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Summary 
End-expiratory pressure remains one of the few parameters of mechanical respiratory support whose val-

ues have not been strictly regulated using the evidence-based approach. The absence of «gold standard» for 
end-expiratory pressure optimization together with its obvious significant contribution to the efficiency and 
safety of respiratory support has driven the search for the optimal method of choosing its values for several 
decades. 

Aim of the review: to identify the optimal methods for determining the values of end-expiratory pressure 
based on the analysis of its positive and negative effects in the used strategies of mechanical respiratory support. 

Material and methods. We analyzed 165 papers from the PubMed, Scopus, and RSCI databases of medical 
and biological publications. Among them we selected 86 sources that most completely covered the following 
subjects: respiratory support, end-expiratory pressure, recruitment, ventilation-perfusion relationships, 
metabolography, and gas analysis. 

Results. We outlined the main positive and negative effects of the end-expiratory pressure with regard to 
both lung biomechanical characteristics and pulmonary perfusion. The evolution of views on the methods of 
determining optimal values of the end-expiratory pressure was reviewed with the emphasis on a certain «fix-
ation» of the scientific community in recent decades concerning the opening of the alveoli. The promising 
techniques based on the analysis of the diffusion capacity of the lungs were presented. 

Conclusion. Focusing on mechanical lung opening prevents the scientific community from advancing in 
the optimization of the end-expiratory pressure. Dynamic assessment of pulmonary diffusion efficiency pro-
vides a new perspective on the issue, offering additional ways to the development of «gold standard».  
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Introduction 
Mechanical respiratory support (MRS) is one 

of the most powerful, radical, and widely used 
methods of life support in the anesthesiologist's 
arsenal. However, the great potential of mechanical 
ventilation in the treatment of the most severe 
patients with acute respiratory failure has always 
been associated with the understanding of the 
many risks and possible harm. Several decades of 
clinical use of MRS have forged a strategy under-
lying current approaches to selecting mechanical 
ventilation parameters based on the open-lung 
concept and pulmonary-protective ventilation 
concept [1, 2]. Generated by initially controversial 
and even opposing considerations, today both 
concepts are equally recognized as obligatory for 
effective and safe MRS [3]. 

Currently, the MRS concepts quite specifically 
determine the recommended values of respiratory 
cycle parameters and, most importantly, provide 
guidance for their management regardless of the 
selected mode of mechanical support [4]. Thus, the 

initial tidal volume should be equal to 8 ml per kg 
of ideal (predicted based on sex and height) body 
weight with subsequent reduction to 6–7 ml/kg. 
The respiratory rate should not exceed 35 per minute 
to achieve the target values of pCO₂ (end expiratory 
pressure as determined by capnography or arterial 
blood gas analysis). The ratio of inspiration time to 
exhalation time should ensure the initiation of the 
next inspiration at exhalation flow rate zero, con-
trolled by the flow curve [2]. The inspiratory oxygen 
fraction should be sufficient to achieve a saturation 
(SaO₂ or SpO₂) of 88–95% followed by titration, if 
possible, to values <0.7. In these clear algorithms, 
however, there is a parameter, the positive end-ex-
piratory pressure (PEEP), which values have not 
yet been so strictly regulated. The recommended 
PEEP values should be at least 5 cm H₂O but «prob-
ably greater than that» [5].  This unique uncertainty 
demonstrates not only the secondary role of this 
value in providing efficiency and safety of mechanical 
lung ventilation. In addition, it reflects high variability 
of the PEEP optimal value in different patients and 
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an absence of reasonable and generally accepted 
approach to its selection. In this paper, the main 
positive and negative effects of PEEP and the evo-
lution of views on methods to determine its optimal 
values will be discussed. 

