart rate (HR) and end-tidal carbon dioxide tension 

(EtCO2) were monitored continuously. Cstat, airway resistance (Raw), Vds/Vt, core 

temperature and train-of-four relaxometry data were recorded every 15 minutes. 

During surgery, in cases of hypotension intravenous norepinephrine infusion was started 

to maintain MAP above 65 mmHg. For intraoperative fluid management patients received a 

restrictive protocol (3 ml kg-1 h-1 of balanced crystalloid solution) until end of surgery. In cases 

of bleeding a 200 mL of colloid (hydroxyethyl starch, HES) solution bolus and crystalloid 

substitution were given. Packed red blood cell (PRBC) transfusion was given whenever the 

attending anaesthetist rendered it necessary. 

After surgery, patients were admitted to the Intensive Care Unit (ICU). ABGs and CVBGs 

were collected and evaluated (pH, BE, stHCO3-, ScvO2), PaO2/FiO2 and central venous-to-

arterial carbon dioxide difference (dCO2) were calculated every 6 hours until 72 hours after 

surgery. On the first postoperative day (POD), a chest X-ray was performed and repeated on 

the following days if developing of pulmonary complications were suspected. Continuous 

epidural and intermittent intravenous analgesia were introduced and evaluated effective if 

numeric pain rating scale (NPRS) point were lower than 3 points. 

Continuous intraabdominal pressure (IAP) monitoring via a direct intraperitoneal catheter 

was performed to eliminate bias caused by the elevation of intraabdominal pressure. 

Postoperative haemodynamic management was directed by MAP, ScvO2, dCO2 and 

arterial lactate levels. PRBC units were transfused if decreased haemoglobin (Hb) levels 

resulted in tissue oxygenation disorders or became symptomatic. 
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In both groups, patients were allowed to drink clear fluids immediately after surgery and 

use of chewing gum was encouraged. Prokinetics and an oral liquid diet using a drinking 

formula was started on POD1 and patients began active mobilization. Nasogastric tube was 

removed at the latest on POD1 in the morning. 

Patients' clinical progress and secondary endpoints were monitored by daily SOFA Scores, 

laboratory and physical examinations. 

During follow-up period (POD4-28), secondary endpoints, in-hospital stay, 28-days and in-

hospital mortality were evaluated. Fig. 6 shows the CONSORT diagram of the study. 

 

FIGURE 6. CONSORT (Consolidated Standards of Reporting Trials) flow diagram showing the progress of 

participants during the trial. 

 

3.1.4 Outcomes 

The primary outcome variables were intraoperative respiratory mechanics and gas 

exchange parameters, as indicated by Cstat and PaO2/FiO2 determined at the end of surgery. 
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Secondary outcomes were early PCT kinetics, hypoxaemia (PaO2/FiO2<300 mmHg) 

within the first three POD and postoperative organ dysfunctions: incidence of circulatory 

failure, gastrointestinal and renal dysfunction, hematologic and coagulation disorders and 

infections within POD1-28 (Table 3). As described above blood samples were collected at 0, 2, 

6, 12, 24, 48 and 72 hours after surgical incision, in order to evaluate PCT kinetics and the 

changes of absolute values between T0-T24-T48. Tertiary endpoints were ICU days, in-hospital 

stay, in-hospital and 28-days mortality. 

TABLE 3. Secondary endpoints of the trial 

Endpoint Time Frame Detailed description 

Hypoxaemia 3 days PaO2/FiO2 < 300 mmHg 

Circulatory Failure 28 days Hypotension - MAP < 65 mmHg 

Severe cardiac arrhythmia - 40/min < HR > 150/min 

ScvO2 < 70 % 

dCO2 > 7 mmHg 

Serum lactate > 2 mmol/L 

Severe metabolic acidosis (actual bicarbonate < 18 mmol/L) 

Acute coronary syndrome 

Acute left ventricular failure 

Pulmonary embolism 

Cardiac arrest 

Gastrointestinal 

dysfunction 

28 days Constipation 

Ileus 

Anastomotic leakage 

Reoperation 

Disorders of liver function 

Renal dysfunction 28 days RIFLE Criteria 

Hematologic and 

Coagulation disorders 

28 days Severe bleeding 

Coagulopathy – INR > 1.5 

Infection 28 days Any infection except from pneumonia 

PaO2/FiO2 = ratio of arterial oxygen partial pressure to fraction of inspired oxygen; MAP = mean arterial pressure; 

HR = heart rate; ScvO2 = central venous oxygen saturation; dCO2 = arterial to central venous carbon dioxide 

difference; INR – International Normalized Ratio 

 

3.1.5 Statistical analysis 

Primary endpoints of the study were the difference in the intraoperative Cstat values and 

PaO2/FiO2 ratios. Based on preliminary results of two recent clinical studies in which the effects 

of intraoperative recruiting manoeuvres on compliance and the PaO2/FiO2 ratio were 

investigated [56,59], their sample size calculation was 13 patients per group. We estimated that 

to show a similar clinically significant effect (i.e. 25% improvement in compliance with a SD 

of 8.9 and improvement of PaO2/FiO2 by 115 mmHg with a SD of 125) for a study to have 80% 
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power to show a significant difference in the primary endpoints, a minimum of 30 patients in 

total (15 per group) were required. To allow for dropout, we decided to randomize 20 patients 

in each group. 

Statistical analysis was conducted on an intention-to-treat basis. Data distribution was 

tested by the Kolmogorov-Smirnov analysis. Normally distributed data are presented as mean 

and SD and skewed data as median (interquartile range, IQR). Comparing related samples, the 

paired and unpaired t-test were used for normally distributed data and the Wilcoxon signed rank 

test and Mann-Whitney U-test for skewed data. Differences in proportions were evaluated using 

the Fisher’s exact test, and risk ratio with associated 95% CI. Analysis of the primary endpoint 

was carried out by the unpaired Student t-test. Two-way repeated-measures analysis of variance 

(2-way RM ANOVA) was used to compare the groups serum PCT levels. Relationship between 

PCT levels and organ dysfunctions was evaluated using the Pearson’s correlation. Statistical 

analysis of SOFA scores, ICU days, in-hospital stay, in-hospital and 28-days mortality data of 

groups were implemented by the χ2 test. P value of less than 0.05 was considered statistically 

significant. MedCalc Statistical Software v14.8.1 (MedCalc Software bvba, Ostend, Belgium) 

was used for statistical analysis. 

 

3.2 NATIONWIDE SURVEY ON PERIOPERATIVE LPV DURING MAJOR ABDOMINAL SURGERY 

(STUDY II) 

No Nationwide surveys regarding perioperative pulmonary protective management have 

been carried out previously in Hungary. The aim of this research was to evaluate the routine 

anaesthetic care and adherence to the LPV concept of Hungarian anaesthesiologists during 

major abdominal surgery. 

 

3.2.1 Survey protocol 

A questionnaire of thirty six “mandatory-to-answer” multiple-choice questions divided into 

five sections had been prepared and tested on a pilot sample of three expert anaesthesiologists 

to check the clarity and validity of the questions and to estimate the completion time of the 

survey. Demographic data of respondents, routine preoperative, intraoperative and 

postoperative pulmonary management and opinions of participants about the risk factors of 

PPCs were evaluated in different sections. After the questionnaire was considered appropriate, 

Hungarian anaesthesiologists were invited by e-mail and by a newsletter, to participate in our 

online survey. A cover letter containing the investigators names and contact details, the 
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objectives, aims and methodology of the study was attached. The online questionnaire was 

published using Google Forms (Google Inc., Mountain View, CA). 

Agreement of any ethics committee was not necessary as the questionnaire was about the 

professional practice of anaesthesiologists, and participation was voluntary and anonymous. 

There were no exclusion criteria and the research complied with the survey-reporting list. 

 

3.2.2 Outcomes 

The primary endpoint was the frequency of coherent application of the three basic elements 

of LPV: low TV (≤ 6 ml kg-1 IBW), PEEP of 6 cmH2O at least and regular ARM. 

Secondary endpoints were intraoperative respiratory rate, application of permissive 

hypercapnia (EtCO2 = 35 to 40 mmHg), low Pplat (< 25 cmH2O) and low ΔP (< 20 cmH2O), 

use of neuromuscular blocking agent antagonists (NMBA-A) and prevalence of perioperative 

pulmonary management protocols. 

The tertiary endpoint was the opinion of respondents about the risk factors of PPCs. 

The difference in the way trainees and specialists practiced and difference in the standard 

of care between university hospitals and non-university medical centres were assessed. 

 

3.2.3 Statistical analysis 

Data were expressed as the number and percentage of survey respondents with associated 

95% CI. Odds ratios (OR) and level of significance were also calculated. P value of less than 

0.05 was considered significant. MedCalc Statistical Software v14.8.1 (MedCalc Software 

bvba, Ostend, Belgium) was used for statistical analysis. 
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4 RESULTS 

4.1 RESULTS OF STUDY I 

Of 68 patients who were assessed for eligibility, 39 patients were randomized, and 30 

patients completed the study (Fig. 6). The baseline clinical characteristics and demographic 

data of the groups were comparable (Table 4). Participants’ ARISCAT Scores for PPC were 

calculated retrospectively. PEEPopt levels were higher in SG than in CG (Table 4). The 

PaO2/FiO2, Cstat, together with all other intraoperative respiratory mechanics parameters were 

significantly better in SG (Table 5). 

 

 

TABLE 4. Demographic data and clinical characteristics 

 CG (n=15) SG (n=15) P value 

Male sex (n) 13 (86.7) 13 (86.7) 1.000 

Age (years) 61.47 (7.37) 64.27 (7.03) 0.245 

ASA physical status    

1 1 (6.7) 1 (6.7)  

2 12 (80.0) 12 (80.0)  

3 2 (13.3) 2 (13.3)  

RFRI (%) 2.57 [2.05 to 3.57] 2.78 [2.09 to 3.78] 0.479 

ARISCAT Score 45.67 [42.47 to 50.46] 44.4 [41.88 to 47.51] 0.644 

BMI (kg m-2) 27.42 (4.00) 27.66 (2.58) 0.829 

IBW (kg) 67.33 (8.79) 67.44 (9.52) 0.971 

Duration of anesthesia (min) 384.00 (107.01) 418.2 (70.49) 0.342 

Duration of surgery (min) 352.47 (103.58) 378.00 (63.52) 0.442 

Type of surgery    

Ileal conduit 13 (86.7) 10 (66.7) 0.208 

Orthotopic bladder substitute 0 (0) 4 (26.7) 0.105 

Intraoperative inoperable* 2 (13.3) 1 (6.6) 0.551 

PEEP during surgery (cmH2O)    

6 15 (100.0) 0 (0.0)  

8  7 (46.7)  

10  6 (40.0)  

12  1 (6.65)  

14  1 (6.65)  

Data are expressed as number n (%), mean (SD) or median [IQR]. * Due to intraoperatively observed 

intraabdominal status or excessive propagation of bladder tumour, only radical cystectomy and 

ureterocutaneostomy was performed without ileal conduit. ASA = American Society of Anesthesiologists physical 

status classification; RFRI = Respiratory Failure Risk Index (Gupta); ARISCAT Score = Assess Respiratory Risk 

in Surgical Patients in Catalonia; BMI = body mass index, IBW = ideal body weight (calculation was based on the 

ARMA Trial of the ARDS Network Investigators); PEEP = positive end-expiratory pressure; SD = standard 

deviation; IQR = interquartile range 
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Data are expressed as number n (%), mean (SD) or median [IQR]. Cstat = static pulmonary compliance; Vds/Vt = 

dead space fraction; Raw = airway resistance; ΔP = driving pressure; EtCO2 = end-tidal carbon dioxide tension; 

(a-Et)PCO2 = arterial to end-tidal carbon dioxide difference; PaO2/FiO2 = ratio of arterial oxygen partial pressure 

to fraction of inspired oxygen; SD = standard deviation; IQR = interquartile range 

 

 

TABLE 6. Intraoperative haemodynamic parameters and management 

 CG (n=15) SG (n=15) P value 

MAP (mmHg) 79 [72 to 84] 76 [71 to 83.25] 0.040 

HR (min-1) 74 [67 to 82] 72 [61 to 85] 0.062 

ScvO2 (%) 86.8 [82.95 to 89.98] 85.9 [81.90 to 89.30] 0.248 

dCO2 (mmHg) 6.3 [4.75 to 7.98] 6.65 [4.90 to 8.05] 0.724 

Lactate (mmol l-1) 1.1 [0.83 to 1.50] 1.2 [0.98 to 1.40] 0.277 

pH 7.33 (0.04) 7.32 (0.04) 0.307 

stHCO3
- (mmol l-1) 22.70 (1.42) 21.83 (1.52) 0.0002 

Fluid management    

Crystalloids (ml) 2212.53 (1102.16) 2331.53 (889.49) 0.775 

Colloids (ml) 433.33 (225.72) 573.33 (194.45) 0.078 

Fluids (ml kg-1 h-1) 3.99 [3.08 to 4.63] 4.41 [3.37 to 5.06] 0.646 

∑ Fluids (ml) 3765.87 (1218.72) 3931.53 (1006.09) 0.745 

Urine output (ml) 1051.33 (423.39) 1023.33 (606.47) 0.741 

Blood loss (ml) 1000.0 (622.5) 1250.0 (882.5) 0.125 

Fluid balance (ml) 1702.4 (1054.42) 1566.73 (1071.56) 0.761 

PRBC units transfused (U) 2 [0 to 2] 2 [0 to 2] 0.859 

0 U 7 (46.7) 7 (46.7) 1.000 

1 to 3 U 6 (40.0) 5 (33.3) 0.705 

> 3 U 2 (13.3) 3 (20.0) 0.626 

Norepinephrine (mcg min-1) 3 [0 to 5] 7 [3 to 14] < 0.0001 

∑ Norepinephrine (mg) 1.29 [0.40 to 2.85] 2.8 [1.99 to 5.01] 0.006 

Data are expressed as number n (%), mean (SD) or median [IQR]. 

MAP = mean arterial pressure; HR = heart rate; ScvO2 = central venous oxygen saturation; dCO2 = arterial to 

central venous carbon dioxide difference; stHCO3
- = arterial standard bicarbonate; PRBC = packed red blood cells; 

U = unit; SD = standard deviation; IQR = interquartile range 

 

TABLE 5. Intraoperative respiratory mechanics and oxygenation 

 CG (n=15) SG (n=15) P value 

PaO2/FiO2 (mmHg) 404.15 (115.87) 451.24 (121.78) 0.005 

Cstat (ml cmH2O-1) 45.22 (9.13) 52.54 (13.59) < 0.0001 

Vds/Vt (%) 23.05 [20.05 to 25.50] 21.14 [17.94 to 24.93] 0.001 

Raw (cmH2O L-1 s-1) 6.84 (2.39) 5.86 (1.31) < 0.0001 

P (cmH2O) 9.73 (4.02) 8.26 (1.74) < 0.0001 

Respiratory Rate (min-1) 16.04 [14.04 to 16.75] 17.07 [15.01 to 18.87] 0.0001 

EtCO2 (mmHg) 37.63 [36.23 to 38.16] 38.00 [36.96 to 39.52] 0.017 

(a-Et)PCO2 (mmHg) 7.25 (0.92) 5.76 (1.39) 0.007 
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We found no significant differences between intraoperative haemodynamic parameters, 

fluid administration and transfused units of PRBC of groups, however norepinephrine 

requirements in SG were significantly higher (Table 6). 

For secondary outcomes, postoperative PaO2/FiO2 values from the end of surgery (POD0) 

within the first three POD were higher in SG , however these differences were not significant 

(298.67±44.48 mmHg vs. 307.60±48.22 mmHg, OR:0.63, 95% CI 0.25 to 1.63, P=0.342). 

There were no significant intergroup differences neither in haemodynamic and metabolic 

results, nor in IAP values (Fig. 7). 

 

 

FIGURE 7. Postoperative oxygenation, metabolic and IAP results within POD0-3. 

We found no significant intergroup differences neither in PaO2/FiO2 values (P=0.342), nor in ScvO2 (P=0.814), 

dCO2 (P=0.072), arterial pH (P=0.496), arterial lactate levels (P=0.057) and IAP values (P=0.062) 

PaO2/FiO2 = ratio of arterial oxygen partial pressure to fractional inspired oxygen; ScvO2 = central venous oxygen 

saturation; dCO2 = arterial to central venous carbon dioxide difference; IAP = intraabdominal pressure 

 

We found no significant difference in fluid balance (P=0.114), transfusion requirements, 

platelet count (P=0.814) and serum bilirubin levels (P=0.127) however serum blood urea 

nitrogen (4.6 mmol l-1  IQR: 3.8 to 5.3 vs. 5.1 mmol l-1  IQR: 4.3 to 7.9, OR: 3.25, 95% CI 0.61 

to 6.52, P=0.044) and creatinine levels (94 μmol l-1  IQR: 80.00 to 128.25 vs. 131 μmol l-1 IQR: 

88.75 to 166.50, OR: 2.05, 95% CI 0.89 to 4.75, P=0.022) were significantly lower  and daily 
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urine output was significantly higher (3600 ml IQR: 2835 to 4300 vs. 2750 ml IQR: 2275 to 

3212, P=0.001) in CG indicating a higher incidence of postoperative renal dysfunction in SG. 

In contrast, intergroup comparison of renal complications based on RIFLE Criteria proved no 

significant difference (34 vs. 41, OR: 1.31, 95% CI 0.81 to 2.10, P=0.277). 

A six-fold increase in CG and a 6.7-fold increase in SG from baseline PCT levels were 

observed at the end of the first 24 hours (POD0), followed by a 16.7% decrease on POD1 and a 

further 14% decrease on POD2 in CG. Decrease in PCT values in SG on POD1 was 19.5%, 

followed by a 26.3% decrease on POD2 (Fig. 8). However, no significant differences were 

found in PCT kinetics in the early postoperative period between groups (F=2.82, P=0.076). In 

contrast, the absolute PCT values of subjects were significantly different (F=107.5, P<0.001). 

 

FIGURE 8. Median procalcitonin values indicating procalcitonin kinetics of groups. 

PCT = procalcitonin; PCT0 = baseline; PCT1 = 2 hours after surgical incision; PCT2 = 6 hours; PCT3 = 12 hours; 

PCT4 = 24 hours; PCT5 = 48 hours; PCT6 = 72 hours 

 

Except from gastrointestinal disorders and infections, there were no significant differences 

in secondary outcomes between groups. One patient in SG died on POD5 due to massive 

gastrointestinal bleeding originated from gastric stress ulcer, but it was considered not to be a 

result of group’s assigned intervention, and mortality data analysis proved also no significant 
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difference (Table 7). Composite outcome results indicated a slight (0.5%), but not significant 

reduction of postoperative complications in SG (OR: 0.93, 95% CI 0.79 to 1.07, P=0.295, Fig. 

9). There were no significant differences in ICU and in-hospital length of stay between the 

groups. 

 

TABLE 7. Postoperative outcome results 

 CG (n=15) SG (n=15) OR (95% CI) P value 

Secondary outcome     

PaO2/FiO2 (mmHg) 298.67 (44.68) 307.60 (48.22) 0.63 (0.25 to 1.63) 0.342 

Circulatory 126 (3.0) 141 (3.4) 1.15 (0.91 to 1.48) 0.249 

Gastrointestinal 128 (7.6) 90 (5.7) 0.73 (0.56 to 0.97) 0.026 

Renal 34 (8.1) 41 (10.3) 1.31 (0.83 to 2.16) 0.270 

Haematologic 20 (2.4) 17 (2.1) 0.89 (0.45 to 1.68) 0.745 

Infection 7 (0.5) 18 (1.5) 3.03 (1.26 to 7.28) 0.013 

Tertiary outcome     

ICU length of stay (days) 4 [3 to 4] 3 [2 to 4] 0.33 (0.08 to 1.48) 0.108 

In-hospital stay (days) 20.20 (13.08) 18.23 (11.45) 0.94 (0.21 to 4.29) 0.678 

Mortality 0 (0.0) 1 (6.7) 3.21 (0.12 to 85.20) 0.486 

Composite outcome 372 (7.1) 350 (6.6) 0.94 (0.81 to 1.09) 0.396 

Data are expressed as number n (%), mean (SD) or median [IQR].  

CG = control group; SG = study group; OR = odds ratio; PaO2/FiO2 = ratio of arterial oxygen partial pressure to 

fraction of inspired oxygen; ICU = intensive care unit 

 

 

 

FIGURE 9. Composite 

outcome for postoperative 

complications. 

 

Composite outcome results 

indicated a slight, but not 

significant decrease in 

postoperative complications 

in SG as compared to CG 

(P=0.295). 

POD = postoperative day; 

CG = control group; SG = 

study group 

 

 

 

 

 

 

 

 

 



37 
 

4.2 RESULTS OF STUDY II 

4.2.1 Demographic data 

In total, 111 anaesthesiologists completed the survey. Most of the anaesthesiologists 

worked in hospitals with significant patient turnover (> 300 major abdominal surgeries 

annually, 72, 64.9%). 24 (21.6%) of the respondents worked in university medical centres of 

which 89 (80.2%) were specialists. 70 (63.1%) of these had more than 10 years surgical 

experience. The survey population’s professional details and demographic characteristics are 

summarized in Table 8. 

