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Mechanical ventilation (MV) has played a crucial role in the medical field, particularly in anes-
thesia and in critical care medicine (CCM) settings. MV has evolved significantly since its incep-
tion over 70 years ago and the future promises even more advanced technology. In the past, 
ventilation was provided manually, intermittently, and it was primarily used for resuscitation or 
as a last resort for patients with severe respiratory or cardiovascular failure. The earliest MV 
machines for prolonged ventilatory support and oxygenation were large and cumbersome.  They 
required a significant amount of skills and expertise to operate. These early devices had limited 
capabilities, battery, power, safety features, alarms, and therefore these often caused harm 
to patients. Moreover, the physiology of MV was modified when mechanical ventilators moved 
from negative pressure to positive pressure mechanisms. Monitoring systems were also very 
limited and therefore the risks related to MV support were difficult to quantify, predict and timely 
detect for individual patients who were necessarily young with few comorbidities. Technology 
and devices designed to use tracheostomies versus endotracheal intubation evolved in the 
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last century too and these are currently much more reliable. In the present, positive pressure 
MV is more sophisticated and widely used for extensive period of time. Modern ventilators use 
mostly positive pressure systems and are much smaller, more portable than their predeces-
sors, and they are much easier to operate. They can also be programmed to provide different 
levels of support based on evolving physiological concepts allowing lung-protective ventilation. 
Monitoring systems are more sophisticated and knowledge related to the physiology of MV is 
improved. Patients are also more complex and elderly compared to the past. MV experts are 
informed about risks related to prolonged or aggressive ventilation modalities and settings. One 
of the most significant advances in MV has been protective lung ventilation, diaphragm protec-
tive ventilation including noninvasive ventilation (NIV). Health care professionals are familiar 
with the use of MV and in many countries, respiratory therapists have been trained for the 
exclusive purpose of providing safe and professional respiratory support to critically ill patients. 
Analgo-sedation drugs and techniques are improved, and more sedative drugs are available 
and this has an impact on recovery, weaning, and overall patients’ outcome. Looking toward 
the future, MV is likely to continue to evolve and improve alongside monitoring techniques and 
sedatives. There is increasing precision in monitoring global “patient-ventilator” interactions: 
structure and analysis (asynchrony, desynchrony, etc). One area of development is the use of 
artificial intelligence (AI) in ventilator technology. AI can be used to monitor patients in real-time, 
and it can predict when a patient is likely to experience respiratory distress. This allows medical 
professionals to intervene before a crisis occurs, improving patient outcomes and reducing the 
need for emergency intervention. This specific area of development is intended as “personal-
ized ventilation.” It involves tailoring the ventilator settings to the individual patient, based on 
their physiology and the specific condition they are being treated for. This approach has the 
potential to improve patient outcomes by optimizing ventilation and reducing the risk of harm. In 
conclusion, MV has come a long way since its inception, and it continues to play a critical role in 
anesthesia and in CCM settings. Advances in technology have made MV safer, more effective, 
affordable, and more widely available. As technology continues to improve, more advanced and 
personalized MV will become available, leading to better patients’ outcomes and quality of life 
for those in need.  (Anesth Analg 2024;138:308–25)