The Effects of PEEP 
Although the effects of PEEP were described 

by Alvan L. Barach et al. as early as in 1938 [6], 
the idea of its unfavorable effect on hemodynamics 
delayed its use. Only in 1967 David Ashbaugh, 
Thomas Petty and their colleagues described 
acute respiratory distress syndrome [7], and the 
term «residual positive pressure» was coined by 
John S. Inkster [8] at the IV World Congress of Anes-
thesiology in London (1968). The immediate purpose 
of PEEP is to counteract atelectasis, i. e., to com-
pensate for the reduction of end-expiratory lung 
volume resulting from various disturbances of bio-
mechanics of both lung tissue and chest wall struc-
tures [9, 10]. End of exhalation in MRS is the most 
critical period of the respiratory cycle in terms of 
possible alveoli collapse. Collapsed alveoli do not 
participate in gas exchange, the proportion of 
QS/QT shunt increases and, as a consequence, 
oxygenation decreases, while cyclic opening of col-
lapsed alveoli leads to their mechanical damage 
(atelectotrauma) [11, 12]. Such changes can occur not 
only as a result of severe disease: an increased subphrenic 
pressure in the supine position is sufficient for their 
appearance [13, 14], which is commonly seen in obesity, 
pregnancy and other conditions causing abdominal 
hypertension [15–17], as well as in the use of hypnotics 
and myorelaxants [18, 19]. The potential harm and 
prevalence of such disorders have driven the use of 
positive end-expiratory pressure in almost all types 
and regimens of respiratory support. 

In turn, excessively high PEEP causes several 
issues (leaving aside the effect on systemic and ex-
trapulmonary organ hemodynamics manifesting 
in cardiopulmonary interactions and venous return, 
the effect of portocaval gradient on hepatic blood 
flow, and the impact of jugular vein drainage on in-
tracranial pressure, as well as the other extrapul-
monary effects). Firstly, PEEP shifts upwards the 
airway pressure curve, which at the same respiratory 
volume naturally increases peak pressure and the 
probability of alveolar barotrauma with the appear-
ance of extra-alveolar gas in lungs [20, 21]. Secondly, 
it obviously affects pulmonary perfusion, and, as a 
consequence, blood oxygenation. 

Perfusion in the pulmonary system occurs un-
der relatively low pressure: normal pulmonary cap-
illary pressure is 6–12 mm Hg, which is equivalent 
to 8–16 cm H₂O [22]. John West (1960) described 
gravitational pressure gradient in capillaries located 
at different heights of continuous fluid column in 
pulmonary vascular bed [23]. Vertical size of an 

adult lung varies from 20 to 30 cm depending on 
the size and position of the body [24]. Since the 
Swan-Ganz catheter enables to measure pressure 
in pulmonary capillaries usually in the West zone 
III, and less often in West zone II [22], 20 cm H₂O 
can be taken as approximate upper limit of hydro-
static addition to measured pulmonary capillary 
pressure, which prevents capillary collapse under 
intra-alveolar pressure. In spontaneous breathing, 
the latter fluctuates ±1 cm H₂O that does not interfere 
with blood flow even in the most «gravitationally 
impaired» zones [25]. However, in case of intra-
alveolar pressure increase, e.g. during exertion, 
coughing, Valsalva test or mechanical ventilation, 
it may be high enough to compress the capillary 
system not only in «vulnerable» (upper with respect 
to the direction of gravity) areas [26]. 

In fact, the intra-alveolar pressure in mechanical 
ventilation reaches 30, and in some settings up to 
40 cm H₂O. [27]. And if the maximum value of hy-
drostatic pressure in the pulmonary capillary, taking 
into account the hydrostatic gradient along the 
lung height, as shown above, can reach only 36 cm 
of water column, the recruitment maneuver ac-
cording to the well-known «40×40» method ensures 
a rather long (40 s) episode of 40 cm H₂O pressure 
in all open alveoli with all the ensuing consequences. 
These consequences include «squeezing» of pul-
monary blood flow into those parts of lungs, where 
it remains mechanically possible, i. e. where alveoli 
are not opened [28]: in mechanically heterogeneous 
lungs Pascal's law is valid only for continuous 
column of fluid in vessels. 