 

TABLE 8. Demographic data and respondents’ professional details 

 n (=111) % 

Type of institution 

University medical centre 24 21.6 

Hospital in capital 30 27.1 

County hospital 44 39.6 

Other hospital 13 11.7 

   

Respondents’ post 

Specialist candidate (trainees) 22 19.8 

Specialist 58 52.3 

Chief medical officer 31 27.9 

   

Length of practice in anaesthesia 

< 5 years 20 18.0 

5 – 10 years 21 18.9 

> 10 years 70 63.1 

   

Annual number of major abdominal surgery per centre 

< 100 6 5.4 

100 – 200 11 9.9 

200 – 300 22 19.8 

300 – 400 12 10.8 

> 400 60 54.1 

Data are expressed as the number and percentage of respondents. 

 

4.2.2 Primary endpoint 

61 (54.9%, 95% CI: 48.7 to 78.4) of the anaesthesiologists applied low TV of less than 6 

ml kg-1 and 67 (60.4%, 95% CI: 51.9 to 85.1) used IBW to determine the appropriate TV. None 

of the respondents used zero PEEP (ZEEP), 54 (48.6%, 95% CI: 40.6 to 70.5) always used 

lower levels of PEEP and 57 (51.3%, 95% CI: 44.0 to 74.9) never performed any type of PEEP 

titration procedure to determine PEEPopt (Table 9). 

The most frequent PEEP titration procedure, used by 32 (28.8%) of respondents, was the” 

pressure-volume curve determined method” and the “fraction of inspired oxygen” (FiO2) 
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adapted PEEP was by 20 (18%).  Neither Electrical Impedance Tomography (EIT) nor 

oesophageal pressure monitoring were available during anaesthetic care according to 

respondents.  

 

TABLE 9. Use of the basic elements of lung protective ventilation 

TV = tidal volume; IBW = ideal body weight; EBW = estimated body weight; ABW = actual body weight, BW = 

body weight; PEEP = positive end-expiratory pressure; ARM = alveolar recruitment manoeuvres, SpO2 = 

peripheral oxygen saturation; LPV = lung protective ventilation; OR = odds ratio; 95% CI = 95% confidence 

intervals 

 

 

 
 

FIGURE 10. Intraoperative levels of PEEP used by respondents. 

Both higher levels of PEEP and application of an intraoperative PEEP titration procedure in order to determine 

patients’ individual requirements was more common during the anaesthesia of obese patients (BMI > 30 kg m-2). 

PEEP = positive end-expiratory pressure; ZEEP = zero end-expiratory pressure, BMI = body mass index 

 

 Trainees Specialists   

 n (=22) % n (=89) % OR (95% CI) P value 

TV ≤ 6 ml kg-1 8 36.4 53 59.6 2.58 (0.98 to 6.77) 0.055 

TV > 6 ml kg-1 14 63.4 36 40.4 0.39 (0.15 to 1.02) 0.055 

Applies IBW 11 50.0 56 62.9 1.70 (0.66 to 4.34) 0.270 

Applies EBW 4 18.2 17 19.1 1.14 (0.34 to 3.49) 0.829 

Applies ABW 7 31.8 13 16.6 0.37 (0.13 to 1.08) 0.067 

Does not take BW into account 0 0 3 3.4 1.29 (0.06 to 27.74) 0.873 

PEEP < 6 cmH2O 12 54.5 42 47.2 0.74 (0.29 to 1.90) 0.538 

PEEP ≥ 6 cmH2O 4 18.2 13 14.6 0.77 (0.22 to 2.64) 0.677 

Individual (titrated) PEEP 6 27.3 34 38.2 1.65 (0.59 to 4.62) 0.342 

Never applies a PEEP titration 

procedure 
12 54.5 45 50.6 0.85 (0.33 to 2.17) 0.738 

Never applies ARM after intubating 

the trachea 
4 18.2 21 23.6 1.39 (0.42 to 4.56) 0.587 

Never applies ARM during 

anaesthesia 
4 18.2 18 20.2 1.14 (0.34 to 3.79) 0.829 

Never applies ARM prior to 

extubating the trachea 
8 36.4 27 30.3 0.76 (0.29 to 2.03) 0.587 

Applies ARM regularly during 

anaesthesia 
2 9.1 10 11.2 1.27 (0.26 to 6.24) 0.772 

Targeted ARM (if SpO2 < 96%) 

during anaesthesia 
8 36.4 28 31.5 0.80 (0.30 to 2.13) 0.660 

Applies the entire LPV concept 6 27.3 24 26.9 1.01 (0.36 to 2.89) 0.977 
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6-10 cmH2O or individually titrated levels of PEEP were more common during anaesthesia 

in obese patients with a BMI greater than 30 kg m-2 (Fig. 10). Results about the use of ARM 

after induction of anaesthesia and intubating patient’s trachea, during general anaesthesia and 

prior to the removal of the endotracheal tube are summarized in Fig. 11. 

 

 

FIGURE 11. Alveolar recruitment manoeuvres during general anaesthesia. 

The use of intraoperative ARM even during high risk surgery is rare. Based on the results of our survey, only 9-

12% of Hungarian anaesthesiologists apply ARM regularly during major abdominal surgery. In contrast, 25-35% 

of respondents never apply ARM, indicating the controversial opinions about recruitment manoeuvres in the 

intraoperative settings. 

ARM = alveolar recruitment manoeuvres 
 

30 (27%, 95% CI: 20.2 – 42.8) anaesthesiologists applied the three basic elements of LPV 

but only 6 (5.4%, 95% CI: 2.2 – 13.1) applied ARM regularly every 30 or 60 minutes. Although 

there were obvious practice variations between doctors and institutes, there were no statistically 

significant differences neither in the intraoperative pulmonary management practice of trainees 

and specialists nor in the practice of university centres and other hospitals (Table 9). 

 

4.2.3 Secondary endpoints 

More than half of respondents (66, 59.5%, 95% CI: 51.0 to 83.9) applied permissive 

hypercapnia (EtCO2 = 35-40 mmHg) during surgery and the great majority, 86 (77.5%, 95% 

CI: 68.8 to 106.2) determined the  appropriate respiratory rate based on capnography. 

Application of low Pplat and low ΔP were 40.5% (95% CI: 32.8 to 60.2) and the difference in 

the application of these two parameters between trainees and specialists was statistically 

significant (Fig. 12). 

Most patients, 93.7% (95% CI 84.9 to 126.0) were extubated in the operating theatre. The 

use of nondepolarizing neuromuscular blocking agents (NMBA) was common, but only 19 
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(17.1%, 95% CI: 11.4 to 29.7) respondents considered the necessity of these agents based on 

neuromuscular transmission monitoring (NMT). In addition, 8.1% of respondents considered 

“head lifting test” to be appropriate in order to exclude residual neuromuscular blockade. 

 

 

 

FIGURE 12. Forest plot for the application of the other elements of lung-protective ventilation. 

Differences between groups with P values less than 0.05 were considered significant. Differences in the application 

of low Pplat and low dPaw between trainees and specialists was statistically significant. Application of these two 

target parameters are more common among specialists. 

LPV = lung protective ventilation; RR = respiratory rate; EtCO2 = end-tidal carbon dioxide tension; Pplat = plateau 

pressure; dPaw = driving pressure  

 

On the one hand, during preoperative assessment, large number of examinations such as 

chest X-ray, spirometry and arterial blood gas analysis (ABGA), were carried out, mainly in 

high risk patients. On the other hand, substantive interventions such as breathing physiotherapy 

and positive pressure ventilatory support (CPAP) and non-invasive ventilation (NIV) were not 

reported in the survey (Table 10). 
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TABLE 10. Preoperative assessment: examinations and prescribed interventions 

COPD = chronic obstructive pulmonary disease; CT = computer tomography, SpO2 = peripheral oxygen 

saturation; ABGA = arterial blood gas analysis; PPPVS = perioperative positive pressure ventilatory support 

 

The same holds true for postoperative care. Written institutional perioperative pulmonary 

management protocols general were unavailable, regardless of the type of institution (Table 

11). Neither CPAP nor NIV were available 24 hours a day in several hospitals, resulting in 

40.5% (95% CI: 32.8 to 60.2) of respondents never use POP. 

 

TABLE 11. Perioperative- and intraoperative institutional LPV protocols.  

 Other hospitals 
University 

Medical Centres 
  

 n (=87) % n (=24) % OR (95% CI) P value 

Availability of perioperative 

breathing protocols  
10 11.5 8 33.3 0.39 (0.14 – 1.10) 0.0747 

Absence of perioperative breathing 

protocols 
79 90.8 18 75.0 0.42 (0.14 – 1.28) 0.1262 

Availability of of intraoperative 

LPV protocols   
6 6.9 2 8.3 0.82 (0.15 – 4.32) 0.8099 

Absence of intraoperative LPV 

protocols   
81 93.1 22 91.7 1.22 (0.25 – 6.07) 0.8062 

LPV = lung protective ventilation, OR = odds ratio, 95% CI = 95% confidence intervals 

 

4.2.4 Tertiary endpoints 

These opinion-based endpoints indicated that respondents considered that the most important 

risk factors of PPC are thoracic and major abdominal surgery, COPD, obesity and residual 

neuromuscular blockade after surgery. In contrast transplant and intracranial surgery, chronic 

malnutrition, anaemia and prolonged use of nasogastric tube after surgery were considered 

negligible risk factors (Table 12). These last three results indicated the lack of an early recovery 

after surgery (ERAS) approach. 

 Physiotherapy Chest X-ray Spirometry ABGA PPPVS 

Always 3 (2.7) 46 (41.1) 0 (0) 7 (6.3) 0 (0) 

COPD 49 (43.8) 44 (39.3) 101 (90.2) 63 (56.3) 8 (7.1) 

Bronchial asthma 25 (22.3) 30 (26.8) 84 (75.0) 22 (19.6) 3 (2.7) 

Active smokers 18 (16.1) 22 (19.6) 18 (16.1) 10 (8.9) 0 (0) 

Actual pulmonary disease 11 (9.8) 38 (33.9) 30 (26.8) 25 (22.3) 5 (4.5) 

Abnormal X-ray/lung CT 17 (15.2) n/a 47 (42.0) 24 (21.4) 2 (1.8) 

SpO2 < 96% 20 (17.9) 41 (36.6) 46 (41.1) 63 (56.3) 7 (6.3) 

Acute or vital surgery n/a 16 (14.3) n/a 45 (40.2) 7 (6.3) 

Never prescribed 56 (50) 9 (8) 6 (5.4) 9 (8.0) 96 (85.7) 
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TABLE 12. Opinions about the risk factors of postoperative pulmonary complications 

Risk factors of PPC Considered as important risk factors 

 n (=111) % 95% CI 

Thoracic surgery  103 92.8 84.1 – 124.9 

Major abdominal surgery 100 90.1 81.4 – 121.6 

COPD   109 98.9 90.4 – 132.6 

Obesity 97 87.4 78.7 – 118.3 

Residual neuromuscular blockade after surgery 106 95.5 86.8 – 128.2 

Transplant surgery 42 37.8 30.3 – 56.8 

Intracranial surgery 38 33.3 26.1 – 51.0 

Chronic malnutrition 39 35.8 28.6 – 54.5 

Anaemia 37 33.7 23.5 – 47.5 

Prolonged use of nasogastric tube after surgery 28 25.3 17.8 – 39.3 

PPC = postoperative pulmonary complications; COPD = chronic obstructive pulmonary disease; 95% CI = 95% 

confidence intervals 
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5 DISCUSSION 

5.1 STUDY I 

Despite many efforts and promising results of earlier clinical investigations, postoperative 

complications remained a worldwide healthcare problem after major abdominal surgery 

[6,60,61,62,63]. As open radical cystectomy with urinary diversion (ileal conduit or orthotopic 

bladder substitute) is considered major abdominal surgery and associated with high rates of 

postoperative complications - at least 50% to 72% of patients develop complications 

[64,65,66,67], of which approximately 6% are PPC [65,68] -, we decided to investigate this 

patient population.   

Our aim in this interventional, prospective, RCT targeting physiological endpoints was to 

assess the effects of an individualized intraoperative LPV on intraoperative respiratory 

mechanics, oxygenation and their potential correlation with the inflammatory response 

following open radical cystectomy and urinary diversion. There is convincing evidence that 

inappropriate mechanical ventilation may lead to VILI resulting tissue oxygenation disorders 

leading pulmonary and extrapulmonary organ dysfunctions, therefore we hypothesized that 

improved intraoperative respiratory mechanics and gas exchange may reduce the incidence of 

postoperative complications. Regarding the primary physiological outcomes of respiratory 

mechanics and gas exchange we found significant differences in favour of the SG as compared 

to the CG. 

In 1963, Bendixen et al conducted a clinical investigation recruiting 18 patients underwent 

open abdominal surgery. They found that passive hyperinflation of the lungs applying higher 

TV during anaesthesia resulted in less atelectasis and acidosis with improved oxygenation 

compared to lower TV [69]. Based on their results, 10-15 ml kg-1 TV during mechanical 

ventilation was recommended almost for 50 years! Ashbaugh and colleagues described a life-

threatening clinical condition characterized by rapid onset of widespread inflammation in the 

lungs leading to refractory hypoxaemia and hypercapnia termed acute respiratory distress 

syndrome (ARDS) in 1967. However, definitions, diagnostic criteria and management of 

ARDS have changed many times over the last half century potential harms of high TV were 

only recognized in the 1980s [70]. Amato et al suggested the use of low TV ventilation in ARDS 

patients in 1998, but protective ventilatory management as the standard of care was only 

recommended after the ARMA Trial conducted by the ARDS Network Investigators in 2000 

[71,72]. 



44 
 

A meta-analysis of 20 studies carried out by Serpa Neto et al in 2012 indicated decreased 

risk of lung injury and mortality with the use of LPV in patients without ARDS [73]. Since 

Futier and colleagues published the results of IMPROVE Trial in 2013, a paradigm shift has 

taken place in mechanical ventilation (Table 13) and intraoperative LPV has gained increasing 

interest and importance during general anaesthesia in routine anaesthetic care [39,51,74,75,76]. 

 

TABLE 13. Differences between conventional and lung protective ventilatory parameters 

Parameter Conventional settings Lung protective settings 

Tidal volume (ml kg-1) 10 – 15 3 - 4* / 6 – 8 

PEEP (cmH2O) 0 ≥ 5 + titrated PEEPopt 

Respiratory rate (min-1) 10 – 12 15 – 25 

ARM - regular 

Pplat ≤ 30 < 20 

ΔP - < 15 

FiO2 0.4 – 0.6 ≤ 0.4 

FiO2 in case of hypoxia 1.0 ≤ 0.4 + ARM 

FiO2 during emergence 1.0 ≤ 0.4 

* TV of 3-4 ml kg-1 is suggested for ultraprotective mechanical ventilation with or without extracorporeal carbon 

dioxide removal [77]. 

PEEP = positive end-expiratory pressure; PEEPopt = optimal positive end-expiratory pressure; ARM = alveolar 

recruitment manoeuvres; Pplat = plateau pressure, ΔP = driving pressure; FiO2 = fraction of inspired oxygen 

 

The use of low – or rather physiological - TV (6 ml kg-1 of IBW) became common in 

intraoperative settings, however intraoperative OLA applying ARM and appropriate levels of 

PEEP remained controversial [39,78,79,80]. Although Zaky et al proved that applying PEEP 

and regular ARM during general anaesthesia improved aeration of the lungs, results of the 

PROVHILO Trial suggested that OLA strategy with a high level of PEEP and regular ARM 

during open abdominal surgery does not protect against PPC, or even may worsen outcomes 

due to an increased risk of intraoperative hypotension and higher vasopressor requirements 

[81,82]. Additionally, Ferrando et al compared three types of individualized OLA strategies to 

standard LPV in a multicentre RCT in Spain. They have not found any difference on outcomes 

between the OLA strategies, however PEEP had to be increased in 14% of patients in the 

standard LPV group due to intraoperative hypoxaemia.[83] 

Applying PEEPopt levels has gained increasing interest over the past decade [84,85,86]. 

Titrating PEEP to achieve individual requirements has a strong pathophysiological rationale 

with potential benefits. Spadaro et al found that the increased pulmonary shunt induced by 
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general anaesthesia may be reduced only with the use of higher PEEP levels during laparoscopic 

surgery as compared to open abdominal surgery [57].  Liu and colleagues found significantly 

improved oxygenation, pulmonary function and reduced incidence of PPC after laparoscopic 

radical gastrectomy with the use of intraoperative decremental titrated individual PEEP [87]. 

However, it should not be forgotten that PEEPopt is rather a compromise than a realistic goal 

due to the heterogenous regional distribution of ventilation and compliance of the lungs [19,20]. 

A PEEP that is appropriate in one region may be harmful in another one: in non-dependent lung 

parts hyperinflation and overdistension can occur, in dependent parts atelectasis may develop 

[88,89]. Maisch et al defined PEEPopt as the PEEP that prevents atelectasis after ARM and 

minimizes alveolar dead space ventilation without over-distension [90]. 

There are several types of PEEP titration methods in order to determine the individual 

PEEPopt. Static or dynamic pulmonary compliance directed methods, Vds/Vt guided technique 

based on volumetric capnography or electrical impedance tomography (EIT), and PL directed 

PEEP titration procedures are worth to mention [91,92,93,94]. Most authors agree that 

decremental titration should be performed, however, there is no recommendation about best 

practice. Pereira and colleagues found that EIT guided PEEP individualization could reduce 

PPC while improving intraoperative oxygenation and reducing ΔP as well, causing minimal 

side effects [86]. Another Spanish RCT by Ferrando et al suggested that individualized PEEP 

settings with the use of ARM may confer an enhanced lung protection in patients undergoing 

major abdominal surgery [95]. D’Antini and Rauseo found improved respiratory mechanics, 

better gas exchange, decreased PL and ΔP without significant haemodynamic effects with the 

use of PEEPopt [58,59]. 

The key role of ΔP as primary target for mechanical ventilation has received considerable 

attention over the past decade. As described above ΔP is the quotient between the TV and 

compliance of the respiratory system. It follows that ΔP represents the TV corrected for the 

residual (functional) lung size and using it as a safety limit may be a better way to adjust TV in 

order to decrease VILI. Thus, reducing ΔP as a goal of ventilatory settings has some 

pathophysiological rationale: decreased lung stress and strain may attenuate intrapulmonary 

inflammatory response [27,96], reduce complications and improve outcomes 

[97,98,99,100,101]. 

Surgery, especially major abdominal surgery, alone induces host inflammatory response 

via damage associated molecular patterns pathway that is necessary for postoperative recovery. 

However, an overwhelming inflammatory response may lead to multi-organ dysfunction in the 

postoperative period [44,45,48,49]. Theoretically injurious intraoperative ventilatory 
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management may cause further complications by exacerbating the local intrapulmonary 

inflammation and amplifying the surgery induced inflammatory response [42]. However, the 

exact role and impact of inappropriate mechanical ventilation caused inflammatory response, 

on systemic and local intrapulmonary complications is uncertain. 

As radical cystectomy and urinary diversion is considered a high-risk, major abdominal 

surgery with an operating time lasting for several hours, we hypothesized that it has some 

rationale that optimizing intraoperative mechanical ventilation applying individually 

appropriate PEEP levels may improve respiratory mechanics, oxygenation, attenuate the 

inflammatory response and decrease the incidence of complications in the postoperative period. 

Our results are similar to those reported in earlier RCTs. We found that intraoperative 

oxygenation and respiratory mechanics improved significantly with the use of titrated PEEPopt. 

These anticipated advantages remained in the early postoperative period, but differences were 

not significant statistically. Additionally, Vds/Vt and ΔP were significantly lower in the SG. 

We could not prove any significant intergroup differences in host inflammatory response, 

however the daily decrease in PCT levels was more pronounced in SG. Composite outcomes 

were also better in SG, but results were not significant statistically. Similar to the results of 

previous trials higher PEEP values in SG resulted in higher incidence of intraoperative 

hypotension, significantly higher vasopressor requirements and more kidney injury in the 

postoperative period. A significant correlation was found between PCT values and SOFA 

scores. Moreover, SOFA Scores had a significant impact on postoperative ICU length of stay 

but not on in-hospital days. 

Our study had several limitations. Firstly, sample size was eligible for the analysis of the 

physiological primary endpoints, however we had to declare that our study remained 

underpowered regarding to investigate robust clinical outcomes such as PPCs. Therefore, 

multicentre studies are needed to elaborate this further. Second, we could not perform detailed 

haemodynamic monitoring (cardiac output, pulse pressure variation, systemic vascular 

resistance) during surgery, hence rescue fluid boluses and norepinephrine therapy were based 

on mean arterial pressure, central venous oxygen saturation and central venous-to-arterial 

carbon dioxide difference as surrogates for more appropriate measures. Third, in the absence of 

postoperative high dependent units in both centres, in some cases ICU length of stay was 

unreasonably longer than is should have been. Finally, during out-of-hospital follow-up period 

some outcomes (i.e. constipation, infection) were only assessed by phone call visits, so we had 

to rely on patients’ sincerity. 
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5.2 STUDY II 

Despite the well-known advantages of intraoperative LPV, results of the LAS VEGAS 

Trial (2017.) indicated that its use is still not widely implemented in everyday anaesthesia 

practice even in high-risk surgical patients.  As several differences are known to exist between 

Eastern and Western Europe health care systems and patient management [102], and no data 

are available from Eastern Europe including Hungary, we decided to survey  members of the 

Hungarian Society of Anaesthesiology and Intensive Therapy (HSAIT) regarding the routine 

anaesthetic care, awareness and adherence to the LPV concept during major abdominal surgery. 

Our goals for this questionnaire-based survey were: (1) to evaluate the frequency of 

coherent application the elements of LPV, (2) the availability of institutional perioperative 

pulmonary management protocols and (3) the opinion of respondents about the risk factors of 

PPC. 