GLOSSARY
AI = artificial intelligence; ALI = acute lung injury; APACHE II = Acute Physiology and Chronic 
Health Evaluation II; ARDS = acute respiratory distress syndrome; ARDSNet = ARDS Network; 
ARF = acute respiratory failure; ARM = alveolar recruitment maneuvers; AUC = area under the 
curve; CCM = critical care medicine; COPD = chronic obstructive pulmonary disease; COVID-19 
= coronavirus disease -19; CPAP = continuous positive airway pressure; CPB = cardiopulmonary 
bypass; CT = computed tomography; DP = driving pressure; ECCO2R = extra corporeal carbon diox-
ide removal; ECMO = extracorporeal membrane oxygenation; EELV = end-expiratory lung volume; 
EIT = Electrical impedance tomography; EPVent 2 = esophageal pressure-guided ventilation 2; 
ESICM = European Society of Intensive Care Medicine; ETT = endotracheal tube; FiO2= fraction 
of inspired oxygen; HFNC = high-flow nasal cannula; HFNO = high-flow nasal cannula oxygenation; 
HFOV = high-frequency oscillatory ventilation; ICM = intensive care medicine; ICU = intensive care 
unit; LOS = length of stay; Lv = liquid ventilation; LV = left ventricle; MP = mechanical power; MV 
= mechanical ventilation; NIV = noninvasive ventilation; NO = nitric oxide; OR = operating room; 
PACU = postanesthesia care unit; PaO2 = arterial pressure of oxygen in the arterial blood gas; 
Paw = airway pressure; PBW = predicted body weight; PEEP = positive end-expiratory pressure; 
PPCs = postoperative pulmonary complications; Pplat = plateau pressure; POCUS = point-of-care 
ultrasound; P-SILI = patient-self-inflicted lung injury; P/F ratio = PaO2/FiO2 ratio; REST = xxxx; 
RR = respiratory rate; RV = right ventricle; SE = sample entropy; SIMV = synchronized intermittent 
mandatory ventilation; SOB = short of breath; TLC = TLC, total lung capacity; VAP = ventilator-asso-
ciated pneumonia; VILI = ventilator-induced lung injury; VT = tidal volume; WOB = work of breathing

The history of modern mechanical ventilation 
(MV) dates back to the 1940s when the first 
mechanical ventilators were developed.1,2 

Nevertheless, ancient history has traces of machines 
used to support the manually and for short period of 
time the respiratory systems.3 Most examples were 
related to resuscitation and emergency medicine 
when the ventilation and oxygenation was necessary 
to preserve life.2,3 The early mechanical ventilators for 
planned or prolonged support during anesthesia or in 

the intensive care unit (ICU) were large and cumber-
some.3,4 These machines required significant expertise 
to operate and were dangerous for patients.4 Over the 
years, MV has undergone significant improvements, 
including the development of smaller and more 
portable ventilators,5 the implementation of lung-
protective MV based on physiological concepts, the 
introduction of noninvasive ventilation (NIV), and 
the use of advanced algorithms and artificial intelli-
gence (AI).4,5 The art of ventilation is evolved together 
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with the monitoring systems which has allowed us to 
reduce injuries induced by these machines and there-
fore, improve survival.6

In 2050, MV is expected to undergo significant 
innovations. Personalized ventilation will allow for 
the optimization of ventilation based on the indi-
vidual patient’s physiology and condition. Advanced 
algorithms and AI will allow for the real-time moni-
toring of patients and adjustments, the prediction of 
respiratory distress before it occurs. Additionally, the 
use of innovative materials and designs may lead to 
the development of more comfortable interphases 
for NIV options as well as high-flow nasal cannula 
(HFNC) oxygen. The coronavirus disease-19 (COVID-
19) pandemic has resulted in an increased need for 
ventilators. The potential to ventilate more than 1 
patient with a single ventilator, a so-called split ven-
tilator setup, was presented. A recent bench testing 
model shows that tidal volumes (VTs), positive end-
expiratory pressure (PEEP), and fraction of inspired 
oxygen (FiO2) can be individualized and monitored 
in a split ventilator.6 This is interesting but in contrast 
with the idea of more personalized care. In the future, 
MV challenges will still remain and those include the 
potential for harm from prolonged ventilation, the 
need for ethical considerations, and increased patient 
and family inclusion in particular using MV and AI. 
Patients in the ICUs are elderly and frail but the rate 
of intubated individuals is decreased therefore ethical 
aspects are even more relevant7 for those critically ill 
awake patients.

Opportunities exist for the continued improvement 
of MV, including the potential for increased patient 
safety and comfort. MV has come a long way since its 
inception, and it continues to be a critical tool in the 
management of respiratory, cardiac, multiorgan fail-
ure in ICU and beyond. For the benefit of the reader, 
the authors will divide this narrative review into 3 
parts, namely: the past, the present, and the future.