From the point of view of pulmonary perfu-
sion, low PEEP is beneficial, while its high values 
are associated with expanded West zones I and II 
zones and larger proportion of alveolar dead space 
(ADS) [29]. The rise of ADS affects external respi-
ration not only by expanding the useless ventilation 
zone. Blood flow literally «squeezed out» from 
these zones becomes enhanced in the perfused 
areas [30]. Such increase in perfusion volume, ac-
cording to the fundamental ideas of H. Rahn and 
W.O. Fenn [31] can exceed the possibilities of gas 
diffusion rate (first of all, of less soluble oxygen!), 
that will eventually result in venous shunting in 
lungs as well [32], though the characteristic «non-
ventilated but perfused» alveoli are absent in this 
case. Apparently, this mechanism of local pulmonary 
circulation overperfusion underlies hypoxemia cre-
ated by ground glass opacities in novel coronavirus 
infection COVID-19 [33]. The symmetric effect of 
such irregularity on blood desaturation in the sys-
temic capillaries, underlying the concept of weak 
microcirculatory units and explaining the abnormally 
high venous saturation without participation of ar-
teriovenous anastomoses, was shown in a rather il-
lustrative model [34]. 
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Methods for Determining 
The Optimal PEEP 

As for the methods for determining the optimal 
PEEP, one cannot avoid a historical overview here 
as well. Over more than half a century, dozens of 
different techniques have been proposed, reflecting 
a certain evolution of approaches [35–37]. The key 
indicator of the efficiency of ventilation is the diffu-
sion rate of gases. This parameter cannot be assessed 
directly at the patient's bedside, so the arterial 
blood gas analysis which allows assessment of per-
fusion efficiency, took the leading place in selection 
of optimal parameters of respiratory support. Gas 
analysis has been used since the introduction of 
PEEP technique until now, e.g., as FiO₂/PEEP chart 
of ARDS.net project. However, the invasiveness of 
this approach and the need for regular blood sam-
pling prompted the search for alternatives. The 
focus was placed on perfusion and ventilation, 
which matching directly affects diffusion, with blood 
gas analysis serving as a reference method. 

Initially, the negative effect of positive end-
expiratory pressure on perfusion was associated 
mainly with a decrease in cardiac output [38]. Im-
provement of oxygenation, in turn, was attributed 
to reduced shunt fraction [39]. The main parameter 
for determining the optimal PEEP level, in addition 
to blood oxygen level, was cardiac output. Mean-
while, biomechanical lung parameters, such as 
static compliance, were only a potential alternative 
at that time [40]. 

However, a number of key works underlying 
the modern concepts shifted the emphasis from 
perfusion to ventilation, defining the trend for 
decades to come. Thus, the study of J. Mead,  
T. Takishima and D. Leith, dealing with biomechan-
ical characteristics of the lungs and the theory of 
atelectotrauma [41], was the basis of the «open 

lungs» concept by B. Lachmann [1], whereas the 
research of M. B. Amato [2] laid the foundation of a 
pulmonary-protective ventilation. In these papers, 
the emphasis was made on lung biomechanics, 
and the main goal was formulated as «to open 
alveoli, and while maintaining their patency, reduce 
damaging effects on lung tissue both from respiratory 
support device and from the lungs themselves». Re-
cruitment of alveoli in ventilation became the leading 
purpose of PEEP, and the emphasis of damaging ac-
tion had shifted towards barotrauma. This approach 
became the foundation of the modern paradigm of 
respiratory support, which was reflected in the meth-
ods of selecting the optimal values of PEEP. 

Compliance, already a true biomechanical pa-
rameter, has become the key for most of them. Col-
lapsed as well as overstretched alveoli have low 
compliance, showing high resistance to further 
stretching. In fact, several techniques are based on 
the avoidance of such low compliance. They differ 
only in the choice of an indicator for PEEP level 
setting: from direct analysis of static or dynamic 
compliance [42, 43], searching for inflection points 
on inspiratory or expiratory pressure-volume 
curves [44–46], to complex formulas for calculation 
of the moment of its maximal increase [47, 48]. The 
idea of finding the point of maximum compliance 
to set the PEEP level has evolved into the idea of es-
timating the damaging flow energy analysis. Thus, 
the so-called «stress index», based on pressure-
time curve analysis, has been described [49, 50], 
and its target values, approximately equal to 1, are 
reached when most of the inspiration period lies in 
the zone of maximum compliance (Fig.). 