After verifying the benefits of LPV in the IMPROVE Trial [57], Futier and colleagues 

established a new integrated approach called “perioperative positive pressure ventilation” (POP 

concept) to improve pulmonary care [37].  

Although existing evidence a collaboration of the ARCOTHOVA and CARGO Groups 

indicated in 2016 that ventilatory management practice in cardiac surgery varied markedly 

between anaesthesiologists [103].  Colinet et al suggested that the use of protective ventilation 

during anaesthetic care is still not used frequently enough because of lack of knowledge and 

declared an urgent need for education and regular training [104]. Finally, the LAS VEGAS 

Investigators strengthened these suggestions and recommended that much more attention 

should be given to the use of lung protective strategies during general anaesthesia [39]. 

Moreover, some new important – mainly surgical procedure related - risk factors of PPC were 

revealed in this trial that should be taken into account in the future.  

Our results indicated some similarities in the practice of Hungarian anaesthesiologists 

compared to Western European colleagues, however, some differences were also identified. 

Low TV based on IBW was common, although applying moderate levels of PEEP and ARM 

were usually ignored, not to mention that titrated PEEPopt was seldom employed. 

Slightly higher and / or titrated, optimal levels of PEEP were accepted and seemed to be 

employed more commonly in obese (BMI > 30 kg m2) patients. Applying higher levels of PEEP 

in this patient population certainly has some rationale. On the one hand obesity may cause 

difficult airway leading to protracted intubation, resulting intermittent hypoxaemia that needs 

to be managed. On the other hand, higher intraabdominal pressure and consequent decrease in 

chest wall compliance may result in impaired respiratory mechanics and more rapid 
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development of lung atelectasis. However, recently published results of the PROBESE trial 

(including 1976 patients) indicated that higher levels of PEEP and ARM resulting improved 

respiratory mechanics (decreased ΔP and pulmonary atelectasis) did not reduce composite PPC 

compared to a low level of PEEP. These results suggested that intraoperative mechanical 

ventilation strategies aiming to reduce atelectasis do not prevent PPC compared to a strategy 

allowing higher degrees of atelectasis (termed as permissive atelectasis) [105]. 

Applying permissive hypercapnia was common during general anaesthesia, but somewhat 

more sophisticated elements such as low Pplat and P were used only by experts which may 

be due to the low availability rate of written intraoperative ventilatory protocols or the 

shortcomings of regular education and training sessions. A significant number of examinations 

were carried out during preoperative assessment, especially in patients with chronic or actual 

respiratory diseases, but perioperative protective positive pressure support (POP concept), was 

not generally used. It was also important to note that constant access to CPAP or NIV devices 

was limited in several institutions. These findings altogether explained that coherent and entire 

application of LPV and POP concept were rare, resulting markedly, but apparently insignificant 

differences between anaesthesiologists and institutions.  

The main risk factors of PPC were well-known, but some issues such as chronic 

malnutrition or prolonged use of nasogastric tube after surgery as negligible factors indicated 

the absence of the early recovery after surgery (ERAS) approach. 

Results of a recent multicentre prospective observational study (POPULAR) indicated that 

the use of NMBAs during general anaesthesia is associated with an increased risk of PPC. 

Additionally, neither monitoring neuromuscular transmission during anaesthesia, nor the use of 

reversal agents could decrease this risk [106]. The seldom use of NMT monitors in Hungarian 

anaesthesia practice must be striking and thought-provoking. 

Our survey suffered from some limitations. Firstly, it was declarative, and the response rate 

was relatively low with only approximately 15% of all anaesthesiologists responding. Second, 

to maintain anonymity, sensitive personal or institutional data were not collected, therefore 

neither the exact number of participating institutions nor territorial distribution were evaluated. 

Finally, anchoring effect may have influenced the answers to the subsequent questions. Random 

order of questions could have eliminated this problem however this approach could have 

affected significantly the coherence of the survey. 
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6 MAIN STATEMENTS OF THE THESIS 

 

I. Optimizing mechanical ventilation applying individual optimal PEEP titrated by a 

decremental titration procedure in order to achieve the highest possible static pulmonary 

compliance improves intraoperative oxygenation and reduces driving pressure 

significantly. 

II. As driving pressure is considered an important safety limit of mechanical ventilation it 

has strong pathophysiological rationale that reducing driving pressure may result in 

decreased pulmonary injury and postoperative complications. 

III. Higher levels of PEEP result in haemodynamic impairment during surgery leading to 

significantly higher vasopressor requirements and more common but not severe kidney 

injury in the early postoperative period. 

IV. The high scatter of PCT values indicate large individual variability as a host response 

to mechanical ventilation. However, a more pronounced daily decrease in PCT levels 

indicates a more balanced inflammatory response and results in a lower incidence of 

adverse events in the early postoperative period. Therefore, we suggest the use of PCT 

kinetics rather than absolute values in order to evaluate patients’ postoperative course. 

V. We recommend the use of individualized, protective ventilatory management during 

major abdominal surgery, although this has to be reinforced by further clinical trials 

with PPCs as primary end-point. 

VI. The use of lung protective ventilation during major abdominal surgery is common in 

the daily practice of Hungarian anaesthesiologists, but the individualized approach is 

rare. 

VII. Plateau and driving pressures are used only by experts for optimizing intraoperative 

mechanical ventilation, suggesting the need for regular education and training sessions. 

VIII. Main risk factors of PPC are widely known, however applying ERAS approach is still 

missing. Therefore, our results highlight the need for local institutional protocols 

implementing recent international guidelines. 
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7 CONCLUSIONS 

Our physiological study has shown some significant advantages of an individualized 

approach of the lung protective ventilatory management. We found significant advantages on 

gas exchange (PaO2/FiO2) in both the intraoperative and early postoperative period, and 

pulmonary mechanics (Cstat, ΔP, Vds/Vt and Raw) applying individual optimal levels of 

positive end-expiratory pressure. However, moderate levels of PEEP (5-6 cmH2O) are 

recommended, our results indicated a need for higher values (at least 8 cmH2O) in order to 

achieve individual requirements. Except for a significant increase in intraoperative vasopressor 

requirements and a non-significant increase in postoperative kidney injury we have not 

observed any other side effects of this individual approach. Our results have some promising 

details and may further improve our knowledge on the effects of optimal intraoperative 

ventilatory strategies applied in patients undergoing major abdominal surgery. Whether these 

have any effect on short, and long-term outcomes require further investigations. 

 

The results of our nationwide survey are very similar to that of earlier international surveys and 

reports, indicating that variations in practice of perioperative respiratory management occur 

nationally and worldwide. We emphasize that more attention should be payed to the use of lung 

protective strategies during general anaesthesia. Implementing recent guidelines, developing 

local institutional protocols and continuous, high quality education and regular training sessions 

are essential to improve postoperative outcomes in high risk patients undergoing major 

abdominal surgery. 

 

 

 

 

 

 

 

 

 

 

 



51 
 

8 ACKNOWLEDGEMENTS 

First of all I would like to express my gratitude to my mentor, Professor Zsolt Molnár. His 

professional guidance, advices and friendly support were essential during the past years. I am 

grateful for his assistance, motivating attitude and patience from the beginning to the end of 

these scientific research and during writing of these thesis. 

My warmest thank goes also to Dr. Ildikó László, Dr. Erika Kiss, Dr. Ildikó Vámossy, Dr. 

Dóra Vizserálek and Dr. Gergely Bokrétás for helping me in many ways over the past years. 

I would like to thank the nursing staff of the Department of Anaesthesiology and Intensive 

Therapy and the Department of Urology of Péterfy Hospital, especially Gabriella Gombor, 

Anett Petőné Bibók and Katalin Gornicsár for their amazing, tireless and selfless cooperation 

during the randomized trial. 

I am grateful for Professor Ákos Csomós (former president of the Hungarian Society of 

Anaesthesiology and Intensive Therapy) for spreading our invitation to the members of the 

Hungarian Society of Anaesthesiology and Intensive Therapy to participate in our survey. 

Finally, my deepest thank goes to my family, my wife Mónika and my little son Dániel for 

helping, loving and understanding me during these years. 

 

 

 

 

 

 

 

 

 

 

 



52 
 

9 REFERENCES 

1. Weiser TG, Regenbogen SE, Thompson KD, et al. An estimation of the global volume of 

surgery: a modelling strategy based on available data. Lancet 2008; 372:139–144. 

2. Rose J, Weiser TG, Hider P, et al. Estimated need for surgery worldwide based on prevalence 

of diseases: a modelling strategy for the WHO Global Health Estimate. Lancet Glob Health 

2015; 3(Suppl 2):S13–S20. 

3. Weiser TG, Haynes AB, Molina G, et al. Size and distribution of the global volume of 

surgery in 2012. B World Health Organ 2016; 94:201-209F. 

4. Liu JH., Etzioni DA, O’Connell JB, et al. The Increasing Workload of General Surgery. Arch 

Surg 2004; 139(4):423-428. 

5. Sury MRJ, Palmer JHMG, Cook TM, et al. The State of UK anaesthesia: a survey of National 

Health Service activity in 2013. Brit J Anaesth 2014; 113(4):575–584  

6. Jakobson T, Karjagin J, Vipp L, et al. Postoperative complications and mortality after major 

gastrointestinal surgery. Medicina (Kaunas) 2014; 50(2):111-117. 

7. Klci O, Un C, Sacan O, et al. Postoperative Mortality after Hip Fracture Surgery: A 3 Years 

Follow Up. Plos One 2016; 11:e0162097. 

8. Woodfield JC, Jamil W, Sagar PM. Incidence and significance of postoperative 

complications occurring between discharge and 30 days: a prospective cohort study. J Surg 

Res 2016; 206(1):77-82. 

9. Gagnier JJ, Morgenstern H, Kellam P. A retrospective cohort study of adverse events in 

patients undergoing orthopaedic surgery. Patient Saf Surg 2017; 11:15. 

10. Endo I, Kumamoto T, Matsuyama R. Postoperative complications and mortality: Are they 

unavoidable? Annals of Gastroenterological Surgery 2017; 1:160–163. 

11. Lloyd C, Proctor L, Au M, et al. Incidence of early major adverse events after surgery in 

moderate-risk patients: early postoperative adverse events. Br J Anaesth 2020; 124(1):e9-

e10. 

12. Peduto VA, Chevallier P, Casati A, VIMA Group. A multicenter survey on anaesthesia 

practice in Italy. Minerva Anestesiol 2004; 70(6):473-491. 

13. Cozowicz C, Poeran J, Memtsoudis SG. Epidemiology, trends, and disparities in regional 

anaesthesia for orthopaedic surgery, Brit J Anaesth, 2015; 115(Suppl 2):1157–1167. 



53 
 

14. EUROSTAT, Statistics Explained (2019). Surgical operations and procedures statistics. 

Retrieved from: https://ec.europa.eu/eurostat/statistics-explained/pdfscache/37391.pdf 

15. Cairo JM. Basic Terms and Concepts of Mechanical Ventilation. In Pilbeam's Mechanical 

Ventilation: Physiological and Clinical Applications. 6th ed. St. Louis, MO: Elsevier, 

2015:1-15. 

16. Kacmarek R, Stoller J, Heuer A. Egan’s fundamentals of respiratory care. 12th ed. St. Louis, 

MO: Elsevier, 2020 

17. Mauri T, Cambiaghi B, Spinelli E et al. Spontaneous breathing: a double-edged sword to 

handle with care. Ann Transl Med 2017; 5(14):292. 

18. Grinnan DC, Truwit JD. Clinical review: respiratory mechanics in spontaneous and assisted 

ventilation. Crit Care 2005; 9(5):472–484. 

19. Silva PL, Gamma de Abreu M. Regional distribution of transpulmonary pressure. Ann Transl 

Med 2018; 6(19):385. 

20. Neumann P, Wrigge H, Zinserling J, et al. Spontaneous breathing affects the spatial 

ventilation and perfusion distribution during mechanical ventilatory support. Crit Care Med 

2005; 33(5):1090-1095 

21. Kleinman BS, Frey K, VanDrunen M, et al. Motion of the diaphragm in patients with chronic 

obstructive pulmonary disease while spontaneously breathing versus during positive 

pressure breathing after anesthesia and neuromuscular blockade. Anesthesiology 2002; 

97(2):298-305. 

22. Hess DR. Respiratory mechanics in mechanically ventilated patients. Resp Care 2014; 

59(11):1773-1794. 

23. Ball L, Costantino F, Fiorito M et al. Respiratory mechanics during general anaesthesia. Ann 

Transl Med 2018; 6(19):379. 

24. Bigatello L, Pesenti A. Respiratory Physiology for the Anesthesiologist. Anesthesiology 

2019; 130(6):1064-1077. 

25. Fowler WS. Lung Function studies. II. The respiratory dead space. Am J Physiol 1948; 

154:405–416. 

26. Gattinoni L, Pesenti A. The concept of “baby lung”. Intens Care Med 2005; 31:776–84. 

https://ec.europa.eu/eurostat/statistics-explained/pdfscache/37391.pdf


54 
 

27. Pelosi P, Ball L. Should we titrate ventilation based on driving pressure? Maybe not in the 

way we would expect. Ann Transl Med 2018; 6:389. 

28. Neumann P, Wrigge H, Zinserling J, et al. Spontaneous breathing affects the spatial 

ventilation and perfusion distribution during mechanical ventilatory support. Crit Care Med 

2005; 33(5):1090-1095. 

29. Bosek V1, Roy L, Smith RA. Pressure support improves efficiency of spontaneous breathing 

during inhalation anesthesia. J Clin Anesth 1996; 8(1):9-12 

30. Putensen C, Muders T, Varelmann D, Wrigge H. The impact of spontaneous breathing 

during mechanical ventilation. Curr Opin Crit Care 2006; 12(1):13-18. 

31. Capdevila X, Jung B, Bernard N, et al. Effects of pressure support ventilation mode on 

emergence time and intra-operative ventilatory function: a randomized controlled trial. Plos 

One 2014; 9(12):e115139. 

32. Yoshida T, Torsani V, Gomes S, et al. Spontaneous effort causes occult pendelluft during 

mechanical ventilation. Am J Respir Crit Care Med 2013; 188:1420-1427. 

33. Yoshida T, Uchiyama A, Fujino Y. The role of spontaneous effort during mechanical 

ventilation: normal lung versus injured lung. J Intensive Care 2015; 3:18. 

34. Yoshida T, Grieco DL, Brochard L, et al. Patient self-inflicted lung injury and positive end-

expiratory pressure for safe spontaneous breathing. Curr Opin Crit Care 2020; 26(1):59-65.   

35. Slutsky AS, Ranieri VM. Ventilator-Induced Lung Injury. N Eng J Med 2013; 369:2126-

2136. 

36. Ricard J-D, Dreyfuss D, Saumon G. Ventilator-induced Lung Injury. Eur Respir J 2003; 22 

(Suppl 42):2–9. 

37. Futier E, Marret E, Jaber S. Perioperative Positive Pressure Ventilation: An Integrated 

Approach to Improve Pulmonary Care. Anesthesiology 2014; 121:400-408. 

38. Sutherasan Y, Vargas M, Pelosi P. Protective mechanical ventilation in the non-injured lung: 

review and meta-analysis. Critical Care 2014; 18:211. 

39. The 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; 34:492-507. 



55 
 

40. Rotta AT, Steinhorn DM. Conventional mechanical ventilation in pediatrics. J Pediatr (Rio 

J) 2007; 83(Suppl 2):S100-108. 

41. Picca A, Lezza A, Leeuwenburgh C et al. Fueling Inflamm-Aging through Mitochondrial 

Dysfunction: Mechanisms and Molecular Targets. Int J of Molecular Sciences 2017; 18:933. 

42. Kuipers MT, van der Poll T, Schultz MJ et al. Bench-to-bedside review: Damage-associated 

molecular patterns in the onset of ventilator-induced lung injury. Critical Care 2011; 15:235. 

43. Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular 

dysfunction to immunotherapy. Nature Reviews Immunology 2013; 13:862-874. 

44. Lindberg M, Hole A, Johnsen H, et al. Reference intervals for procalcitonin and C-reactive 

protein after major abdominal surgery. Scand J Clin Lab Invest 2002; 62:189–194. 

45. Sarbinowski R, Arvidsson S, Tylman M, et al. Plasma concentration of procalcitonin and 

systemic inflammatory response syndrome after colorectal surgery. Acta Anaesth Scand 

2005; 49:191–196. 

46. Mokart D, Merlin M, Sannini A, et al. Procalcitonin, Interleukin 6 and Systemic 

Inflammatory Response Syndrome (SIRS): Early Markers of Postoperative Sepsis After 

Major Surgery. Br J Anaesth 2005; 94:767-773. 

47. Bogár L, Molnár Zs, Tarsoly P, et al. Serum procalcitonin level and leukocyte 

antisedimentation rate as early predictors of respiratory dysfunction after oesophageal 

tumour resection. Critical Care 2006; 10:R110. 

48. Minami E, Ito S, Sugiura T, et al. Markedly elevated procalcitonin in early postoperative 

period in pediatric open heart surgery: a prospective cohort study. Journal of Intensive Care 

2014; 2:38. 

49. Trasy D, Tánczos K, Németh M, et al. Early procalcitonin kinetics and appropriateness of 

empirical antimicrobial therapy in critically ill patients. A prospective observational study. 

J Crit Care 2016; 34:50-55. 

50. Paruk F, Chausse J. Monitoring the post surgery inflammatory host response. Journal Of 

Emergency And Critical Care Medicine 2019; 3:5356. 

http://jeccm.amegroups.com/article/view/5356 [accessed 02 October 2019.] 

51. Futier E, Constantin J-M, Paugam-Burtz C, et al. A Trial of Intraoperative Low-Tidal-

Volume Ventilation in Abdominal Surgery. N Engl J Med 2013; 369:428-437. 

http://jeccm.amegroups.com/article/view/5356


56 
 

52. Futier E, Constantin J-M, Pelosi P, et al. Intraoperative Recruitment Maneuver Reverses 

Detrimental Pneumoperitoneum-induced Respiratory Effects in Healthy Weight and Obese 

Patients Undergoing Laparoscopy. Anesthesiology. 2010; 113:1310-1319. 

53. Whalen FX, Gajic O, Thompson GB, et al. The Effects of the Alveolar Recruitment 

Maneuver and Positive End-Expiratory Pressure on Arterial Oxygenation During 

Laparoscopic Bariatric Surgery. Anesth Analg 2006; 102:298–305. 

54. Talley HC, Bentz N, Georgievski J, et al. Anesthesia Providers’ Knowledge and Use of 

Alveolar Recruitment Maneuvers. J Anesth Clin Res 2012; 3:325. 

55. Hess DR. Recruitment Maneuvers and PEEP Titration. Respir Care 2015; 60(11):1688-

1704. 

56. Cinnella G, Grasso S, Natale C, et al. Physiological effects of a lung‐recruiting strategy 

applied during one‐lung ventilation. Acta Anaesth Scand 2008; 52:766-775.  

57. Spadaro S, Karbing DS, Mauri T et al. Effect of positive end-expiratory pressure on 

pulmonary shunt and dynamic compliance during abdominal surgery. Br J Anaesth 2016; 

116(6):855-61. 

58. D’Antini D, Rauseo M, Grasso S et al. Physiological effects of the open lung approach 

during laparoscopic cholecystectomy: focus on driving pressure. Minerva Anestesiol 2018; 

84(2):159-167. 

59. Rauseo M, Mirabella L, Grasso S et al. Peep titration based on the open lung approach during 

one lung ventilation in thoracic surgery: a physiological study. BMC Anesthesiol 2018; 

18(1):156. 

60. Kelkar KV. Post-operative pulmonary complications after non-cardiothoracic surgery. 

Indian J Anaesth 2015; 59:599-605. 

61. Straatman J, Cuesta MA, de Lange – de Klerk ESM, et al. Long-Term Survival After 

Complications Following Major Abdominal Surgery. J Gastrointest Surg 2016; 20:1034–

1041. 

62. Patel K, Hadian F, Ali A, et al. Postoperative pulmonary complications following major 

elective abdominal surgery: a cohort study. Perioperative Medicine 2016; 5:10.  

63. Simões CM, Carmona MJC, Hajjar LA, et al. Predictors of major complications after elective 

abdominal surgery in cancer patients. BMC Anesthesiol 2018; 18:49. 



57 
 

64. Liedberg F. Early Complications and Morbidity of Radical Cystectomy. European Urology 

Supplements 2010; 9:25-30.  

65. Tsaturyan A, Petrosyan V, Crape B, et al. Risk factors of postoperative complications after 

radical cystectomy with continent or conduit urinary diversion in Armenia. Springerplus 

2016; 5:134. 

66. Pavone C, Candela L, Fontana D, et al. Postoperative complications and 90-day mortality in 

radical cystectomy in high-risk patients: A monocentric retrospective observational study. 

Urologia Journal 2018; 85:111-117. 

67. Schulz GB, Grimm T, Buchner A, et al. Surgical High-risk Patients With ASA ≥ 3 

Undergoing Radical Cystectomy: Morbidity, Mortality, and Predictors for Major 

Complications in a High-volume Tertiary Center. Clinal Genitourinary Cancer 2018; 

16:e1141 - e1149. 

68. Gakis G (2018, March). Open RC remains most effective treatment despite complications 

risks. Paper presented at the meeting of the European Association of Urology, Copenhagen, 

Denmark. Retrieved from https://eau18.uroweb.org/open-rc-remains-most-effective-

treatment-despite-complications-risks 

69. Bendixen HH, Hedley-Whyte J, Laver MB. Impaired Oxygenation in Surgical Patients 

during General Anesthesia with Controlled Ventilation — A Concept of Atelectasis N Engl 

J Med 1963; 269:991-996. 