THE PAST
Preautomatic/Manual Ventilators
Despite advanced respiratory support, specifically 
MV, being a relatively “young” branch within the 
grander tree of medical practice, the seeds of cur-
rent practice can be traced back throughout the his-
tory of civilization.1 Resuscitation and emergency 
medicine were therefore the true beneficiary in the 
pre-automatic or manual ventilator stage.1 Egyptian 
mythology recounts the resurrection of Osiris by 
Isis, using the breath of life. The first biblical appear-
ance of mouth-to-mouth resuscitation, traces back to 
the book of Kings in the Old Testament.1,2 The first 
recorded use of device-assisted ventilation is attrib-
uted to Paracelsus, a 16th-century Swiss physician 
and alchemist, who was the first to use bellows in 

this manner.1 Shortly thereafter, Andreas Vesalius, a 
professor of anatomy in Padua, attempted to ventilate 
animals with bellows via thoracostomies, going on to 
describe a process of positive pressure ventilation in 
1543.3 Despite the initial description of tracheostomy 
by Vesalius, it was Robert Hook in 1667 who success-
fully manually ventilated a dog using positive pres-
sure via a tracheostomy.1,3

Negative Pressure Mechanical Ventilators
As the understanding of the physiological process of 
breathing evolved, interest in the development of neg-
ative pressure ventilators grew. Initial experiments 
were also conducted on animals. Gradually, these 
large machines were designed simply for resuscita-
tion of adult and pediatric awake patients who expe-
rienced a transient or irreversible increased in their 
work of breathing (WOB). John Dalziel designed and 
built the first so-called tank ventilators in 1838. This 
machine consisted of an air-tight box in which the 
patient would sit, because this position was described 
comfortable by the sickest. No detailed explanation of 
causes leading to the increased WOB was published at 
the time but clinical evaluation of patients suggested 
the sitting position was best for ventilatory purposes. 
The air-tight box would allow for the required reduc-
tion in the ambient pressure around the thorax.1,4,5 
The added negative pressure provided by the MV 
was necessary for creating a delta pressure and a flow 
of air inside the lungs (assisted inspiration).4 In 1864, 
Alfred Jones was responsible for the realization of 
Dalziel’s theoretical concept. Jones patented his tank 
ventilator which allowed for manual assisted venti-
lation via the depression of a plunger placed outside 
the box which contained 1 individual. This manual 
movement worked simply by decreasing the pres-
sure within the box (inhalation) and the release of the 
plunger, conversely produced exhalation. The extent 
of negative pressure generated within the device was 
monitored by a pressure gauge incorporated into the 
design, while patients’ vital signs were not moni-
tored.2–4 Eligibly, these adult patients were awake so 
the state of consciousness as well as reported symp-
toms were used at the bedside. Nurses were trained 
for monitoring consciousness and they were a fun-
damental part of this process. Authors could assume 
these nurses were the predecessors of modern respira-
tory therapists. Ignez von Hauke developed the first 
cuirass ventilator but found it of limited use in agi-
tated patients, which drove him to evolve his design 
into a tank respirator, the “Pneumastiche Panzer” in 
1874.5 In 1876 Alfred Woillez built the first functional 
mechanically powered negative pressure ventilator 
which was called the “iron lung” or “spirophore.”3–5 
This was developed to help drowning victims in Paris 
and its’ design included the first attempt at monitoring 
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VT. This was done by means of a metal rod placed 
on the patient’s chest which measured the change 
in the size of the thorax and assumed the volume of 
the flow of air generated. Therefore, in the 19th cen-
tury the movement of the rod served as a surrogate 
marker of the VT,3 while the state of consciousness 
was a surrogate of ventilation, perfusion, and brain 
oxygenation.3 Those machines were used mainly for 
resuscitation and emergency medicine purposes.3 
The start of the 20th century saw rapid progression 
in the evolution of mechanical ventilators to be used 
in anesthesia and CCM.4,5,8 The end of the same cen-
tury supported also the creation of positive pressure 
mechanical ventilators.8