Determination of the optimal pressure zone, 
in which the flow energy has the least damaging 
effect, naturally evolved into the concept of mini-
mization of this energy. The driving pressure deter-

Pressure-time (a) and pressure-volume curves (b). The differences in the stress index are shown (author's illustration).

Stress index < 1 Stress index > 1Stress index = 1 (optimal)
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mined as a ratio of tidal volume to respiratory system 
compliance has become an integral indicator of dy-
namic stress caused by mechanical ventilation. In 
everyday practice the driving pressure is calculated 
as the difference between inspiratory plateau pressure 
and PEEP. Based on the above, achieving minimum 
driving pressure is possible both by maximizing 
compliance, as mentioned above, and by minimizing 
respiratory volume either directly or through reducing 
the difference of peak pressure and PEEP, which has 
become a modern trend in MRS [51]. 

In addition to the parameters measured inside 
the respiratory circuit, the assessment of intrapleural 
pressure is of great interest. As there is no acceptable 
way of direct assessment of this pressure today, the 
search went on around indirect approaches, the 
simplest and most reproducible of which turned 
out to be esophageal manometry [52–54]. The value 
of pressure in esophageal lumen, taken equal to in-
trathoracic (and intrapleural) pressure, enables to 
calculate transpulmonary pressure, which represents 
pressure gradient between intra-alveolar and in-
trapleural pressure. Some authors think that this 
pressure can reflect the real load on lung tissue, 
and serve as an indicator of PEEP level adjustment 
[55-58]. Volumes can also be analyzed: for instance, 
pulmonary volumes and capacities can be evaluated 
using the nitrogen washout method. This method 
is used to analyze end-expiratory lung volume 
(EELV) during the most dangerous phase of respi-
ratory cycle in terms of atelectasis [59–61]. 

The physical characteristics of the lung can 
also be assessed through computed 
tomography (CT), dynamic bioimpedance meas-
urement, and ultrasonography. CT in theory can 
allow to detect areas of atelectasis and overstretching 
and also to predict mechanical density using X-
ray density and to estimate the weight of lung 
tissue to be resisted to open alveoli, thus selecting 
the optimal level of PEEP [62–65]. However, time-
consuming character and potential harm of regular 
optimization of PEEP through CT scanning do not 
allow this method to be widely implemented in 
practice. Bioimpedance has shown to be very 
promising, although the geometric complexity of 
the thorax does not allow to precisely specify the 
conduction of electric current through the tissues 
[66, 67]. Ultrasound is a much simpler alternative 
to electromagnetic techniques, which allows as-
sessing alveolar opening with high accuracy, but 
does not permit to determine the damaging energy 
of gas flow and alveolar overstretching [68–70].    

Chronologically, we can observe certain fo-
cusing of researchers first on systemic hemody-
namics and then on «recruitment and derecruitment» 
of alveoli, characteristic for the last two or three 
decades [71]. Contemporary studies have just started 
to downplay the significance of total lung recruit-

ment, speaking about physiological prospects of 
«moderate» opening [72, 73], proving once again 
that the ultimate goal of MRS is not the maximum 
number of opened alveoli, but an absolutely different 
result which is normal (or maximally close to 
normal!) pulmonary gas exchange, i. e., values of 
minute oxygen uptake (VO₂) and carbon dioxide 
elimination (VCO₂) [74, 75]. And this result is not 
obviously related to the proportion of open alveoli, 
especially considering the cost of «side effects» that 
often has to be paid for opening the alveoli and 
keeping them patent. Thus, PEEP may be unjustifi-
ably high not in terms of alveoli overstretching or 
reduced venous return, but due to unfavorable re-
distribution of pulmonary capillary blood flow to 
the zones of collapsed yet perfused alveoli [76, 28]. 