70. Ashbaugh DG, Bigelow DB, Petty TL, et al. Acute respiratory distress in adults. The Lancet 

1967; 2:319-323. 

71. Amato MB, Barbas CS, Medeiros DM, et al. Effect of a protective-ventilation strategy on 

mortality in the acute respiratory distress syndrome. N Engl J Med 1998; 338:347-354. 

72. Acute Respiratory Distress Syndrome Network. Ventilation with lower tidal volumes as 

compared with traditional tidal volumes for acute lung injury and the acute respiratory 

distress syndrome. N Eng J Med 2000; 342:1301-1308. 

73. Serpa Neto A, Cardoso SO, Manetta JA, et al. Association between use of lung-protective 

ventilation with lower tidal volumes and clinical outcomes among patients without acute 

respiratory distress syndrome: a meta-analysis. JAMA 2012; 308:1651-1659. 

https://eau18.uroweb.org/open-rc-remains-most-effective-treatment-despite-complications-risks
https://eau18.uroweb.org/open-rc-remains-most-effective-treatment-despite-complications-risks


58 
 

74. Lipes J, Bojmehrani A, Lellouche F. Low Tidal Volume Ventilation in Patients without 

Acute Respiratory Distress Syndrome: A Paradigm Shift in Mechanical Ventilation. Crit 

Care Res Pract 2012; 2012:416862. 

75. Alencar R, D'Angelo V, Carmona R, et al. Patients with uninjured lungs may also benefit 

from lung-protective ventilator settings. F1000Res 2017; 6:2040. 

76. Young CC, Harris EM, Vacchiano C, et al. Lung-protective ventilation for the surgical 

patient: international expert panel-based consensus recommendations. Brit J Anaesth 2019; 

123(6):898-913. 

77. Regunath H, Moulton N, Woolery D, et al. Ultra-protective mechanical ventilation without 

extra-corporeal carbon dioxide removal for acute respiratory distress syndrome. J Intensive 

Care Soc 2019; 20(1):40–45. 

78. Fischer MO, Courteille B, Guinot PG, et al.  Perioperative Ventilatory Management in 

Cardiac Surgery:  A French Nationwide Survey. Medicine (Baltimore) 2016; 95:e2655. 

79. Colinet B, Van der Linden P, Bissot M, et al Mechanical Ventilation Practices in the 

Operating Room. Survey of the Anesthesiology Society of Charleroi “VENTISAC”. Acta 

Anaesth Belg 2017; 68:81-86. 

80. Ruszkai Z, Kiss E, Molnár Zs. Perioperative Lung Protective Ventilatory Management 

During Major Abdominal Surgery: A Hungarian Nationwide Survey. The Journal of Critical 

Care Medicine 2019; 5:19-27. 

81. Zaky A, Lang JD. The Use of Intraoperative Positive End Expiratory Pressure. J Anesthe 

Clinic Res 2011; 4:4. 

82. Hemmes SN, Gama De Abreu M, Pelosi P, et al. High versus low positive end-expiratory 

pressure during general anaesthesia for open abdominal surgery (PROVHILO trial): A 

multicentre randomised controlled trial. The Lancet 2014; 384:495-503. 

83. Ferrando C, Soro M, Unzueta C, et al. Individualised perioperative open-lung approach 

versus standard protective ventilation in abdominal surgery (iPROVE): a randomised 

controlled trial. Lancet Respir Med 2018 6:193-203. 

84. Goldenberg NM, Steinberg BE, Lee WL, et al. Lung-protective Ventilation in the Operating 

Room: Time to Implement?. Anesthesiology 2014; 121:184-188. 



59 
 

85. Kacmarek RM, Villar J. Lung-protective Ventilation in the Operating Room: Individualized 

Positive End-expiratory Pressure Is Needed!. Anesthesiology 2018; 129:1057-1059. 

86. Pereira SM, Tucci MR, Morais CCA, et al. Individual Positive End-expiratory Pressure 

Settings Optimize Intraoperative Mechanical Ventilation and Reduce Postoperative 

Atelectasis. Anesthesiology 2018; 129:1070-1081. 

87. Liu J, Meng Z, Iv R, et al. Effect of intraoperative lung-protective mechanical ventilation on 

pulmonary oxygenation function and postoperative pulmonary complications after 

laparoscopic radical gastrectomy. Braz J Med Biol Res 2019; 52(6):e8523 

88. Gattinoni L, Pelosi P, Crotti S, et al. Effects of positive end-expiratory pressure on regional 

distribution of tidal volume and recruitment in adult respiratory distress syndrome. Am J 

Respir Crit Care Med 1995; 151:1807-1814. 

89. Hedenstierna G. Optimum PEEP During Anesthesia and in Intensive Care is a Compromise 

but is Better than Nothing. Turk J Anaesthesiol Reanim 2016; 44:161–162. 

90. Maisch, S Reissmann H, Fuellekrug B, et al. Compliance and dead space fraction indicate 

an optimal level of positive end-expiratory pressure after recruitment in anesthetized 

patients. Anesth and Analg 2008; 106:175-181. 

91. Pelosi P, de Abreu MG, Rocco PRM. New and conventional strategies for lung recruitment 

in acute respiratory distress syndrome. Critical Care 2010; 14:210. 

92. Long Y, Liu DW, He HW, et al. Positive End-expiratory Pressure Titration after Alveolar 

Recruitment Directed by Electrical Impedance Tomography. Chin Med J (Engl) 2015; 

128:1421–1427. 

93. Zhao Z, Chang M-Y, Chang M-Y, 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; 17:7. 

94. Baedorf Kassis E, Loring SH, Talmor D. Should we titrate peep based on end-expiratory 

transpulmonary pressure? - yes. Ann Transl Med 2018; 6:390. 

95. Ferrando C, Suarez-Sipmann F, Tusman G, et al. Open lung approach versus standard 

protective strategies: Effects on driving pressure and ventilatory efficiency during anesthesia 

- A pilot, randomized controlled trial. Plos One 2017; 12:e0177399. 



60 
 

96. Aoyama H, Yamada Y, Fan E. The future of driving pressure: a primary goal for mechanical 

ventilation?. J Intensive Care 2018; 6:64. 

97. Amato MB, Meade MO, Slutsky AS, et al. Driving pressure and survival in the acute 

respiratory distress syndrome. N Engl J Med 2015; 372(8):747–55. 

98. Chiumello D, Carlesso E, Brioni M, et al. Airway driving pressure and lung stress in ARDS 

patients. Crit Care 2016; 20:276. 

99. Serpa Neto A, Amato MB, Schultz M. Dissipated energy is a key mediator of VILI: rationale 

for using low driving pressures. In: Vincent J-L, editor. Annual update in intensive care and 

emergency medicine, 1st ed. Switzerland: Springer International Publishing, 2016:311–321. 

100. Gattinoni L, Tonetti T, Cressoni M, et al. Ventilator-related causes of lung injury: the 

mechanical power. Intens Care Med 2016; 42(10):1567–1575. 

101. Bugedo G, Retamal J, Bruhn A. Driving pressure: a marker of severity, a safety limit, or a 

goal for mechanical ventilation?. Crit Care 2017; 21:199. 

102. Molnar Z. SepsEast: Bridging between East and West. J Crit Care 2017; 40:323. 

103. Fischer MO, Courteille B, Guinot PG, et al. Perioperative Ventilatory Management in 

Cardiac Surgery: A French Nationwide Survey. Medicine (Baltimore) 2016; 95(9):2655. 

104. Colinet B, Van der Linden P, Bissot M, et al. Mechanical Ventilation Practices in the 

Operating Room. Survey of the Anaesthesiology Society of Charleroi “VENTISAC”. Acta 

Anaesth Belg 2017; 68:81-86. 

105. The PROBESE Collaborative Group. Effect of Intraoperative High Positive End-Expiratory 

Pressure (PEEP) With Recruitment Maneuvers vs Low PEEP on Postoperative Pulmonary 

Complications in Obese Patients. JAMA 2019; 321(23):2292-2305. 

106. Kirmeier E, Eriksson LI, Lewald H et al. Post-anaesthesia pulmonary complications after 

use of muscle relaxants (POPULAR): a multicentre, prospective observational study. Lancet 

Respir Med 2019; 7:129–140.   

 

 

 

 



61 
 

10 APPENDIX 

 



STUDY PROTOCOL Open Access

Effects of intraoperative PEEP optimization
on postoperative pulmonary complications
and the inflammatory response: study
protocol for a randomized controlled trial
Zoltán Ruszkai1, Erika Kiss2, Ildikó László2, Fanni Gyura1, Erika Surány1, Péter Töhötöm Bartha1,
Gergely Péter Bokrétás1, Edit Rácz1, István Buzogány3, Zoltán Bajory4, Erzsébet Hajdú4 and Zsolt Molnár2*

Abstract

Background: Patients undergoing general anesthesia and mechanical ventilation during major abdominal surgery
commonly develop pulmonary atelectasis and/or hyperdistention of the lungs. Recent studies show benefits of
lung-protective mechanical ventilation with the use of low tidal volumes, a moderate level of positive end-expiratory
pressure (PEEP) and regular alveolar recruitment maneuvers during general anesthesia, even in patients with healthy
lungs. The purpose of this clinical trial is to evaluate the effects of intraoperative lung-protective mechanical ventilation,
using individualized PEEP values, on postoperative pulmonary complications and the inflammatory response.

Methods/design: A total number of 40 patients with bladder cancer undergoing open radical cystectomy and urinary
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value determined during a static pulmonary compliance (Cstat)-directed PEEP titration procedure will be used in the SG.
Low tidal volumes (6 mL/Kg ideal bodyweight) and a fraction of inspired oxygen of 0.5 will be applied in both groups.
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Secondary and tertiary endpoints will be: organ dysfunction as monitored by the Sequential Organ Failure Assessment
Score, in-hospital stay, 28-day and in-hospital mortality.

Discussion: This trial will assess the possible benefits or disadvantages of an individualized lung-protective mechanical
ventilation strategy during open radical cystectomy and urinary diversion regarding postoperative pulmonary
complications and the inflammatory response.
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Background
Patients undergoing general anesthesia and mechanical
ventilation during major abdominal surgery commonly
develop pulmonary atelectasis and/or hyperinflation of
the lungs leading to complications either intraoperatively
or in the postoperative period, resulting in ventilator-
induced lung injury (VILI) [1, 2].
Lung-protective mechanical ventilation (LPV), by ap-

plying “low” tidal volumes (TV = 6 mL/Kg of ideal body-
weight, IBW), optimal positive end-expiratory pressure
(PEEP) and regular alveolar recruitment maneuvers
(ARM) in case of acute respiratory distress syndrome
(ARDS) have been shown to be advantageous in critically
ill patients. Recent studies have also shown positive re-
sults of LPV and regular ARM during general anesthesia
in patients with healthy lungs [3, 4]. The main advan-
tages of this strategy are improved gas exchange and
prevention of either pulmonary atelectasis or VILI [5–7].
However, the effects of applying an optimal level of
PEEP have not entirely been evaluated.
There are several types of PEEP titration methods such

as dead space fraction (Vds/Vt)-guided or static pulmon-
ary compliance (Cstat)-directed techniques [8–12].
Theoretically, in patients with healthy lungs, during

general anesthesia and mechanical ventilation, inad-
equate PEEP values may lead to decreased pulmonary
compliance and gas exchange disorders due to pulmon-
ary atelectasis and/or hyperinflation of the lungs. In our
clinical trial, optimal PEEP values will be determined
during a static pulmonary compliance-directed PEEP ti-
tration procedure to protect from hyperdistention, and
regular ARMs will be performed using the sustained air-
way pressure by the continuous positive airway pressure
(CPAP) method, applying 30 cmH2O of PEEP for 30 s,
to prevent atelectasis [5, 13, 14].
On the one hand major abdominal surgery induces an

inflammatory response that is necessary for postopera-
tive recovery (e.g., wound healing), but on the other
hand an overwhelming inflammatory response may also
lead to adverse events (AEs) such as organ dysfunction
[15–19]. Radical cystectomy is considered major surgery;
hence, there is an increased risk of postoperative compli-
cations. Inappropriate mechanical ventilation during
general anesthesia can also lead to an amplified inflam-
matory response, which theoretically may worsen the
postoperative outcome via several mechanisms. How-
ever, the relationship between LPV and the postoperative
inflammatory response after radical cystectomy has not
been investigated yet.
There is strong correlation between the degree of in-

flammatory response and serum procalcitonin (PCT)
concentrations [20, 21]; hence, there is some rationale in
the belief that monitoring the inflammatory response by
regular PCT measurements in the postoperative period

reflects the host response. Therefore, there is some ra-
tionale in monitoring PCT kinetics as an indicator of the
host inflammatory response.
The aim of this investigator-initiated, double-center,

single-blinded (subject), prospective, randomized con-
trolled trial is to evaluate the effects of intraoperative
LPV, applying an individually titrated optimal PEEP, on
postoperative pulmonary complications (PPC) and the
inflammatory response in patients undergoing radical
cystectomy and urinary diversion (ileal conduit or ortho-
topic bladder substitute). We hypothesized that optimiz-
ing intraoperative mechanical ventilation (incorporating
LPV, ideal PEEP and ARM) can attenuate the inflamma-
tory response as compared to conventional modes of
mechanical ventilation, and hence may result in im-
proved postoperative oxygenation, prevent the occur-
rence of VILI, and reduce the incidence of organ
dysfunction. These anticipated advantages may also im-
prove postoperative recovery and survival rates, shorten
in-hospital stay and reduce health care-related costs.

Methods/design
Objectives of the study
The main objectives of this trial are to compare the effects
of a standard LPV applying 6 cmH2O of PEEP to a LPV
using an individually titrated optimal PEEP on: (1) oxy-
genation and PPC, (2) the degree of inflammatory
response evaluated by early PCT kinetics (0, 2, 6, 12, 24,
48 and 72 h after surgical incision) and (3) to evaluate the
relationship between the degree of inflammation and post-
operative pulmonary and extrapulmonary complications.

Study endpoints
The primary outcome variables are PPC and PCT kinet-
ics. PPC are defined as new infiltrates or atelectasis on a
chest X-ray, abnormal breathing sounds on auscultation,
respiratory failure defined as PaO2/FiO2 < 300 or the
need for noninvasive or invasive ventilatory support
within the first three postoperative days. PCT kinetics
will be evaluated during and after surgery. Blood sam-
ples will be taken at 0, 2, 6, 12, 24, 48 and 72 h after sur-
gical incision. According to recent data it is expected
that PCT values will peak at approximately 24 h after
surgery and that they should decline by approximately
50% daily in the case of an uneventful postoperative
course. Therefore, in addition to the absolute values
the change between T0–T24–T48 will also be evalu-
ated [16, 22].
Secondary outcome variables are extrapulmonary

complications: incidence of circulatory failure, gastro-
intestinal and renal dysfunction, hematologic and coagu-
lation disorders and infection (Table 1).
Tertiary endpoints are intensive care unit (ICU) days,

in-hospital stay, in-hospital and 28-day mortality.
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Study design
This is an investigator-initiated, double-center, parallel-
group, single-blinded, interventional, prospective, ran-
domized controlled trial conducted at the Department of
Anesthesiology and Intensive Care of Péterfy Sándor Hos-
pital Budapest and at the Department of Anesthesiology
and Intensive Therapy of University of Szeged. The first
patient will be randomized in October 2016. This
protocol conforms to the Consolidated Standards of
Reporting Trials (CONSORT) guidelines. Figure 1
shows the Standard Protocol Items: Recommendation
for Interventional Trials (SPIRIT) schedule of enroll-
ment, interventions and assessments. The SPIRIT
2013 Checklist is given in Additional file 1.

Blinding, data collection, randomization and record-
keeping
This is a single-blinded (participant) study. Patient data,
intraoperative and postoperative measurements, fluid
balance, respiratory parameters, laboratory results and
clinical status (Sequential Organ Failure Assessment
(SOFA) score) will be collected onto Case Report Forms
(CRF). CRF and the patient evaluation chart will not be
assessed in front of the patient.

Participants will be randomized to the SG or CG in a ra-
tio of 1:1. Randomization will be carried out by a
computer-generated blocked randomization list with 10
blocks of four patients per block. Allocation will be stored
in sealed, opaque and numbered envelopes. Participants
will be included and allocated in numerical order.
All original records (CRF and relevant correspond-

ence) will be archived and secured for 15 years, and then
destroyed according to the hospital standards concern-
ing destruction of confidential information.

Selection of the participants
Patients with bladder cancer scheduled for open radical
cystectomy and urinary diversion will be screened and
recruited during routine perioperative assessment. Par-
ticipants fulfilling the inclusion criteria will be asked for
their signed informed consent. Withdrawal of consent
may be initiated by the participant at any time during
the trial.
Inclusion criteria are age over 18 years, patients with

bladder cancer undergoing radical cystectomy and urin-
ary diversion (ileal conduit or orthotopic bladder substi-
tute) and provision of signed informed consent.
Exclusion criteria are age below 18 years, American

Society of Anesthesiologists (ASA) physical status IV,
history of severe chronic obstructive pulmonary disease
(COPD, GOLD grades III or IV), history of severe or un-
controlled bronchial asthma, history of severe restrictive
pulmonary disease, pulmonary metastases, history of any
thoracic surgery, need for thoracic drainage before sur-
gery, renal replacement therapy prior to surgery, con-
gestive heart failure (NYHA grades III or IV), extreme
obesity (Body Mass Index, BMI > 35 Kg/m2) and lack of
patient’s consent.

Time course of the study
Preoperative assessment and admission
During standard institutional preoperative assessment,
the patient’s eligibility for radical cystectomy and urinary
diversion will be evaluated. Medical history, laboratory
and chest X-ray or computed tomography (CT) scan,
12-lead electrocardiogram (ECG), ASA physical status,
BMI, Respiratory Failure Risk Index (RFRI), nutritional
risk screening (NRS 2002 tool) and, if required (in case
of history of smoking or coronary artery disease), results
of spirometry, echocardiography and ergometry will be
recorded. Participants fulfilling the inclusion criteria will
be asked for their signed informed consent.
After admission to the Department of Urology (on

the day before surgery) a central venous catheter will
be placed, a blood sample will be taken from included
patients for baseline levels of PCT (T0), a chest X-ray
will be performed and, if there are no exclusion cri-
teria, patients will be randomized into one of the

Table 1 Secondary endpoints

Endpoint Time frame Detailed description

Circulatory failure 28 days Hypotension – MAP < 65 mmHg

Severe cardiac arrhythmia – 40/min
< HR > 150/min

ScvO2 < 70%

dCO2 > 7 mmHg

Serum lactate > 2 mmol/L

Severe metabolic acidosis
(actual bicarbonate < 18 mmol/L)

Acute coronary syndrome

Acute left ventricular failure

Pulmonary embolism

Cardiac arrest

Gastrointestinal
dysfunction

28 days Constipation

Ileus

Anastomotic leakage

Reoperation

Disorders of liver function

Renal dysfunction 28 days RIFLE criteria

Hematologic and
coagulation disorders

28 days Severe bleeding

Coagulopathy – INR > 1.5

Infection 28 days Any infection except from
pneumonia

MAP mean arterial pressure, HR heart rate, ScvO2 central venous oxygen
saturation, dCO2 central venous-to-arterial carbon dioxide gap, INR
International Normalized Ratio
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study groups. Patients will be given oral carbohydrate
loading (maltodextrin) 12, 8 and 2 h before surgery,
1000 mL of crystalloid solution will be given and
antimicrobial prophylaxis will be introduced using
ciprofloxacin and metronidazole 30 min before surgi-
cal incision. Antimicrobial prophylaxis will be contin-
ued for 72 h (2 × 400 mg ciprofloxacin and 3 ×
500 mg metronidazole per day). Deep vein thrombosis
prophylaxis will be carried out using low-molecular-
weight heparin (LMWH).

Intraoperative care
Before induction of anesthesia an epidural catheter and
an arterial cannula will be inserted for invasive arterial
blood pressure monitoring and blood gas sampling.
Immediately after induction of anesthesia and orotra-

cheal intubation, once a steady state has been reached
(Table 2), all patients will be submitted to an ARM using
the sustained airway pressure by the CPAP method, ap-
plying 30 cmH2O PEEP for 30 s. After ARM, PEEP will
be set to 6 cmH2O in the CG (“standard PEEP”) and

Fig. 1 Standard Protocol Items: Recommendation for Interventional Trials (SPIRIT) schedule of enrollment, interventions and assessments. DOS day
of surgery, POD postoperative day, SOFA Sequential Organ Failure Assessment, ICU intensive care unit
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LPV (TV = 6 mL/Kg IBW, FiO2 = 0.5) will be performed.
In the SG (“optimal PEEP”) PEEP will be determined
during a Cstat-directed decremental PEEP titration pro-
cedure. During surgery ARM will be repeated and arterial
and central venous blood gas samples (ABGs, CVBGs) will
be evaluated every 60 min. In case of decreased oxygen
saturation (SpO2 < 94%) rescue ARM will be performed
using a FiO2 of 1.0. PCT levels will be measured 2, 6, 12,
24, 48 and 72 h after surgical incision.
Arterial blood pressure, heart rate (HR) and end-tidal

carbon dioxide tension (EtCO2) will be monitored con-
tinuously. Cstat, airway resistance (Raw), Vds/Vt, core
temperature and train-of-four relaxometry data will be
recorded every 15 min.
During surgery, in cases of hypotension, intravenous

norepinephrine will be started to maintain mean arterial
pressure above 65 mmHg. For intraoperative fluid man-
agement patients will receive 3 mL/Kg/h of balanced
crystalloid solution until end of surgery. In cases of
bleeding, a 200-mL colloid (hydroxyethyl starch, HES)
solution bolus and crystalloid substitution will be given.
Packed red blood cell (PRBC) transfusion will be given
whenever the attending anesthetist feels it necessary.