Iron Lungs for Sick Patients
In 1904 Ferdinand Sauerbrach created the first neg-
ative-pressure operating chamber.1,4 This machine 
housed the entirety of the patient from the neck down 
and was additionally large enough to accommodate 
the surgeon. The patient’s head and the doctors act-
ing as the anesthetist remained outside the chamber.4 
The design also incorporated a flexible sack around 
the patients’ body which permitted the application 
of positive pressure in an attempt to reduce the accu-
mulation of blood in the abdomen and legs. This sack 
could prevent a complication which had become 
known as “tank shock.”2 The “tank shock” was not 
well described physiologically but clinically it was 
reported as a frequent complication which could cause 
death secondary to cardiac arrest2 In 1907 Heinrich 
Drager received the patent for his “Pulmotor” 
designed for “blowing fresh air or oxygen into the 
lungs.”8 After modifications of the original prototype, 
the “pressure controlled” Pulmotor was in production 
by 1908.5,8 Drager was originally a watchmaker, this 
is possibly the reason why the Pulmotor was “time 
controlled.” The Pulmotor was in production by 1908 
and it was used extensively for resuscitation in both 
hospital and nonhospital environments.4,5,8

The devastating spread of poliomyelitis across 
North America and Europe accelerated further 
refinement of the “iron lung” negative pressure tank 
ventilators. The first attempt to treat critically ill polio-
myelitis patients was likely by Thorsten Thunberg in 
Sweden, who developed a tank ventilator he called the 
“Barospirator.”9 Unfortunately, none of the patients 
survived which dampened interest in the device.9 
In 1928, Philip Drinker, with the assistance of Louis 
Agassiz Shaw, successfully adapted a device initially 
planned for implementation in industrial hygiene 
(work-related illness and injury), into the first “iron 
lung” which would enjoy widespread use.10 Drinker 
published numerous landmark papers in contempo-
rary medical literature.9,10 By 1931, the “iron lung” was 
successfully modified by John Emerson.9,10 Emerson’s 

machine had “air-tight” ports which facilitated nurs-
ing access and included a bed that slid easily into the 
machine. It was believed to incorporate a superior 
mechanism, had a back-up pump, and allowed the 
practitioner to control respiratory rate.10 Emerson’s 
MV was also much lighter, less noisy, and cheaper than 
Drinkwater’s machine.10 The subsequent legal dispute 
between Drinkwater and Emerson was eventually set-
tled in Emerson’s favor in 1935 with the judge declar-
ing that both men had merely modified preexisting 
technology rather than inventing the concept.10 In 1908 
Peter Lord patented the “respirator room” and in 1950 
James Wilson created a multiperson negative pres-
sure chamber which was installed at the Children’s 
Hospital, in Boston.2,3 A model of ventilation includ-
ing a central station for many patients was recently 
advocated for the treatment of respiratory failure in 
the COVID-19 pandemic.6 In 1901 Rudolf Eisenminger 
designed the “Biomotor,” the first negative pressure 
chest cuirass ventilator to allow synchronization of 
mechanical ventilators with patient’s effort.11 Willian 
Steuart patented and built a cuirass in South Africa 
in 1918 to combat a poliomyelitis epidemic but his 
invention was never tested clinically.4 In the 1950s the 
“iron lungs” remained the dominant ventilator mode 
despite limited successful application.

In 1917 Boyle’s original anesthesia machine was 
built.12 The breathing system consisted merely of a 
Cattlin bag, 3-way stopcock and a facemask. In 1945 
John Blease invented a simple bellows ventilator, “the 
pulmoflator,” which enabled automatic positive pres-
sure ventilation for patients undergoing surgery.12

The 1952 surge of poliomyelitis cases in Copenhagen 
provided the impetus for the birth of modern MV.3 
Prof Bjorn Ibsen augmented the air flow generated by 
the iron lung in a 12-year-old critically ill child using 
manual positive pressure ventilation via a tracheos-
tomy. The addition of manual positive pressure ven-
tilation reduced the 87% mortality rate to 40% almost 
instantly.3 By the end of the epidemic, mortality had 
dropped to just 23%.5 Ibsen is additionally credited 
with the vision of accumulating these patients with 
enhanced needs into a singular dedicated area thereby 
ushering in the era of ICUs.3 Monitoring was spare but 
expertise of people working in this area were higher 
compared to other wards. The transition from nega-
tive to predominantly positive pressure ventilation 
had important physiological consequences for the 
patients due to the increase in intrathoracic pressure. 
The interface between MV and cardiac function had 
been of great interest to Motley et al11 who documented 
the impact on cardiac preload, ventricular filling, and 
cardiac output as early as 1948. The authors correctly 
alluded to the inverse relationship between tho-
racic pressure and the hemodynamic response of the 
patients.11 These altered cardiopulmonary interactions 
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would have undoubtedly highlighted the concomi-
tant need for better hemodynamic monitoring. The 
positive pressure inside the chest impacted cardiac 
preload, afterload as well as the ventricular function. 
Moreover, not all patients on positive pressure venti-
lation were awake and this further reduced the pos-
sibility of neurological monitoring.4,11,12 Anesthesia 
drugs were also introduced in the same period so risks 
related to the use of positive pressure ventilation in 
combination with new drugs, in the context of no or 
minimal monitoring represented elevated risks even 
for young and healthy patients.