 Owing to this paradigm shift, the clinicians 
are able to focus on the clinical and physiological 
result of diffusion assessed by arterial blood gas 
analysis and by volumetric gas analysis of respiratory 
mixture. In this context, the situation partly resembles 
the evolution of ideas about cardiac preload, when 
the estimation of ventricular filling pressures in 
recent decades was supplemented by the possibility 
to estimate the result of end-diastolic volumes on 
cardiac chambers [22]. 

In recent years the technique of volumetric 
capnography, which helps assess the diffusion 
processes during the adjustment of PEEP level, has 
gained popularity [77, 78]. The transient increase 
in VCO₂ associated with changes in the PEEP level 
occurs due to an increase in the efficiency of diffu-
sion, which can be globally considered as a positive 
effect. However, the transient increase in PEEP in-
dicates a decrease in the shunt fraction, while its 
decrease suggests a reduced alveolar dead space 
fraction. A transient decrease in VCO₂ level, which 
can be caused by an increase in shunting or anatom-
ical dead space, is considered negative [79–81]. 

In view of the recent studies on the interpretation 
of the VCO₂ to determine the optimal PEEP val-
ues [82], the changes of carbon dioxide production 
are worth noting. The duration of these changes is a 
major parameter. Variations in VCO₂ associated with 
altered proportion of alveolar dead space or shunt 
reflect instantaneous changes in the release of this 
gas, while they last only a few minutes. Longer vari-
ations rather reflect changes in minute alveolar ven-
tilation or metabolic carbon dioxide production rate 
and are not directly related to PEEP level optimization. 
Besides an isolated estimation of VCO₂, it is also 
possible to estimate lung oxygen uptake (VO₂), 
which, according to E. V. Ruchina et al. (2013), can 
be even more sensitive to PEEP level changes com-
pared to VCO₂ [83], probably due to a greater diffu-
sivity of the first gas. Moreover, simultaneous esti-
mation of the exchange of both gases would poten-
tially increase the specificity of this technique. 



54 w w w . r e a n i m a t o l o g y . c o m G E N E R A L  R E A N I M AT O L O G Y,  2 0 2 2 ,  1 8 ;  6

Reviews

The prevalence of techniques of respiratory 
support parameter selection that exclusively focus 
on alveolar opening reflects the established belief 
of both researchers and clinicians that optimization 
of ventilation is similar to optimization of lung gas 
exchange, which in turn exhaustively confirms the 
normal blood gas composition. Such an approach 
has been described in recent papers of leading in-
ternational specialists and included in contemporary 
Russian clinical guidelines [71, 84–86]. However, the 
ultimate goal of both natural and mechanical lung 
ventilation is the most effective pulmonary gas ex-
change in the current clinical situation, which de-
pends not on the optimization of ventilation and/or 
blood flow values, but on their proportional matching 
implying the maximum achievable value of the 
diffusion surface of the lungs. Based on the above, 
dynamic analysis of respiratory gas production and 
consumption with high time resolution is very prom-
ising, in our opinion. As an instrumental alternative 
to the volumetric capnography, the use of metabolic 
modules from various manufacturers, whose function 
is the continuous parallel calculation of the volumes 
of carbon dioxide produced and oxygen consumed 

for the realization of indirect calorimetry, can be 
proposed. Although their task is not to optimize 
ventilation, the data obtained with their help have a 
trend pattern, visually convenient for interpretation, 
and the simultaneous assessment of the diffusion 
intensity of the two main gases allows us to hope 
for greater sensitivity and specificity. 

Conclusion 
The ambiguity of parameters, methods and 

criteria for the selection of optimal end-expiratory 
pressure during mechanical respiratory support 
emphasizes high individual variability of this pa-
rameter in patients and limitation of most known 
approaches to its selection, focused on the involve-
ment of alveoli in ventilation, but ignoring ventila-
tion-perfusion relationships. 

The possibility of dynamic assessment of pul-
monary diffusion efficiency makes volumetric oxi- 
and capnometry a promising approach to the se-
lection of optimal value of end-expiratory pressure, 
integrally reflecting ventilation-perfusion matching, 
which requires further study and practical imple-
mentation of the method.
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