Postoperative care
After extubation, patients will be admitted to the ICU.
ABGs and CVBGs will be collected and evaluated (pH,
base excess (BE), standard bicarbonate (stHCO3−),
ScvO2), PaO2/FiO2 and central venous-to-arterial carbon
dioxide gap (dCO2) will be calculated every 6 h until
72 h after surgery. On the first postoperative day (POD),
a chest X-ray will be performed and repeated on the fol-
lowing days if the development of pulmonary complica-
tions are suspected. The chest X-ray will be evaluated by
an independent, trained radiologist who will not be in-
volved in the study. Continuous epidural analgesia and
intermittent intravenously administered analgesia (para-
cetamol or metamizol) will be introduced, and evaluated
effective if a Numeric Pain Rating Scale (NPRS) score is
lower than 3 points.
During postoperative care, continuous intraabdominal

pressure (IAP) monitoring via a direct intraperitoneal
catheter, placed before closure of the abdominal wall,

will be performed to eliminate bias caused by the eleva-
tion of IAP.
Patients’ clinical progress and secondary endpoints will

be monitored by daily SOFA scores, laboratory and
physical examinations.
Postoperative hydration and vasopressor therapy will

be directed by MAP, ScvO2, dCO2 and arterial lactate
levels. PRBC units will be transfused if decreased
hemoglobin (Hb) levels result in tissue oxygenation
disorders or become symptomatic (hypotension, dizzi-
ness or weakness develop). Fresh frozen plasma will be
given if the prothrombin International Normalized Ratio
(INR) > 1.5. Platelet suspension units will be given ac-
cording to the Transfusion Guidelines of the Hungarian
National Blood Transfusion Service.
In both groups, patients will be allowed to drink clear

fluids immediately after surgery and the use of chewing
gum will be encouraged. Prokinetics and an oral liquid
diet using a drinking formula will be started on POD 1
and patients will begin active mobilization. The nasogas-
tric tube will be removed on the morning of POD 1.

From postoperative day 4 (POD 4 to POD 28, follow-up)
During the follow-up period, secondary endpoints, in-
hospital stay, 28-day and in-hospital mortality will also
be evaluated.
Figure 2 shows the CONSORT flowchart of the trial.

Study arms and assigned intraoperative interventions
A total number of 40 patients with bladder cancer sub-
mitted to general anesthesia and open radical cystec-
tomy and urinary diversion will be enrolled in this study.
An equal number of patients will be randomized into
the two groups.
Patients randomized into the SG group undergo an al-

veolar recruitment maneuver using the sustained airway
pressure by the CPAP method, applying 30 cmH2O
PEEP for 30 s followed by a decremental PEEP titration
procedure directed by Cstat. During the PEEP titration
procedure, PEEP will be decreased from 14 cmH2O by 2
cmH2O every 4 min, until a final PEEP of 6 cmH2O is
reached. On each level of PEEP, ABGs will be collected
and evaluated. Optimal PEEP is considered as the PEEP
value resulting the highest possible Cstat measured by
the ventilator. After the PEEP titration procedure, lung-
protective mechanical ventilation will be performed
using optimal PEEP and low tidal volumes and ARM will
be performed every 60 min.
Patients randomized into the CG group will undergo

an alveolar recruitment maneuver using the sustained
airway pressure by the CPAP method, applying 30
cmH2O PEEP for 30 s followed by low-tidal-volume
LPV using a PEEP value of 6 cmH2O and ARM will be
repeated every 60 min.

Table 2 Steady state after induction of anesthesia

Parameter Value

Hemodynamics Mean arterial pressure 65 mmHg <MAP < 90 mmHg

Heart rate 50/min < HR < 100/min

Ventilation SpO2 ≥96%

EtCO2 35–40 mmHg

Anesthetics EtSevo 1.0 MAC

MAP mean arterial pressure, HR heart rate, SpO2 peripheral capillary oxygen
saturation, EtCO2 end-tidal carbon dioxide partial pressure, EtSevo end-tidal
sevoflurane concentration, MAC minimal alveolar concentration
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Data monitoring
Data monitoring will be performed centrally for quality
control purposes by an external, independent physician,
who will not be involved in the study. Monitoring will
evaluate the progress of the study and verify the accur-
acy and completeness of the data recording (CRF, source
data, Informed Consent Forms and outcome variables).

Statistics
Data will be analyzed by the research team in collabor-
ation with a medically versed biostatistician after com-
pletion of the trial. There will be no interim analysis.
Statistical analysis will be conducted on an intention-to-
treat basis. IBM SPSS 20.0 statistical software will be
used for analysis.

Fig. 2 Consolidated Standards of Reporting Trials (CONSORT) flowchart. PEEP positive end-expiratory pressure, PCT procalcitonin, ABGs arterial blood
gas sample, CVBGs central venous blood gas sample, Cstat static pulmonary compliance, Vds/Vt dead space fraction, Raw airway resistance, MAP mean
arterial pressure, ARM alveolar recruitment maneuver, PRBC packed red blood cell, FFP fresh frozen plasma, IAP intraabdominal pressure
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It is expected that the majority of source data will be
recorded onto CRF; nonetheless, before starting the data
analysis, the mechanism and pattern of missing data will
be evaluated and these findings will be used to deter-
mine whether they have had an impact on the statistical
analysis and results and how they can be managed.
Data distribution will be tested by the Kolmogorov-

Smirnov analysis. Normally distributed data will be pre-
sented as mean and standard deviation (SD) and skewed
data as median (interquartile range). Comparing related
samples, the paired and unpaired t test will be used for
normally distributed data and the Wilcoxon signed rank
test and Mann-Whitney U test for skewed data. Differ-
ences in proportions will be evaluated using the Fisher’s
exact test, and risk ratio with associated 95% confidence
interval (CI). Analysis of the primary endpoint (PPC)
will be carried out by the unpaired Student’s t test (95%
CI). A two-way, repeated-measures analysis of variance
(two-way RM ANOVA) will be used to compare the
groups’ serum PCT levels. The relationship between
PCT levels and organ dysfunctions will be evaluated
using the Pearson correlation. Statistical analysis of SOFA
scores, ICU days, in-hospital stay, in-hospital and 28-day
mortality data of groups will be implemented by the chi-
square test. A P value < 0.05 will be considered significant.

Adverse events and interruption of the trial
Every patient included in the trial will receive daily visits
from an intensive care therapist and urologist in charge
from POD 1 until leaving the hospital. During ICU stay,
and if necessary on the intermediate care unit, all pa-
tients will be continuously monitored. The study nurse
will be responsible for collecting blood samples and will
record relevant required data onto CRF. During the out-
of-hospital follow-up period (until POD 28) patients’
progress, particularly deterioration will be checked by
daily phone-call visits.
The investigators will monitor the patients for any ad-

verse events (AEs), which are defined as severe or pro-
longed hypotension (systolic blood pressure < 90 mmHg)
and significant cardiac arrhythmias associated with the
PEEP titration procedure. AEs will be documented on
the CRF and the principal investigator will be informed.
Serious adverse events (SAEs) are defined as severe baro-

trauma leading to pneumothorax, significant prolongation
of hospitalization, persistent or significant disability or in-
capacity, and severe deterioration (life-threatening state or
even death) associated with the PEEP titration procedure.
All treatment-related SAEs will be recorded and reported
to the Hungarian Scientific and Medical Research Council
Ethics Committee and the Local Ethics Committees. If any
SAEs occur, the trial will be interrupted and an investiga-
tion will be performed.

Duration of the trial
The annual number of open radical cystectomy and
urinary diversion is around 100 in the two study centers.
Recruitment of the participants is expected within
18 months. The final data collection and estimated com-
pletion date of the trial is March 2018.

Discussion
This investigator-initiated, pragmatic, interventional, pro-
spective, randomized controlled trial will assess the
possible benefits and disadvantages of an individualized
lung-protective mechanical ventilation strategy during
open radical cystectomy and urinary diversion as indicated
mainly by PPC and the inflammatory response.
PPC can develop after major abdominal surgery. Im-

paired gas exchange may lead to secondary disorders
(delayed return of gastrointestinal function, renal dys-
function, cardiac disorders, etc.) resulting in prolonged
hospitalization time and increased cost of hospital care
[15–17]. The impact of an inappropriate intraoperative
mechanical ventilation-caused inflammatory response –
both systemic and intrapulmonary –, on these complica-
tions is still uncertain.
Surgery induces an inflammatory response that is neces-

sary for postoperative recovery [18–21]. Inappropriate
mechanical ventilation can also cause an inflammatory re-
sponse, which can lead to AEs such as pulmonary compli-
cations and distant organ dysfunction. Applying an
individualized lung-protective ventilatory strategy during
general anesthesia may reduce the degree of inflammation
and decrease the incidence of pulmonary and extrapul-
monary complications in the postoperative period, thereby
contributing to shorter hospitalization time and reduced
cost of hospital care [3–5].
Radical cystectomy and urinary diversion is considered

major surgery with an operating time lasting for several
hours. This gives the potential for inappropriate intraop-
erative ventilatory management causing further harm by
exacerbating the surgery-induced inflammatory re-
sponse, hence causing more postoperative complica-
tions. Titrating PEEP and performing regular ARMs
during the anesthesia of these patients certainly has a
strong pathophysiological rationale with potential bene-
fits as indicated by recent clinical trials [4–7, 14], but
this strategy is also cumbersome, time consuming and,
due to the numerous blood gas samplings required, may
be costly. Therefore, testing our hypothesis in a clinical
study is necessary to answer these questions.
The potential implications of our results can further

improve our knowledge on the effects of optimal intra-
operative ventilatory strategies and, in the case of posi-
tive results, these may not only be applicable to patients
with bladder cancer undergoing radical cystectomy and
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urinary diversion, but presumably to all patients under-
going similar types of major abdominal surgery.

Trial status
The trial is ongoing.

Additional file

Additional file 1: SPIRIT 2013 Checklist: recommended items to
address in a clinical trial protocol and related documents. (DOCX 52 kb)
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Abstract
Lung protective mechanical ventilation (LPV) even in patients with healthy lungs is associated with a lower incidence 
of postoperative pulmonary complications (PPC). The pathophysiology of ventilator-induced lung injury and the risk 
factors of PPCs have been widely identified, and a perioperative lung protective concept has been elaborated. De-
spite the well-known advantages, results of recent studies indicated that intraoperative LPV is still not widely imple-
mented in current anaesthesia practice.
No nationwide surveys regarding perioperative pulmonary protective management have been carried out previously 
in Hungary. This study aimed to evaluate the routine anaesthetic care and adherence to the LPV concept of Hungar-
ian anaesthesiologists during major abdominal surgery.
A questionnaire of 36 questions was prepared, and anaesthesiologists were invited by an e-mail and a newsletter to 
participate in an online survey between January 1st to March 31st, 2018.
A total of one hundred and eleven anaesthesiologists participated in the survey; 61 (54.9%), applied low tidal vol-
umes, 30 (27%) applied the entire LPV concept, and only 6 (5.4%) regularly applied alveolar recruitment manoeuvres 
(ARM).  Application of low plateau and driving pressures were 40.5%. Authoritatively written protocols were not 
available resulting in markedly different perioperative pulmonary management. According to respondents, the most 
critical risk factors of PPCs are chronic obstructive pulmonary diseases (103; 92.8%); in contrast malnutrition, anae-
mia or prolonged use of nasogastric tube were considered negligible risk factors. Positive end-expiratory pressure 
(PEEP) and regular ARM are usually ignored. Based on the survey, more attention should be given to the use of LPV. 

Keywords: lung protective ventilation, low tidal volumes, positive end-expiratory pressure, alveolar recruitment ma-
noeuvres, postoperative pulmonary complications, perioperative respiratory protocols
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 �Introduction
Lung protective mechanical ventilation (LPV) even in 
patients with healthy lungs is associated with a lower 
incidence of postoperative pulmonary complications 
(PPC), resulting in better outcomes, shorter length of 
hospital stay, and lower healthcare-associated costs 
[1,2].  The multifactorial pathophysiology of ventila-
tor-induced lung injury (VILI), the surgery, the anaes-
thesia and the patient-related risk factors of PPCs have 
been widely reported in the literature [3-7]. Based on 
this, the concept of perioperative lung protective man-
agement emerged, including preoperative breathing 
physiotherapy, positive pressure respiratory support, 
prophylactic perioperative positive pressure ventilation 

(POP-ventilation), continuous positive airway pressure 
(CPAP),  non-invasive ventilation (NIV), intraopera-
tive LPV,  applying low tidal volumes, moderate levels 
of positive end-expiratory pressure (PEEP) and regular 
ARM has been elaborated [8,9,10]. Despite the well-
known advantages, Schultz MJ et al. (2017) concluded 
that intraoperative LPV is still not widely implemented 
in everyday anaesthesia practice even in high-risk sur-
gical patients and it has been suggested that much more 
attention should be given to the use of lung protective 
strategies during general anaesthesia [11,12].

Several differences are known to exist between East-
ern and Western Europe health care systems and pa-
tient management[13]. As no data exists from Eastern 
Europe, including Hungary, a decision was made to 
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survey members of the Hungarian Society of Anaes-
thesiology and Intensive Therapy (HSAIT) regarding 
the routine anaesthetic care, awareness and adherence 
to the LPV concept during major abdominal surgery.

 �Materials and Methods
A questionnaire of thirty-six “mandatory-to-answer” 
multiple-choice questions divided into five sections 
had been prepared and tested on a pilot sample of three 
expert anaesthesiologists to check the clarity and va-
lidity of the questions and to estimate the completion 
time of the survey. Agreement of any ethics committee 
was not necessary as the questionnaire was about the 
professional practice of anaesthesiologists, and par-
ticipation was voluntary and anonymous. There were 
no exclusion criteria and the study complied with the 
survey-reporting list.

After the questionnaire was considered appropri-
ate, Hungarian anaesthesiologists were invited by e-
mail and by a newsletter, to participate in an online 
survey between January 1st to March 31st, 2018, using 
the public e-mail database of the Hungarian Hospital 
Federation (Magyar Kórházszövetség). A cover letter 
containing the investigators’ names and contact details, 
the objectives, aims and methodology of the study was 
attached. The online questionnaire was published using 
Google Forms (Google Inc., Mountain View, CA).

Demographic data of respondents, routine preop-
erative, intraoperative and postoperative pulmonary 
management and opinions of participants about the 
risk factors of PPCs were evaluated in different sec-
tions. The primary endpoint was the frequency of con-
sistent application of the three basic elements of LPV: 
low tidal volume (TV) ≤ 6 ml/kg ideal body weight 
(IBW), PEEP of 6 cmH2O at least and regular ARMs. 
Secondary endpoints were the respiratory rate, appli-
cation of permissive hypercapnia [end tidal carbon 
dioxide tension (EtCO2) 35-40 mmHg], low plateau 
pressure (Pplat < 25 cmH2O) and low driving pressure 
(Paw < 20 cmH2O), use of neuromuscular blocking 
agent antagonists (NMBA-A) and prevalence of perio-
perative pulmonary management protocols. The ter-
tiary endpoint was the opinion of respondents about 
the risk factors of PPCs. 

The difference, if any, in the way trainees and spe-
cialists practised and the difference in the standard of 
care between university hospitals and other hospitals 
was assessed.  

Statistical analysis  

Data are expressed as the number and percentage of 
survey respondents with associated 95% confidence in-
terval (CI). Odds ratios (OR) were calculated and the 
level of significance set at α =0.05.

MedCalc Statistical Software v14.8.1 (MedCalc Soft-
ware bvba, Ostend, Belgium) was used for statistical 
analysis.

 �Results 

Demographic Data

Ten institutions from the 117 hospitals stated that they 
do not perform major abdominal surgery. In total, 111 
anaesthesiologists completed the survey, 25 (22.5%) af-
ter the first e-mail and 86 (77.5%) after the newsletter 
published on the website.

The survey population’s professional details and 
demographic characteristics are summarised in Table 
1. Most of the anaesthesiologists worked in hospitals 
with significant patient turnover [> 300 major abdomi-
nal surgeries annually, 72 (64.9%)]. 24 (21.6%) of the 
respondents worked in university medical centres of 
which 89 (80.2%) were specialists.  70 (63.1%) of these 
had more ten years of surgical experience. 

Primary Endpoint

61 (54.9%) (95% CI 48.7 – 78.4) of the anaesthesiolo-
gists applied low tidal volume (TV) of less than 6 ml/
kg) and 67 (60.4%) [95% CI 51.9 – 85.1] used ideal 
body weight (IBW) to determine the appropriate TV 
(Figure 1).

None of the respondents used zero PEEP, 54 [48.6% 
(95% CI 40.6 – 70.5)] always used lower levels of PEEP 
and 58(52.3%) [95% CI 44.0 – 74.9] never performed 
a PEEP titration procedure to determine the optimal 
levels of PEEP. Higher (6-10 cmH2O) or individually 
titrated levels of PEEP were more common during an-
aesthesia in obese patients with a BMI greater than  30 
kg/m2 (Figure 2). 

The most commonly used PEEP titration procedure, 
used by 32 (28.8%) of respondents, was the “pressure-
volume curve determined method” and the “fraction of 
inspired oxygen” (FiO2) adapted PEEP was by 20 (18%). 
Neither Electrical Impedance Tomography (EIT) nor 
oesophageal pressure monitoring were available during 
anaesthetic care according to respondents. 
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The use of ARMs after induction of anaesthesia 
and endotracheal intubation during general anaesthe-

sia and before the removal of the endotracheal tube is 
summarised in Figure 3. 

30 (27%) [95% CI 20.2 – 42.8)] of all the anaesthe-
siologists applied the three basic elements of LPV, but 
only 6(5.4%) [95% CI 2.2 – 13.1] applied ARMs regu-
larly every 30 or 60 minutes. Although there were ob-
vious practice variations between doctors and insti-
tutes, there were no statistically significant differences 
neither in the intraoperative pulmonary management 
practice of trainees and specialists nor in the practice of 
university centres and other hospitals. Results are sum-
marised in Table 2 and Figure 4. 

Secondary Endpoints

More than half of respondents. 66(59.5%) [95% CI 
51.0 – 83.9] applied permissive hypercapnia (EtCO2 
= 35-40 mmHg) during surgery and the great major-
ity, 86 (77.5%) [95% CI 68.8 – 106.2] determined the 
appropriate respiratory rate based on capnography. 
Application of low plateau pressure (Pplat) and low 
Paw were 40.5% [45 (95% CI 32.8 – 60.2)] and the 
difference in the application of these two parameters 
between trainees and specialists was statistically sig-
nificant [OR: 4.81 (95% CI 1.51 – 15.36) p=0.0079; OR: 
4.50 (95% CI 1.69 – 11.99) p=0.0026] (Table 3 and Fig-
ure 5). Most patients, 93.7% [95% CI 84.9 – 126.0] were 
extubated in the operating theatre. The use of nonde-
polarizing neuromuscular blocking agents (NMBA-
As)  nondepolarizing neuromuscular blocking agents 

Table 1. Demographic data and respondents’ professional 
details

n (=111) %
Type of institution

 University medical centre 24 21.6

 Hospital in capital 30 27.1

 County hospital 44 39.6

 Other hospitals 13 11.7

Respondents’ post

 Specialist candidate (trainees) 22 19.8

 Specialist 58 52.3

 Chief medical officer 31 27.9

Length of practice in anaesthesia

 < 5 yrs 20 18.0

 5 – 10 yrs 21 18.9

 > 10 yrs 70 63.1

The annual number of major abdominal surgery per 
centre

 < 100 6 5.4

 100 – 200 11 9.9

 200 – 300 22 19.8

 300 – 400 12 10.8

 > 400 60 54.1
Data are expressed as the number and percentage of respondents

Data are expressed as number (percentage) of respondents. TV = tidal volume, ABW = actual body weight, EBW = estimated body weight, IBW = ideal body weight, RBW = regardless to body weight

Fig. 1. Use of low tidal volume (TV) and ideal body weight (IBW) to determine the appropriate TV are common: 54.9% 
of respondents apply a low TV of 6 ml/kg or less and 60% of them use IBW. However, applying a TV of 7 ml/kg is also 
frequent and 38% of respondents use actual or estimated body weight to determine the appropriate TV and 2% of them 
do not take the patient’s weight into account (RBW).
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Table 2. Use of the basic elements of lung protective ventilation
Trainees Specialists

n (=22) % n (=89) % OR (95% CI) p
Low TV (≤ 6 mL/kg) 8 36.4 53 59.6 2.58 (0.98 – 6.77) 0.0549

Applies IBW 11 50.0 56 62.9 1.70 (0.66 – 4.34) 0.2701

PEEP < 6 cmH2O 12 54.5 42 47.2 0.74 (0.29 – 1.90) 0.5374

Never applies a PEEP titration procedure 12 54.5 45 50.6 0.85 (0.33 – 2.17) 0.7380

Never applies ARM after intubation 4 18.2 21 23.6 1.39 (0.42 – 4.56) 0.5874

Never applies ARM during anaesthesia 4 18.2 18 20.2 1.14 (0.34 – 3.79) 0.8297

Never applies ARM before extubation 8 36.4 27 30.3 0.76 (0.29 – 2.03) 0.5866

Applies ARM regularly during anaesthesia 2 9.1 10 11.2 1.27 (0.26 – 6.24) 0.7721

Targeted ARM (if SpO2 < 96%) during anaesthesia 8 36.4 28 31.5 0.80 (0.30 – 2.13) 0.6604

Applies the entire LPV concept 6 27.3 24 26.9 1.01 (0.36 – 2.89) 0.9769
TV = tidal volume, IBW = ideal body weight, PEEP = positive end-expiratory pressure, ARM = alveolar recruitment manoeuvres, SpO2 = oxygen saturation, LPV = lung protective 
ventilation, OR = odds ratio, 95% CI = 95% confidence intervals

Data are expressed as number (percentage) of respondents. PEEP = positive end-expiratory pressure, ZEEP = zero positive end-expiratory pressure, BMI = body mass index

Fig. 2. None of the respondents apply zero positive end-expiratory pressure (PEEP) during mechanical ventilation. Half 
of the respondents commonly use lower levels of PEEP (48.6%), and only 36.1% apply an individually optimal level 
of PEEP determined during a PEEP titration procedure. In contrast to these results, presumably based on pathophysi-
ological rationality, both moderate (6-10 cmH2O, 37.8%) and individually titrated levels of PEEP (40.5%) are commonly 
considered appropriate for obese patients (body mass index greater than 30 kg/m2). 

Data are expressed as number (percentage) of respondents. ARM = alveolar recruitment manoeuvre 

Fig. 3. Routine and regular use of alveolar recruitment manoeuvres (ARM) is rare after endotracheal intubation (8.1%), 
during general anaesthesia (10.8%) and prior to extubation procedure (10.8%). Based on our data ARM is a procedure 
for high-risk patients (33.3%)  and usually used during anaesthesia when a decreasing oxygen saturation is detected 
(32.4%). Approximately 20-30% of respondents never use ARM during any phase of general anaesthesia.
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Table 3. Use of other elements of lung protective ventilation
Trainees Specialists

n (=22) % n (=89) % OR (95% CI) p
Use of permissive hypercapnia 14 63.6 52 58.4 0.80 (0.31 – 2.11) 0.6562
Appropriate RR based on EtCO2  17 77.3 69 77.5 1.01 (0.33 – 3.09) 0.9795
Pplat < 25 cmH2O 4 18.2 46 51.7 4,81 (1.51 – 15.36) 0.0079
dPaw < 20 cmH2O 4 18.2 25 28.1 4,50 (1.69 – 11.99) 0.0026

RR = respiratory rate, EtCO2 = end-tidal carbon dioxide tension, Pplat = plateau pressure, dPaw = driving pressure, OR = odds ratio, 95% CI = 95% confidence intervals

Abbreviations: TV = tidal volume, IBW = ideal body weight, PEEP = positive end-expiratory pressure, ARM = alveolar recruitment manoeuvres, SpO2 = oxygen saturation, LPV = lung protective ventilation, OR = 
odds ratio, 95% CI = 95% confidence interval

Fig. 4. Forest plot for the application of the basic elements of lung-protective ventilation. Differences between groups 
with P values less than 0.05 were considered significant. Despite obvious practice variations were evaluated between 
trainees and specialist, these differences were not significant statistically. 

Abbreviations: LPV = lung protective ventilation, RR = respiratory rate, EtCO2 = end-tidal carbon dioxide tension, Pplat = plateau pressure, dPaw = driving pressure

Fig. 5. Forest plot for the application of the other elements of lung-protective ventilation. Differences between groups 
with P values less than 0.05 were considered significant. Differences in the application of low Pplat and low dPaw 
between trainees and specialists was statistically significant. Application of these two target parameters are more com-
mon among specialists.
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(NMBA-As) was common, but only 19 [17.1% (95% 
CI 11.4 – 29.7)] respondents considered the necessity 
of these agents based on neuromuscular transmission 
monitoring (NMT). Also, 8.1% of respondents consid-
ered “head lifting test” to be appropriate.

On the one hand, during the preoperative assess-
ment, a large number of examinations such as chest X-
ray, spirometry and arterial blood gas analysis (ABGA), 
were carried out, mainly in high-risk patients. On the 
other hand, substantive interventions such as breathing 
physiotherapy and positive pressure ventilatory sup-
port (CPAP) and non-invasive ventilation (NIV) were 
not reported in the survey.  (Table 4). The same holds 
for postoperative care. 

Written institutional perioperative pulmonary man-
agement protocols general were unavailable, regard-
less of the type of institution (Table 5). Neither CPAP 
nor NIV were available 24 hours a day in several hos-
pitals, resulting in 45 (40.5%) [95% CI 32.8 – 60.2] of 
respondents never use POP.

Tertiary Endpoints

Regarding knowledge about the surgical factors, anaes-
thetic issues and patient-related risk factors of PPCs, 

respondents considered that the most critical risk fac-
tors are: thoracic and major abdominal surgery, COPD, 
obesity and residual neuromuscular blockade after sur-
gery. In contrast transplant and intracranial surgery, 
chronic malnutrition, anaemia and prolonged use of 
nasogastric tube after surgery were considered negli-
gible risk factors (Table 6). These last three results in-
dicated the lack of early recovery after surgery (ERAS) 
approach. 

 �Discussion
The questionnaire was designed to evaluate the routine 
perioperative pulmonary management practice during 
major abdominal surgery in Hungary. The reporting 
list described by Story et al., (2017) was used to obtain 
consistency, clarity, reproducibility and validity of the 
survey report [14].

Major abdominal surgery is considered a high-risk 
intervention associated with the risk of development 
of PPCs [6,15]. Furthermore, it is often an urgent or 
vital procedure performed in high-risk patients with 
serious comorbidities such as cardiovascular and 
chronic pulmonary diseases, life-threatening intraab-

Table 5. Availability of perioperative breathing and intraoperative LPV protocols

Other  
hospitals

University Medical 
Centres

n (=87) % n (=24) % OR (95% CI) p
Availability of perioperative breathing protocols 10 11.5 8 33.3 0.39 (0.14 – 1.10) 0.0747
The absence of perioperative breathing protocols 79 90.8 18 75.0 0.42 (0.14 – 1.28) 0.1262
Availability of intraoperative LPV protocols  6 6.9 2 8.3 0.82 (0.15 – 4.32) 0.8099
The absence of intraoperative LPV protocols 81 93.1 22 91.7 1.22 (0.25 – 6.07) 0.8062

LPV = lung protective ventilation, OR = odds ratio, 95% CI = 95% confidence intervals

Table 4. Preoperative assessment: examinations and prescribed interventions
Physiotherapy Chest X-ray Spirometry ABGA PPPVS

Always 3 (2.7) 46 (41.1) 0 (0) 7 (6.3) 0 (0)
In patients with COPD 49 (43.8) 44 (39.3) 101 (90.2) 63 (56.3) 8 (7.1)
In patients with bronchial asthma 25 (22.3) 30 (26.8) 84 (75.0) 22 (19.6) 3 (2.7)
Inactive smokers 18 (16.1) 22 (19.6) 18 (16.1) 10 (8.9) 0 (0)
In case of actual intermittent respiratory disease 11 (9.8) 38 (33.9) 30 (26.8) 25 (22.3) 5 (4.5)
In patients with abnormal chest X-ray or lung CT 
scan

17 (15.2) n/a 47 (42.0) 24 (21.4) 2 (1.8)

If low SpO2 (< 96%) is observed during an assess-
ment 

20 (17.9) 41 (36.6) 46 (41.1) 63 (56.3) 7 (6.3)

Prior to acute or vital surgery n/a 16 (14.3) n/a 45 (40.2) 7 (6.3)
Never prescribed 56 (50) 9 (8) 6 (5.4) 9 (8.0) 96 (85.7)

Data are expressed as the number (and percentage) of answers. COPD = chronic obstructive pulmonary disease, CT = computer tomography, SpO2 = oxygen saturation, ABGA = arterial blood 
gas analysis, PPPVS = perioperative positive pressure ventilatory support
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dominal infections or malignancies leading to chronic 
malnutrition. Applying LPV during major abdominal 
surgery is considered rational or even appropriate.

Advantages of LPV in patients with acute respira-
tory distress syndrome (ARDS)  were described in the 
early ‘90s leading to intensive research [16-18]. Amato 
et al. (1998) found significantly better survival rates in 
the LPV group than in the conventional ventilatory 
group, and this finding was strengthened by the in-
vestigators of the Acute Respiratory Distress Network 
(2000) [19,20].

Results of the study by Futier et al.  (2013) empha-
sised that LPV during abdominal surgery, even in pa-
tients with healthy lungs, is associated with a lower 
incidence of PPCs, resulted in improved outcomes, 
shorter length of stay in a hospital and reduced health 
care utilisation.[1] These findings were confirmed and 
the multifactorial pathophysiology of VILI and the risk 
factors of PPCs had been thoroughly evaluated. [2,3,4, 
9,10]. Based on this knowledge and the pathophysi-
ological rationale, Futier et al. (2014) established a 
new integrated approach called “perioperative positive 
pressure ventilation” (POP concept) to improve pul-
monary care [8]. Despite existing evidence, the work 
of Fischer et al. (2016) indicated that ventilatory man-
agement practice in cardiac surgery varied markedly 
between anaesthesiologists [21].  Colinet et al. (2017) 
were of the opinion that the use of protective ventila-
tion during anaesthetic care is still not used frequently 
enough. This may be due to lack of knowledge and 
therefore indicates an urgent need for education and 
regular training [22]. Schultz et al. (2017) opined that 
intraoperative LPV is still not widely implemented in 
everyday anaesthesia practice even in high-risk surgi-
cal patients, further suggesting that attention should 

be given to the use of lung protective strategies during 
general anaesthesia [11].

The present results indicate that applying low TV 
based on IBW is common and it is implemented in 
everyday anaesthesia practice, although the use of 
moderate levels of PEEP and even more regular ARMs 
are usually ignored, not to mention that individually 
titrated levels of PEEP are seldom employed. In pa-
tients with a BMI greater than 30 kg/m2, slightly higher 
levels of PEEP are accepted, and PEEP titration pro-
cedures seem to be employed more commonly in this 
patient group.  Based on this survey, ARM is a proce-
dure used when a decreasing oxygen saturation (SpO2) 
is detected. Application of permissive hypercapnia and 
determination of appropriate respiratory rate based on 
capnography are common during general anaesthesia, 
but somewhat more sophisticated elements such as low 
Pplat and Paw are used only by experts, which may 
be due to the low availability rate of written intraop-
erative ventilatory protocols or the shortcomings of 
regular education and training sessions. A significant 
number of examinations such as chest X-ray, spirom-
etry and ABGA are carried out during the preoperative 
assessment, especially in the high-risk patient groups 
with chronic obstructive pulmonary disease (COPD), 
patients with actual respiratory diseases or patients 
with decreased SpO2. 

However, perioperative pulmonary care, the so-
called POP concept, is not generally used according 
to the survey findings. It is also important to note that 
constant access to CPAP or NIV devices is limited in 
several institutions. These findings altogether explain 
that consistent and entire application of LPV and POP 
concepts are rare, resulting markedly, but insignificant 
differences between anaesthesiologists and institutions. 

Table 6. Opinions about the risk factors of postoperative pulmonary complications
Risk factors of PPC Considered as important RF

n (=111) % 95% CI
Thoracic surgery 103 92.8 84.1 – 124.9
Major abdominal surgery 100 90.1 81.4 – 121.6
COPD  109 98.9 90.4 – 132.6
Obesity 97 87.4 78.7 – 118.3
Residual neuromuscular blockade after surgery 106 95.5 86.8 – 128.2
Transplant surgery 42 37.8 30.3 – 56.8
Intracranial surgery 38 33.3 26.1 – 51.0
Chronic malnutrition 39 35.8 28.6 – 54.5
Anaemia 37 33.7 23.5 – 47.5
Prolonged use of NGT after surgery 28 25.3 17.8 – 39.3

PPC = postoperative pulmonary complications, RF = risk factor, COPD = chronic obstructive pulmonary disease, NGT = nasogastric tube, 95% CI = 95% confidence intervals
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The main risk factors of PPCs are well-known, but 
some issues such as chronic malnutrition or prolonged 
use of nasogastric tube after surgery as negligible fac-
tors indicate the absence of an ERAS approach, maybe 
due to reasons such as the absence of written protocols 
or the shortcomings of regular education, described 
earlier. 

The survey suffers from some limitations. First, the 
survey was declarative, and the response rate was rela-
tively low with only approximately 15% of all anaes-
thesiologists responding. Secondly, to maintain ano-
nymity, sensitive personal or institutional data were 
not collected; therefore, neither the exact number of 
participating institutions nor regional distribution 
were evaluated. Thirdly, the anchoring effect may have 
influenced the answers to the subsequent questions.   
Randomising the order of questions could have elimi-
nated this problem, however, this approach could have 
affected the coherence of the survey significantly.

 �Conclusions

The results of a nationwide survey are very similar to 
that of earlier international surveys and reports, in-
dicating that variations in practice of perioperative 
respiratory management occur nationally and world-
wide. More attention should be given to the use of 
lung protective strategies during general anaesthesia. 
Implementation of recent guidelines, developing local 
institutional protocols and continuous, high-quality 
education and regular training sessions are essential to 
improve postoperative outcomes in high-risk patients 
undergoing major abdominal surgery. 
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Introduction

Mechanical ventilation is necessary during many surgical 
procedures, however a paradigm shift in ventilation has 
taken place in the past decades. There is convincing 
evidence that neuromuscular blockade and subsequent 
controlled mechanical ventilation applying intermittent 
positive pressure, also in patients with non-injured, healthy 

lungs, may impair the respiratory system, leading to 
postoperative pulmonary complications (PPCs), resulting 
in worse clinical outcome, prolonged hospitalization 
time and increased cost of hospital care. The incidence of 
PPCs is 5–10% after non-thoracic surgery, 22% in high 
risk patients, 4.8–54.6% after thoracic surgery (with a 
related mortality of 10–20%) and can be 1–2% even in 
minor surgeries, thus PPCs are the second most common 
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serious complications after cardiovascular events in the 
postoperative period (1,2).

Based on extensive research over the past two decades, a 
better understanding of the pathophysiology of ventilator 
induced lung injury (VILI) has been widely achieved and a 
pulmonary protective ventilatory strategy (lung protective 
ventilation, LPV), including the use of low tidal volumes 
[6 mL/kg, ideal body weight (IBW)], moderate or optimal 
levels of positive end-expiratory pressure (PEEP) and 
applying regular or targeted alveolar recruitment maneuvers 
(ARMs), has been developed (3-16). Additionally, advanced 
monitoring of respiratory mechanics, the use of compliance, 
plateau pressure, driving pressure or even transpulmonary 
pressure as target parameters, reducing lung strain and 
stress, accurate monitoring of gas exchange parameters and 
hemodynamics have become mandatory tools to optimize 
ventilatory settings and prevent VILI (17). Overall these 
results of recent trials in the field of protective ventilation 
have been very promising and convincing, and the role 
of this strategy has gained increasing importance during 
general anesthesia in routine anesthetic care.

Recognizing the role of neuromuscular blockade during 
general anesthesia and even the importance of avoiding 
residual neuromuscular blockade in the early postoperative 
period regarding to postoperative respiratory impairment 
have become another, newer direction of research. Results 
of a recent multicenter prospective observational study 
[“Post-anaesthesia pulmonary complications after use of 
muscle relaxants” (POPULAR) Study] indicated that the 
use of neuromuscular blocking agents (NMBAs) during 
general anesthesia is associated with an increased risk of 
PPCs. Additionally, neither monitoring neuromuscular 
transmission during anesthesia, nor the use of reversal agents 
could decrease this risk. The investigators of POPULAR 
Study recommended that anesthetists must balance the 
potential benefits of neuromuscular blockade against the 
risk of PPCs and suggested the superiority of the use of 
supraglottic devices and maintaining spontaneous breathing 
over the use of neuromuscular blockade, endotracheal 
intubation and subsequent controlled mechanical 
ventilation during minor surgical procedures (18).  
These results call attention that maintaining spontaneous 
breathing during general anesthesia may well be one of the 
options for further improvement. Moreover, this technique 
may be beneficial for surgical interventions at increased 
risk of PPCs, like thoracic surgeries. There is a growing 
experience-based evidence about the advantageous effects 
on respiration of non-intubated anesthesia in thoracoscopic 

and open thoracic surgery under spontaneous ventilation 
(19-25). However, one should be noted that neuromuscular 
blockade and controlled ventilation might be recommended 
during some procedures to meet surgical needs. 

Basic principles of respiration

Physiologic respiration is a result of complex and 
precise interaction between the chest wall and the lungs. 
Contribution of respiratory muscles, elastic components 
of the chest wall and the lungs play a central role in 
generating a pressure gradient across the respiratory system 
(between the mouth and the external surface of the chest 
wall), resulting in an airflow during the airways to allow 
air to enter the alveolar space where gas exchange takes 
place. During mechanical ventilation, especially in the 
intraoperative settings, due to the use of anesthetics and 
analgesics or even NMBAs, respiratory drive and activity 
of the musculature may be significantly reduced, or in most 
cases completely extinguished. In this case the ventilator 
must generate a positive pressure to create airflow. 
Simplified, ventilation occurs when a pressure difference 
occurs across the respiratory system, regardless of its origin. 
This pressure difference (gradient) is determined by the 
following universal equation:

Pao + Pmus = PEEP + (Ers × V) + (Rrs × Flow)
In this equation Pao represents the pressure at the airway 

opening and Pmus is the pressure generated by respiratory 
muscles. PEEP is positive end-expiratory pressure, Ers is 
the elastance and Rrs is the resistance of the respiratory 
system, V stands for tidal volume, and Flow means the 
airflow (26).

It is evident that these main parameters—pressure 
gradient, elastance (or the inverse of elastance, namely 
compliance), volume, resistance and flow—determine 
ventilation, it follows that they should be monitored carefully 
and continuously during mechanical ventilation (27-29).

Respiratory physiology during spontaneous 
breathing

During physiological (unassisted) spontaneous inspiration 
movement of the chest wall and an increase in thoracic 
cavity and lung volumes due to active contraction of 
respiratory muscles decrease the already negative pleural 
pressure further and generate a pressure gradient termed 
transpulmonary pressure (PL) resulting in a “physiological 
negative pressure” ventilation. It is well known that regional 
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distribution of ventilation is heterogenous due to the elastic 
properties of the lungs and vertical gradient of pleural (and 
transpulmonary) pressure (30).

There are 2 groups of the muscles of the thoracic 
wall: those involved in inhalation and those responsible 
for forced exhalation. The principal muscle is the dome-
shaped diaphragm whose contraction increases either the 
vertical dimension of the thorax by pushing downward the 
abdominal content, or the anterior-posterior dimension by 
an outward traction of the ribs. Contraction of the external 
intercostals elevates the lateral part of the ribs resulting in 
an increase of the transverse diameter of the chest. This 
excursion of the diaphragm is not homogenous, as well as 
ventilation and perfusion. Researches using fluoroscopic 
imaging proved that the diaphragm can be divided into 
three segments functionally: top (nondependent, anterior 
tendon plate), middle and dorsal (dependent, posterior). 
During spontaneous breathing (SB) the posterior part move 
more than the anterior, opposing alveolar compression, 
preventing ventilation/perfusion (V/Q) mismatch and 
resulting in improved ventilation of the dependent regions 
of the lungs. These advantages remain even in supine 

position (31,32).
During exhalation an opposite process takes place: 

the diaphragm and external intercostals relax, and due to 
the elastic elements of the lungs, the natural recoil of the 
lungs decreases the thoracic space, squeezing the air out 
of the lungs. This elastic recoil is sufficient during normal 
breathing thus expiration is a passive process. However, 
during forced expiration several other muscles (rectus 
abdominis and internal intercostal muscles) are recruited to 
increase the power and effectiveness of expiration.

Moreover, one should not forget that breathing 
patterns, respiratory rate and amplitude is variable during 
spontaneous ventilation to achieve metabolic requirements.

Advantages of SB during mechanical ventilation are 
summarized in Table 1.

It should be mentioned that there are also several 
disadvantages of SB during mechanical ventilation. 
Disadvantages include the possibility of uncontrolled 
inspiratory efforts that may worsen lung injury due to 
volutrauma or barotrauma; increased heterogeneity of 
ventilation leading to “occult pendelluft” (regionally 
elevated PL despite a safe mean value); regional dorsal 
atelectrauma due to cyclic opening and closing of small 
airways (33,34); patient-ventilator asynchrony resulting 
patient distress; increased alveolo-capillary pressure gradient 
leading to interstitial edema; impaired hemodynamics; 
difficulties in feasible measuring of respiratory mechanics 
parameters (e.g., driving pressure); impossibility of using 
NMBAs that may make endotracheal intubation and 
secured airway difficult. Respiratory depression effect of 
major analgesics may be also a problem that needs attention.

Respiratory physiology changes during positive 
pressure ventilation

Positive pressure ventilation modes can be divided into 
two groups: invasive or non-invasive assisted spontaneous 
ventilation [e.g., pressure support ventilation (PSV)], and 
controlled ventilation [e.g., volume-controlled ventilation 
(VCV) or pressure-controlled ventilation (PCV) modes]. 
It is common to both modalities that a positive inspiration 
pressure is generated by a ventilator, but during assisted 
spontaneous ventilation the work of breathing is shared 
by the respiratory muscles and the ventilator, while during 
controlled modes muscles remain passive and all respiratory 
work is carried out by the machine. During assisted 
spontaneous ventilation alveolar pressure (Palv) decreases 
below PEEP for only a proportion of the inspiratory time, 

Table 1 Advantages of spontaneous breathing during mechanical 
ventilation

Intact respiratory muscle tone

Restored diaphragmatic function

Improvement of dorsal ventilation

Prevent ventral redistribution of ventilation

Improved V/Q matching

Improved gas exchange

Maintenance of distal airway patency

Prevent atelectasis of the lungs

Improved FRC

Restoration of mucocilliary clearance

Prevent PPCs

Improved hemodynamics

Avoiding the use of NMBAs

Decreased sedation

Reduced recovery time after operation

V/Q, ventilation/perfusion ratio; FRC, functional residual 
capacity; PPCs, postoperative pulmonary complications; 
NMBAs, neuromuscular blocking agents.
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while Pao and Pmus are positive. In controlled ventilation 
Pao and Palv are always positive, while Pmus = 0 cmH2O (26).

Beyond these major differences from physiological 
breathing, that is, mechanical ventilators pressurize the 
respiratory system, and a heterogenous redistribution of 
PL occurs during positive pressure ventilation (30). This 
heterogenous redistribution of PL in combination with 
inappropriate ventilatory settings might be responsible for 
both mechanical (barotrauma, volutrauma) and biological 
injury of the lungs (damage of the extracellular matrix due to 
cyclic opening and closing of the little airways and increased 
inflammatory response) leading to VILI and PPCs. 

On the other hand, a typical redistribution of ventilation 
occurs during positive pressure ventilation, especially 
when neuromuscular blockade is also introduced. During 
controlled mandatory ventilation (CMV), main extent 
of ventilation is being shifted to the nondependent and 
less perfused anterior regions of the lung leading to V/
Q mismatch and extent atelectasis in the dependent lung 
regions (31). These observed differences are based on 
the altered excursion of the diaphragm. Movement of the 
posterior, dependent part of the diaphragm decreased 
significantly but rather at anterior, nondependent part 
during controlled ventilation even when low tidal volumes 
were applied (35-37). These differences could only be more, 
or less equalized when tidal volumes were increased, but 
also remain regardless of whether PCV or PSV modes are 
used, however some authors suggested the superiority of 
PSV over either CMV or SB (32,35,37-39). Additionally, 
when NMBAs are used, redistribution of diaphragmatic 
excursion and the concomitant ventilatory impairments 
become much more striking.

Maintaining spontaneous breathing during 
thoracic surgery: NITS, a new approach

Thoracic surgery is considered high risk for PPCs. This 
risk has a dual origin: several surgery related risk factors 
and patient related risk factors are in the background. 
Patients scheduled for thoracic surgery commonly have 
long standing medical history of pulmonary disease [e.g., 
chronic obstructive pulmonary disease (COPD), restrictive 
disorders, tumors, etc.], most of them are smoking and 
have impaired respiratory mechanics and gas exchange. 
Other proportion of patients have an acute pulmonary or 
intrathoracic morbidity (e.g., pulmonary abscess, thoracic 
empyema, etc.). In one word: thoracic surgery is a high-risk 
intervention in a high-risk patient, that makes a challenge 

for the anesthetist.
The gold standard ventilatory mode for thoracic surgery 

was considered invasive mechanical one lung ventilation 
(OLV) for decades. OLV under general anesthesia was 
required in most open thoracic procedures, especially in 
video-assisted thoracoscopic surgery (VATS). OLV can be 
achieved by using a double-lumen endotracheal tube, or 
some types of bronchial blockers. The use of these airway 
devices provides adequate conditions for isolation either the 
right or the left lung and for surgery as well. Additionally, 
OLV had some pathophysiological rationale: gas exchange 
impairment (progressive hypoxia, hypercapnia and hypoxic 
pulmonary vasoconstriction) due to the operated collapsed 
lung during surgical pneumothorax with maintained SB was 
well known and was considered intolerable (40,41). 

In the last decades, the widespread use of combined 
regional (epidural, local and plane blockades) and general 
anesthesia techniques along with technical development 
of ventilatory equipment, and also the improvement of 
the minimal invasive thoracic surgery have allowed to 
perform thoracic surgery on awake or only minimally 
(conscious) sedated patients in SB (41). Moreover, thank to 
extensive research, nowadays surgical pneumothorax can 
be considered a safe technique that allows maintenance of 
SB during thoracic surgery procedures. The technique is 
named non-intubated thoracoscopic surgery (NITS) or 
non-intubated VATS (NIVATS), while VATS performed 
under general anesthesia is commonly termed GAVATS 
in literature. NITS can be performed with or without 
laryngeal mask airway insertion as well.

NITS enables the maintenance of SB throughout the 
surgical procedure offering several advantages (including 
prevention of baro-, volu and atelectrauma, ventral 
redistribution of ventilation and attenuation of inflammatory 
response) as compared to intermittent positive pressure 
mechanical ventilation (IPPV) (42). Regarding to the 
common patient population scheduled for thoracic surgery, 
SB may protect against the harmful effects of IPPV as well, 
so the risk of VILI and consequently the development of 
PPCs may be reduced resulting improved outcome, shorter 
in-hospital stay and reduced health care costs. Either 
surgical or anesthetic techniques of NITS/NIVATS is well 
described, but there are some cornerstones to mention. 
First, adequate regional anesthesia (thoracic epidural, 
intercostal nerve or paravertebral blockade) supplemented 
with or without serratus plane blockade is essential, 
and infiltration of vagal nerve with local anesthetics—
for prevention of coughing and bradyarrhythmia during 
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the procedure—is suggested. According to some authors 
thoracic epidural anesthesia from T1 to T8 alone may be 
sufficient in most cases (42-45). Once surgical pneumothorax 
is performed and the nondependent lung is collapsed, 
patient may become dyspneic or tachypneic, signs of 
respiratory distress and panic can occur, therefore most of 
the NITS cases are performed under sedation. The most 
popular option is propofol sedation by the target-controlled 
infusion (TCI) guided by depth of anesthesia monitoring 
reached the surgical sedation level either (42). In all cases, 
incremental titration of opioid analgesics can also be used. 
All authors in the field of NITS agree, that moderate 
hypoxia and hypercapnia resulting mild, non-significant 
respiratory acidosis is common during non-intubated 
awake thoracic surgery. These changes resolve within some 
minutes to hours after successful operation (19,22,23,24,42). 
Postoperative recovery is also fast: patients are allowed 
to drink clear fluids 1 hour after the operation, breathing 
exercises and mobilization can be started as soon as possible, 
practically already in the post-anesthesia care unit (42). 
Further advantages of NITS as compared to conventional 
GAVATS are the decreasing occurrence of postoperative 
nausea and vomiting (PONV), the less frequently required 
nursing care and the reduced in-hospital length of stay (19).  
The main disadvantage is that in case of intraoperative 
deterioration, endotracheal intubation and conversion to 
conventional OLV can be difficult. Moreover, NITS requires 
practice, skills and excellent interdisciplinary cooperation 
between the anesthetist and the surgeon as well. 

Conclusions

Despite promising and convincing results of recent clinical 
trials, lung protective ventilation has remained to be a “hot 
topic” among researchers in the field of anesthesia and 
critical care. Despite the well-evaluated pathophysiology 
of VILI and efforts have been made in the past decades 
to eliminate these pathophysiological factors, incidence 
of PPCs could not be reduced significantly. Neither low 
tidal volume ventilation, nor the use of moderate levels of 
PEEP and regular use of ARMs alone or in combination 
could have solved this worldwide healthcare problem: LPV 
concept seems to be a search for “The Holy Grail”. The 
reason for this may be that mechanical ventilatory support 
applying intermittent positive pressure, regardless to the 
mode of ventilation (controlled, assisted or intelligent dual-
controlled mode), is non-physiological, to say the least.

Individualization of ventilatory settings and maintaining 

physiological spontaneous breathing during mechanical 
ventilation may provide the opportunity for further 
improvement.
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Abstract
Applying lung protective mechanical ventilation (LPV) during general anaesthesia even in patients with non-injured lungs 
is recommended. However, the effects of an individual PEEP-optimisation on respiratory mechanics, oxygenation and their 
potential correlation with the inflammatory response and postoperative complications have not been evaluated have not been 
compared to standard LPV in patients undergoing major abdominal surgery. Thirty-nine patients undergoing open radical 
cystectomy were enrolled in this study. In the study group (SG) optimal PEEP was determined by a decremental titration 
procedure and defined as the PEEP value resulting the highest static pulmonary compliance. In the control group (CG) PEEP 
was set to 6 cmH2O. Primary endpoints were intraoperative respiratory mechanics and gas exchange parameters. Second-
ary outcomes were perioperative procalcitonin kinetics and postoperative pulmonary complications. Optimal PEEP levels 
(median = 10, range: 8–14 cmH2O), PaO2/FiO2 (451.24 ± 121.78 mmHg vs. 404.15 ± 115.87 mmHg, P = 0.005) and static 
pulmonary compliance (52.54 ± 13.59 ml cmH2O-1 vs. 45.22 ± 9.13 ml cmH2O-1, P < 0.0001) were significantly higher, 
while driving pressure (8.26 ± 1.74 cmH2O vs. 9.73 ± 4.02 cmH2O, P < 0.0001) was significantly lower in the SG as com-
pared to the CG. No significant intergroup differences were found in procalcitonin kinetics (P = 0.076). Composite outcome 
results indicated a non-significant reduction of postoperative complications in the SG. Intraoperative PEEP-optimization 
resulted in significant improvement in gas exchange and pulmonary mechanics as compared to standard LPV. Whether 
these have any effect on short and long term outcomes require further investigations. Trial registration: Clinicaltrials.gov, 
identifier: NCT02931409.

Keywords Lung protective ventilation · Positive end-expiratory pressure · Respiratory mechanics · Procalcitonin · 
Inflammatory response

1 Introduction

Ventilator induced lung injury (VILI) is the result of physi-
cal and biological injury of the lungs. The former is due 
to volu-, baro-, atelecto-trauma, the latter is caused by sur-
factant aggregation and inactivation, harmful local inflam-
matory response and damage of the pulmonary extracellu-
lar matrix. These can lead to postoperative pulmonary and 
consequent extrapulmonary complications that is a com-
mon risk of mechanical ventilation not just in critically ill 

patients ventilated with injured lung but also during general 
anaesthesia [1, 2]. Indeed, previously conducted trials over 
the past decades identified the main surgical, anaesthesia-, 
and patient-related risk factors and the pathophysiology 
of VILI resulting postoperative pulmonary complications 
(PPC) [3–6].

The main pathophysiological risk factors are excessive 
lung stress due to high transpulmonary and driving pressures 
(ΔP); extensive lung strain characterized by destructive 
cyclic closing and opening of small airways; and induction 
of local and systemic inflammatory response [4]. The main 
inflammatory cytokines and interleukins (IL) involved in this 
mechanism are tumor necrosis factor-alpha (TNF-α), nuclear 
factor kappa-beta (NF-κβ), IL-6, IL-8 and IL-1β, surfactant 
protein-D, receptor for advanced glycation end-products 
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(RAGE) and club cell secretory protein (CC-16). Measuring 
the level of these proinflammatory molecules is challeng-
ing, cumbersome and expensive, however it has been shown 
by several studies that these induce procalcitonin (PCT)—
a commonly used inflammatory marker -, production and 
release [7–9]. Therefore, it has some rationale to monitor 
PCT values in order to evaluate their potential correlation 
with the development of VILI [10–16].

There is convincing evidence to recommend the use of 
LPV applying low tidal volumes (TV = 6 ml kg−1 of Ideal 
Body Weight, IBW), optimal positive end-expiratory pres-
sure (PEEP) and regular alveolar recruitment manoeuvres 
(ARM) during general anaesthesia even in patients with non-
injured lungs [17–21]. Applying individual PEEP titrated 
during a decremental procedure after an ARM in order to 
optimize respiratory mechanics is the key to avoid hyperin-
flation of the lungs and even to prevent or reverse atelecta-
sis and to achieve the so called open lung approach (OLA) 
[22–25]. The main advantages of protective OLA ventilation 
are improved respiratory mechanics and gas exchange, and 
prevention from VILI. These anticipated advantages may 
also improve postoperative recovery and survival rates, 
shorten in-hospital stay and reduce healthcare related costs. 
However, inappropriate PEEP values may lead to decreased 
pulmonary compliance and gas exchange disorders due to 
pulmonary atelectasis and/or hyperinflation of the lungs 
[20]. Additionally, results of recent trials suggested the use 
of moderate PEEP values (5–6  cmH2O) against low or high 
PEEP values. However, the effect of applying an individually 
titrated optimal PEEP (PEEPopt) on respiratory mechan-
ics, oxygenation and even on the inflammatory response, 
and its correlation with postoperative complications has not 
entirely been evaluated yet. As radical cystectomy is con-
sidered major abdominal surgery and associated with high 
rates (50–72%) of postoperative complications [26–29] we 
decided to investigate this patient population. The purpose of 
this physiological trial was to compare the effects of a stand-
ard LPV applying a 6  cmH2O of PEEP with a LPV using 
an individually titrated PEEPopt on respiratory mechanics 
and oxygenation.

2  Methods

This investigator-initiated, double-centre, single-blinded 
(subject), interventional, prospective, randomized con-
trolled trial (RCT) was approved by the Hungarian Sci-
entific and Medical Research Council Ethics Commit-
tee (21,586–4/2016/EKU, on 17 June 2016), the Local 
Ethics Committee of Péterfy Sándor Hospital Budapest 
(CO-338–045, on 12 September 2016) and the Regional 
Ethics Committee of the University of Szeged (149/2016-
SZTE, on 19 September 2016). This study was conducted 

in accordance with the Declaration of Helsinki. Written 
informed consent was obtained from all participants prior 
to inclusion.

2.1  Patient selection

Patients with bladder cancer scheduled for open radical 
cystectomy and urinary diversion (ileal conduit or ortho-
topic bladder substitute) were screened and recruited dur-
ing standard institutional perioperative assessment. Patient’s 
medical history, laboratory, chest X-ray or CT scan results, 
12-lead ECG, ASA physical status, body mass index (BMI), 
risk of postoperative respiratory failure regarding to the Res-
piratory Failure Risk Index (RFRI), nutritional indicators 
using the Nutrition Risk Screening 2002 tool and if required 
results of spirometry, echocardiography and ergometry were 
evaluated, in order to determine the individual surgical risk 
and overall eligibility for radical cystectomy.

Inclusion criteria were age over 18 years, scheduled 
for open radical cystectomy and urinary diversion (ileal 
conduit or orthotopic bladder substitute) due to bladder 
cancer and signed consent to participate in the trial. Exclu-
sion criteria were age below 18 years, ASA physical status 
IV, history of severe restrictive or chronic obstructive pul-
monary disease (COPD, GOLD grades III or IV), uncon-
trolled bronchial asthma, pulmonary metastases, history 
of any thoracic surgery, need for thoracic drainage before 
surgery, renal replacement therapy prior to surgery, con-
gestive heart failure (NYHA grades III or IV), extreme 
obesity (BMI > 35 kg m−2) and lack of patient’s consent. 
Participants were randomized and allocated to the Study 
Group (SG) or Control Group (CG) in a ratio of 1:1 using a 
computer-generated blocked randomization list. Data were 
recorded on participants’ Case Report Files.

2.2  Study arms and assigned intraoperative 
interventions

Patients randomized into the SG underwent a Cstat 
directed decremental PEEP titration procedure after induc-
tion of anaesthesia: PEEP was decreased from 14  cmH2O 
by 2  cmH2O every 4 min, until a final PEEP of 6  cmH2O. 
On each level of PEEP mean Cstat values were recorded 
and arterial blood gas samples (ABGs) were collected and 
evaluated. PEEPopt was considered as the PEEP value 
resulting the highest possible Cstat measured by the venti-
lator. After PEEP titration procedure, LPV was performed 
applying PEEPopt. An ARM using the sustained airway 
pressure by the CPAP method (30  cmH2O PEEP for 30 s) 
was performed immediately after endotracheal intubation 
and repeated every 60 min during surgery.

Author's personal copy



Journal of Clinical Monitoring and Computing 

1 3

Patients in CG group underwent an ARM immediately 
after endotracheal intubation followed by low tidal vol-
umes LPV using a PEEP value of 6  cmH2O. ARM were 
repeated every 60 min during surgery.

The details of perioperative care are summarised in 
Table 1.

2.3  Outcomes

The primary outcome variables were intraoperative respira-
tory mechanics and gas exchange parameters, as indicated 
by Cstat and  PaO2/FiO2 determined at the end of surgery.

Secondary outcomes were early PCT kinetics, hypox-
aemia  (PaO2/FiO2 < 300 mmHg) within the first 3 postop-
erative days (POD) and postoperative organ dysfunctions: 
incidence of circulatory failure, gastrointestinal and renal 
dysfunction, hematologic and coagulation disorders and 
infections within  POD1-28 (Table 2). Blood samples were 
collected at 0, 2, 6, 12, 24, 48 and 72 h after surgical inci-
sion, in order to evaluate PCT kinetics and the changes of 
absolute values between  T0-T24-T48. Tertiary endpoints were 
ICU days, in-hospital stay, in-hospital and 28-days mortality.

Table 1  Protocolized perioperative care and procedures

PCT procalcitonin; FiO2 fractional inspired oxygen; ABG arterial blood gas sample; CVBG central venous blood gas sample; PRBC packed 
red blood cells; MAP mean arterial pressure; POD postoperative day; PaO2/FiO2 ratio of arterial oxygen partial pressure to fractional inspired 
oxygen; dCO2 central venous-to-arterial carbon dioxide difference; PPC postoperative pulmonary complications; SOFA sequential organ failure 
assessment

Preoperative period

Central venous catheter insertion followed by a chest X-ray in order to evaluate catheter position and exclude any insertion-related complications
Blood sampling to measure participant’s baseline PCT levels
Deep vein thrombosis prophylaxis (enoxaparine)
Antimicrobial prophylaxis (ciprofloxacin and metronidazole)
Oral carbohydrate loading (maltodextrin)
Intraoperative period
General anaesthesia combined with lumbar epidural analgesia
Lung protective ventilation applying  FiO2 of 50% in both groups
Continuous invasive arterial blood pressure monitoring
Continuous capnography and heart rate monitoring
Respiratory mechanics parameters (static pulmonary compliance, airway resistance, dead space fraction) data recording every 15 min
Core temperature and train-of-four relaxometry data recording every 15 min
Regular ABG and CVBG sampling every 60 min
Maintenance fluid: 3 ml kg−1 h−1 of balanced crystalloid solution until the end of surgery
Rescue fluid: 200 ml of colloid solution bolus (hydroxyethyl starch) and crystalloid substitution in case of bleeding
Transfusion: PRBC transfusion, whenever the attending anaesthetist rendered it necessary
Vasopressor treatment: intravenous norepinephrine to maintain MAP above 65 mmHg
PCT sampling: 2 and 6 h after surgical incision intraoperatively
Postoperative period  (POD1-3)
Continuous epidural analgesia combined with intravenous analgesics
Continuous intraabdominal pressure monitoring
Intravenous and oral fluid supplementation and if required, further transfusion
Oral clear fluids immediately after surgery
Removal of nasogastric tube at the latest on  POD1 in the morning
Prokinetics and an oral liquid diet from  POD1

Active mobilization with the help of a physiotherapist from  POD1

Evaluation of patient’s ABG, CVBG,  PaO2/FiO2 and  dCO2 every 6 h from  POD1 to  POD3

Evaluation of PCT levels at 12, 24, 48 and 72 h after surgical incision
Chest X-ray (evaluated by an independent trained radiologist who was not be involved in the study) on  POD1,  POD2 and  POD3

Monitoring of patients’ clinical progress and secondary endpoints by daily SOFA scores, laboratory and physical examinations
Follow-up period  (POD4-28)
Evaluation of secondary endpoints, in-hospital stay, 28-days and in-hospital mortality
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2.4  Statistical analysis

Primary endpoints of the study were the difference in the 
intraoperative Cstat values and  PaO2/FiO2 ratios. Based on 
preliminary results of two recent clinical studies in which 
the effects of intraoperative recruiting manoeuvres on com-
pliance and the  PaO2/FiO2 ratio were investigated [22, 25], 
their sample size calculation was 13 patients per group. We 
estimated that to show a similar clinically significant effect 
(i.e.: 25% improvement in compliance with a SD of 8.9 and 
improvement of  PaO2/FiO2 by 115 mmHg with a SD of 125) 
for a study to have 80% power to show a significant differ-
ence in the primary endpoints, a minimum of 30 patients in 
total (15 per group) were required. To allow for dropout, we 
decided to randomize 20 patients in each group.

Statistical analysis was conducted on an intention-to-
treat basis. Data distribution was tested by the Kolmogo-
rov–Smirnov analysis. Normally distributed data are 
presented as mean and SD and skewed data as median (inter-
quartile range, IQR). Comparing related samples, the paired 
and unpaired t test were used for normally distributed data 
and the Wilcoxon signed rank test and Mann–Whitney U test 
for skewed data. Differences in proportions were evaluated 
using the Fisher’s exact test, and risk ratio with associated 
95% CI. Analysis of the primary endpoint (PPC) was carried 
out by the unpaired Student t test. Two-way repeated-meas-
ures analysis of variance (2-way RM ANOVA) was used to 
compare the groups serum PCT levels. Relationship between 

PCT levels and organ dysfunctions was evaluated using the 
Pearson’s correlation. Statistical analysis of SOFA scores, 
ICU days, in-hospital stay, in-hospital and 28-days mortality 
data of groups were implemented by the χ2 test. P value of 
less than 0.05 was considered statistically significant. Med-
Calc Statistical Software v14.8.1 (MedCalc Software bvba, 
Ostend, Belgium) was used for statistical analysis.

3  Results

Of 68 patients who were assessed for eligibility, 39 patients 
were randomized, and 30 patients completed the study 
(Fig. 1). The baseline clinical characteristics and demo-
graphic data of the groups were comparable (Table 3). 
Participants’ ARISCAT Scores for PPC were calculated 
retrospectively. 

PEEPopt levels were higher in SG than in CG (Table 3). 
The  PaO2/FiO2, Cstat, together with all other intraoperative 
respiratory mechanics parameters were significantly better 
in SG (Table 4).

We found no significant differences between intraopera-
tive haemodynamic parameters, fluid administration and 
transfused units of PRBC of groups, however norepineph-
rine requirements in SG were significantly higher (Table 5).

For secondary outcomes, postoperative  PaO2/
FiO2 values from the end of surgery  (POD0) within 
the first three POD were higher in SG, however these 

Table 2  Secondary endpoints

PaO2/FiO2 ratio of arterial oxygen partial pressure to fraction of inspired oxygen; MAP mean arterial pres-
sure; HR heart rate; ScvO2 central venous oxygen saturation; dCO2 arterial to central venous carbon diox-
ide difference; INR international normalized ratio

Endpoint Time frame Detailed description

Hypoxaemia 3 days PaO2/FiO2 < 300 mmHg
Circulatory failure 28 days Hypotension—MAP < 65 mmHg

Severe cardiac arrhythmia—40/
min < HR > 150/min

ScvO2 < 70%
dCO2 > 7 mmHg
Serum lactate > 2 mmol/L
Severe metabolic acidosis (actual 

bicarbonate < 18 mmol/L)
Acute coronary syndrome
Acute left ventricular failure
Pulmonary embolism
Cardiac arrest

Gastrointestinal dysfunction 28 days Constipation
Ileus
Anastomotic leakage
Reoperation
Disorders of liver function

Renal dysfunction 28 days RIFLE criteria
Hematologic and coagulation disorders 28 days Severe bleeding

Coagulopathy—INR > 1.5
Infection 28 days Any infection except from pneumonia
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differences were not significant (298.67 ± 44.48 mmHg 
vs. 307.60 ± 48.22 mmHg, OR:0.63, 95% CI 0.25 to 1.63, 
P = 0.342). There were no significant intergroup differ-
ences neither in haemodynamic and metabolic results, 
nor in IAP values, fluid balance and transfusion require-
ments, however serum blood urea nitrogen and creatinine 
levels were significantly lower and daily urine output was 
significantly higher in CG indicating a higher incidence of 
postoperative renal dysfunction in SG (Table 6). In con-
trast, intergroup comparison of renal complications based 
on RIFLE Criteria proved no significant difference (34 vs. 
41, OR: 1.31, 95% CI 0.81–2.10, P = 0.277).

A six-fold increase in CG and a 6.7-fold increase in SG 
from baseline PCT levels were observed at the end of the 

first 24 h  (POD0), followed by a 16.7% decrease on  POD1 
and a further 14% decrease on  POD2 in CG. Decrease in 
PCT values in SG on  POD1 was 19.5%, followed by a 26.3% 
decrease on  POD2 (Fig. 2). However, no significant differ-
ences were found in PCT kinetics in the early postoperative 
period between groups (F = 2.82, P = 0.076). In contrast, the 
absolute PCT values of subjects were significantly different 
(F = 107.5, P < 0.001).

Except from gastrointestinal disorders and infections, there 
were no significant differences in secondary outcomes between 
groups (Table 7). Composite outcome results indicated a slight 
(0.5%), but not significant reduction of postoperative compli-
cations in SG (OR: 0.93, 95% CI 0.79–1.07, P = 0.295, Fig. 3). 
There were no significant differences in ICU and in-hospital 
length of stay between the groups. One patient in SG died on 
 POD5 due to massive gastrointestinal bleeding originated from 

Assessed for eligibility (n=68) 

Excluded (n=29) 

 Not meeting inclusion criteria (n=16) 

 Declined to participate (n=6) 

 Other reasons (n=7) 

Analysed (n=15) 

Excluded from analysis (n=2) 

 Lack of extensive amount of intraoperative data (n=2) 

Lost to follow-up (n=1) 

Discontinued intervention (n=0) 

Allocated to Control Group (n=19) 
 Received allocated intervention (n=18) 

 Did not receive allocated intervention (n=1) 

 Died before scheduled surgery (n=1) 

Lost to follow-up (n=1) 

Discontinued intervention (n=1) 

Withdrawal of informed consent (n=1)

Allocated to Study Group (n=20) 
 Received allocated intervention (n=19) 

Did not receive allocated intervention (n=1) 

 Withdrawal of informed consent before surgery (n=1) 

Analysed (n=15) 

Excluded from analysis (n=2) 

Major surgical complication during surgery (n=2) 

Allocation 

Analysis

Follow-Up

Randomized (n=39) 

Enrollment 

Fig. 1  CONSORT (Consolidated Standards of Reporting Trials) flow diagram showing the progress of participants during the trial
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Table 3  Demographic data and 
clinical characteristics

Data are expressed as number n (%), mean (SD) or median [IQR]
ASA American Society of Anesthesiologists physical status classification; RFRI Respiratory Failure Risk 
Index (Gupta); ARISCAT Score Assess Respiratory Risk in Surgical Patients in Catalonia; BMI body mass 
index, IBW ideal body weight (calculation was based on the ARMA Trial of the ARDS Network Investiga-
tors); PEEP positive end-expiratory pressure; SD standard deviation; IQR interquartile range
a Due to intraoperatively observed intraabdominal status or excessive propagation of bladder tumor, only 
radical cystectomy and ureterocutaneostomy was performed without ileal conduit
Italics value indicates number of subjects or number of events

CG (n = 15) SG (n = 15) P value

Male sex (n) 13 (86.7) 13 (86.7) 1.000
Age (years) 61.47 (7.37) 64.27 (7.03) 0.245
ASA physical status
 1 1 (6.7) 1 (6.7)
 2 12 (80.0) 12 (80.0)
 3 2 (13.3) 2 (13.3)

RFRI (%) 2.57 [2.05–3.57] 2.78 [2.09–3.78] 0.479
ARISCAT score 45.67 [42.47–50.46] 44.4 [41.88–47.51] 0.644
BMI (kg  m−2) 27.42 (4.00) 27.66 (2.58) 0.829
IBW (kg) 67.33 (8.79) 67.44 (9.52) 0.971
Duration of anaesthesia (min) 384.00 (107.01) 418.2 (70.49) 0.342
Duration of surgery (min) 352.47 (103.58) 378.00 (63.52) 0.442
Type of surgery
 Ileal conduit 13 (86.7) 10 (66.7) 0.208
 Orthotopic bladder substitute 0 (0) 4 (26.7) 0.105
 Intraoperative  inoperablea 2 (13.3) 1 (6.6) 0.551

PEEP during surgery  (cmH2O)
 6 15 (100.0) 0 (0.0)
 8 7 (46.7)
 10 6 (40.0)
 12 1 (6.65)
 14 1 (6.65)

Table 4  Intraoperative 
respiratory mechanics and 
oxygenation

Data are expressed as mean (SD) or median [IQR]
Cstat static pulmonary compliance; Vds/Vt dead space fraction; Raw airway resistance; △P driving pres-
sure; EtCO2 end-tidal carbon dioxide tension; (a-Et)PCO2 arterial to end-tidal carbon dioxide difference; 
PaO2/FiO2 ratio of arterial oxygen partial pressure to fraction of inspired oxygen; SD standard deviation; 
IQR interquartile range

CG (n = 15) SG (n = 15) P value

PaO2/FiO2 (mmHg) 404.15 (115.87) 451.24 (121.78) 0.005
Cstat (ml  cmH2O−1) 45.22 (9.13) 52.54 (13.59)  < 0.0001
Vds/Vt (%) 23.05 [20.05–25.50] 21.14 [17.94–24.93] 0.001
Raw  (cmH2O  L−1 s−1) 6.84 (2.39) 5.86 (1.31)  < 0.0001
P  (cmH2O) 9.73 (4.02) 8.26 (1.74)  < 0.0001
Respiratory rate  (min−1) 16.04 [14.04–16.75] 17.07 [15.01–18.87] 0.0001
EtCO2 (mmHg) 37.63 [36.23–38.16] 38.00 [36.96–39.52] 0.017
(a-Et)PCO2 (mmHg) 7.25 (0.92) 5.76 (1.39) 0.007
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gastric stress ulcer, but it was considered not to be a result 
of group’s assigned intervention, and mortality data analysis 
proved also no significant difference (Table 7).

4  Discussion

Despite many efforts and promising results of recent 
research, postoperative complications remained a world-
wide healthcare problem after major abdominal surgery 
[30–34]. Open radical cystectomy with urinary diversion 
(ileal conduit or orthotopic bladder substitute) is consid-
ered major abdominal surgery and associated with high 
rates of postoperative complications: at least 50–72% of 
patients develop complications [26–29], of which approxi-
mately 6% are PPC [27, 35]. As inappropriate mechanical 
ventilation may lead to VILI resulting tissue oxygenation 
disorders leading pulmonary and extrapulmonary organ 
dysfunctions, it has some rationale that improved intra-
operative respiratory mechanics and gas exchange may 
reduce the incidence of postoperative complications.

The purpose of our investigator-initiated, interven-
tional, prospective, RCT was to assess the effects of an 

individualized intraoperative LPV on intraoperative respir-
atory mechanics, oxygenation and their potential correla-
tion with the inflammatory response following open radical 
cystectomy and urinary diversion. Regarding the primary 
outcomes of respiratory mechanics and gas exchange we 
found significant differences in favour of the SG as com-
pared to the CG.

In 1963, Bendixen et al. found that higher TV during 
anaesthesia resulted in less atelectasis and acidosis with 
improved oxygenation compared to lower TV [36]. Based 
on their results, 10–15 ml kg−1 TV during mechanical ven-
tilation was recommended almost for 50 years. Ashbaugh 
et colleagues described acute respiratory distress syndrome 
(ARDS) in 1967, however potential harms of high TV were 
only recognized in the 1970s and 1980s [37]. Amato et al. 
suggested the use of low TV ventilation in ARDS patients in 
1998, but protective ventilatory management as the standard 
of care was only recommended after the ARMA Trial con-
ducted by the ARDS Network Investigators in 2000 [38, 39].

A meta-analysis of 20 studies carried out by Serpa Neto 
et al. in 2012 indicated decreased risk of lung injury and 
mortality with the use of LPV in patients without ARDS 
[40]. Since Futier and colleagues published the results of 

Table 5  Intraoperative 
haemodynamic parameters and 
management

Data are expressed as number n (%), mean (SD) or median [IQR]
MAP mean arterial pressure; HR heart rate; ScvO2 central venous oxygen saturation; dCO2 arterial to cen-
tral venous carbon dioxide difference; stHCO3

− arterial standard bicarbonate; PRBC packed red blood 
cells; U unit; SD standard deviation; IQR interquartile range
Italics value indicates number of subjects or number of events

CG (n = 15) SG (n = 15) P value

MAP (mmHg) 79 [72–84] 76 [71–83.25] 0.040
HR  (min−1) 74 [67–82] 72 [61–85] 0.062
ScvO2 (%) 86.8 [82.95–89.98] 85.9 [81.90–89.30] 0.248
dCO2 (mmHg) 6.3 [4.75–7.98] 6.65 [4.90–8.05] 0.724
Lactate (mmol  l−1) 1.1 [0.83–1.50] 1.2 [0.98–1.40] 0.277
pH 7.33 (0.04) 7.32 (0.04) 0.307
stHCO3

− (mmol  l−1) 22.70 (1.42) 21.83 (1.52) 0.0002
Fluid management
 Crystalloids (ml) 2212.53 (1102.16) 2331.53 (889.49) 0.775
 Colloids (ml) 433.33 (225.72) 573.33 (194.45) 0.078
 Fluids (ml  kg−1 h−1) 3.99 [3.08–4.63] 4.41 [3.37–5.06] 0.646
 ∑ Fluids (ml) 3765.87 (1218.72) 3931.53 (1006.09) 0.745
 Urine output (ml) 1051.33 (423.39) 1023.33 (606.47) 0.741
 Blood loss (ml) 1000.0 (622.5) 1250.0 (882.5) 0.125
 Fluid balance (ml) 1702.4 (1054.42) 1566.73 (1071.56) 0.761

PRBC units transfused (U) 2 [0–2] 2 [0–2] 0.859
 0 U 7 (46.7) 7 (46.7) 1.000
 1–3 U 6 (40.0) 5 (33.3) 0.705
  > 3 U 2 (13.3) 3 (20.0) 0.626
 Norepinephrine (mcg  min−1) 3 [0–5] 7 [3–14]  < 0.0001

∑ Norepinephrine (mg) 1.29 [0.40–2.85] 2.8 [1.99–5.01] 0.006
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IMPROVE Trial in 2013, intraoperative LPV has gained 
increasing interest and importance during general anaes-
thesia in routine anaesthetic care [5, 17, 41, 42]. The use 
of low TV (6 ml kg−1 of IBW) became common in intraop-
erative settings, however the so called intraoperative open 
lung approach (OLA) applying ARM and appropriate lev-
els of PEEP remained controversial [5, 43–45]. Although 
Zaky et al. proved that applying PEEP and regular ARM 
during general anaesthesia improved aeration of the lungs, 
results of the PROVHILO Trial suggested that OLA strategy 
with a high level of PEEP and regular ARM during open 
abdominal surgery does not protect against PPC, or even 
may worsen outcomes due to an increased risk of intraopera-
tive hypotension and higher vasopressor requirements [46, 
47]. Additionally, Ferrando et al. compared three types of 
individualized OLA strategies to standard LPV in a multi-
centre RCT in Spain. They have not found any difference on 
outcomes between the OLA strategies, however PEEP had 
to be increased in 14% of patients in the standard LPV group 
due to intraoperative hypoxaemia [48].

Research about the effects of individual LPV applying 
PEEPopt levels has provided a new direction over the past 
decade [49–51]. Titrating PEEP to achieve individual opti-
mal levels has a strong pathophysiological rationale with 
potential benefits. Spadaro et al. found that the increased 
pulmonary shunt induced by general anaesthesia may be 
reduced only with the use of higher PEEP levels during 
laparoscopic surgery as compared to open abdominal sur-
gery [23]. Liu and colleagues found significantly improved 
oxygenation, pulmonary function and reduced incidence of 
PPC after laparoscopic radical gastrectomy with the use of 
intraoperative decremental titrated individual PEEP [52]. 
However, it should not be forgotten that PEEPopt is rather 
a compromise than a realistic goal due to the heterogenous 
regional distribution of ventilation and compliance of the 
lungs. A PEEP that is appropriate in one region may be 
harmful in another one: in non-dependent lung parts overin-
flation can occur, in dependent parts atelectasis may develop 
[53, 54]. Maisch et al. defined PEEPopt as the PEEP that 
prevents atelectasis after ARM and minimizes alveolar dead 
space ventilation without over-distension [55].

There are several types of PEEP titration methods in order 
to determine the individual PEEPopt. Static or dynamic 
pulmonary compliance directed methods, Vds/Vt guided 
technique based on volumetric capnography or electrical 
impedance tomography (EIT), and transpulmonary pres-
sure directed PEEP titration procedures are worth to men-
tion [56–59]. Most authors agree that decremental titration 
should be performed, however, there is no recommendation 
about best practice. Pereira et colleagues found that EIT 
guided PEEP individualization could reduce PPC while 
improving intraoperative oxygenation and reducing ΔP as 
well, causing minimal side effects [51]. Another Spanish D
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RCT by Ferrando et al. suggested that individualized PEEP 
settings with the use of ARM may confer an enhanced lung 
protection in patients undergoing major abdominal surgery 
[60]. Additionally, in two Italian physiological studies con-
ducted by D’Antini and Rauseo in 2018, OLA applying 
titrated optimal PEEP levels resulted in improved respiratory 
mechanics, better gas exchange, decreased transpulmonary 
pressures and ΔP without significant haemodynamic effects 
[24, 25]. Reducing ΔP as a goal of ventilatory settings has 

some rationale: decreased lung stress and strain may attenu-
ate intrapulmonary inflammatory response [61, 62].

On the one hand, surgery, especially major abdominal 
surgery, alone induces host inflammatory response via 
damage associated molecular patterns (DAMPs) pathway 
that is necessary for postoperative recovery, however an 
overwhelming inflammatory response may lead to multi-
organ dysfunction in the postoperative period [10, 11, 14, 
16]. On the other hand, injurious intraoperative ventilatory 

Fig. 2  Median procalcitonin 
values indicating procalcitonin 
kinetics of groups. PCT proc-
alcitonin; PCT0 baseline; PCT1 
2 h after surgical incision; PCT2 
6 h; PCT3 12 h; PCT4 24 h; 
PCT5 48 h; PCT6 72 h

Table 7  Outcome results

Data are expressed as number n (%), mean (SD) or median [IQR]
CG control group; SG study group; OR odds ratio; PaO2/FiO2 ratio of arterial oxygen partial pressure to 
fraction of inspired oxygen; ICU intensive care unit
Italics value indicates number of subjects or number of events

CG (n = 15) SG (n = 15) OR (95% CI) P value

Secondary outcome
 PaO2/FiO2 (mmHg) 298.67 (44.68) 307.60 (48.22) 0.63 (0.25–1.63) 0.342
 Circulatory 126 (3.0) 141 (3.4) 1.15 (0.91–1.48) 0.249
 Gastrointestinal 128 (7.6) 90 (5.7) 0.73 (0.56–0.97) 0.026
 Renal 34 (8.1) 41 (10.3) 1.31 (0.83–2.16) 0.270
 Haematologic 20 (2.4) 17 (2.1) 0.89 (0.45–1.68) 0.745
 Infection 7 (0.5) 18 (1.5) 3.03 (1.26–7.28) 0.013

Tertiary outcome
 ICU length of stay (days) 4 [3, 4] 3 [2–4] 0.33 (0.08–1.48) 0.108
 In-hospital stay (days) 20.20 (13.08) 18.23 (11.45) 0.94 (0.21–4.29) 0.678
 Mortality 0 (0.0) 1 (6.7) 3.21 (0.12–85.20) 0.486

Composite outcome 372 (7.1) 350 (6.6) 0.94 (0.81–1.09) 0.396
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management may cause further complications by exacerbat-
ing the local intrapulmonary inflammation and amplifying 
the surgery induced inflammatory response [8]. Potential 
advantages and some disadvantages of intraoperative LPV 
during abdominal surgery are well-known, however, the 
exact role and impact of inappropriate mechanical ventila-
tion caused inflammatory response, on systemic and local 
intrapulmonary complications remained uncertain.

As radical cystectomy and urinary diversion is considered 
a high-risk, major abdominal surgery with an operating time 
lasting for several hours, we hypothesized that it has some 
rationale that optimizing intraoperative mechanical venti-
lation applying individually appropriate PEEP levels may 
improve respiratory mechanics, oxygenation, attenuate the 
inflammatory response and decrease the incidence of com-
plications in the postoperative period.

Results of our current trial are similar to those reported 
in earlier RCTs. Intraoperative oxygenation and respiratory 
mechanics improved significantly with the use of an indi-
vidual PEEPopt. Additionally, dead space ventilation and 
ΔP were significantly lower in the SG. We could not prove 
any significant intergroup differences in host inflammatory 
response, however the daily decrease in PCT levels was more 

pronounced in SG. Composite outcomes were also better in 
SG, but results were not significant statistically. Moreover, 
higher PEEP values in SG resulted in higher incidence of 
intraoperative hypotension, significantly higher vasopressor 
requirements and more kidney injury in the postoperative 
period. A significant correlation was found between PCT 
values and SOFA scores. Moreover, SOFA Scores had a 
significant impact on postoperative ICU length of stay but 
not on in-hospital days.

Although, sample size was suitable for the analysis of 
the physiological primary endpoints our study has several 
limitations. Firstly, available resources restricted our pos-
sibility to recruit enough patients to investigate robust clini-
cal outcomes such as PPCs. Therefore, multicentre studies 
are needed to elaborate this further. Second, we could not 
perform detailed haemodynamic monitoring during surgery, 
hence rescue fluid boluses and norepinephrine therapy were 
based on mean arterial pressure, central venous oxygen satu-
ration and central venous-to-arterial carbon dioxide differ-
ence as surrogates for more appropriate measures. Finally, 
during the out-of-hospital follow-up period outcomes (e.g. 
constipation or infection) were only assessed by phone call 
visits.

Fig. 3  Composite outcome for postoperative complications. Composite outcome results indicated a slight, but not significant decrease in postop-
erative complications in SG as compared to CG. POD postoperative day; CG control group; SG study group
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In conclusion our study confirmed the results of previ-
ous physiological trials on individualized LPV during major 
abdominal surgery. Although, we found significant advan-
tages on gas exchange and pulmonary mechanics in the SG 
and our results have some promising details and may further 
improve our knowledge on the effects of optimal intraop-
erative ventilatory strategies applied in patients undergoing 
major abdominal surgery, whether these have any effect on 
short and long term outcomes require further investigations.
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