In summary, the decade that followed, major 
advances in engineering saw the refinement of 
mechanical positive pressure ventilators which had 
first become available in the 1940s.3 These first-gen-
eration ventilators initially only provided volume-
controlled ventilation and were perhaps defined by 
the uniform lack of patient-triggered breaths. These 
machines largely lacked any form of monitoring or 
alarms and none incorporated PEEP.2,3 Nonetheless, 
this generation of ventilators peaked with the intro-
duction of the double circuit Engstrom which was 
equally adept in the ICU or operating theater.10 The 
Engstrom was a lighter and a more versatile ventilator. 
Most important was that this could perform airway 
pressure (Paw) monitoring, VT and exact respira-
tory rate setting.2 The advances in MV management 
was augmented by the fact that blood gas monitoring 
became routine during the early 1960s.11 In 1929 Kurt 
von Neergaard a German-born physiologist discov-
ered surfactant an isotonic gum solution to eliminate 
surface tension.13 The late 1960s saw the emergence of 
ventilators based on fluidic technologies.14 These ven-
tilators, despite favorable evaluations in the following 

years, would not go on to become widely popular.14 In 
1962 Kylstra described the liquid ventilation (Lv) as 
a technique of MV in which the lungs are insufflated 
with an oxygenated perfluorochemical liquid.15

Ashbaugh et al16 described the “adult respiratory 
distress syndrome” (ARDS). These authors published 
the first evidence of the efficacy of PEEP to improve 
oxygenation.16 They achieved the delivery of PEEP by 
immersing the expiratory limb of an Engstrom anes-
thesia ventilator under water.2,16 The realization of the 
potential role of PEEP in improving end-expiratory 
lung volume (EELV) led to the widespread inclusion of 
PEEP into contemporary second-generation mechani-
cal ventilators of the 1970s, heralded by the release of 
the Puritan Bennett MA1.17 The second-generation, 
widely defined by the incorporation of patient-trig-
gered inspiration, additionally saw the incorporation 
of basic monitoring and alarms such as high pressure, 
high rate and low VT. In 1970s the Puritan Bennett 
MA1 had patient-triggered inspiration, PEEP, basic 
monitoring and alarms for indicating high pressure in 
the system, high respiratory rate, and low VT.17

Synchronized intermittent mandatory ventilation 
(SIMV) is a type of volume control mode of ventila-
tion. SIMV added as a mode option was possible by 
the introduction of intermittent mandatory ventilation. 
Another important innovation was the introduction 
of intermittent mandatory ventilation. Later, the use 
of demand valves allowed for improved synchroniza-
tion with patient effort and saw SIMV added as a mode 
option. The early 1980s saw the Siemens Servo900C con-
clude the advancements of the era of second-generation 
machines by adding pressure-control and pressure sup-
port modes to the bouquet.2 The Table contains a sum-
mary of innovations and innovators in the last centuries.

Table.  Summary of Innovations and Innovators of Mechanical Ventilators in the Last Centuries
Date Inventor/s Country/place Innovation Mode of ventilation 
1530 Parecelcus Switzerland Manual bellows resuscitation Positive
1543 Vesalius Italy––Padua Bellows via chest Positive
1667 Hooke England––London Bellows via tracheostomy Positive
1838 Dalziel Scotland First tank ventilator Negative
1864 Jones United States––Kentucky Patented tank ventilator Negative
1874 Von Hauke Austria Pneumatische Panzer Negative
1876 Woillez France––Paris First iron lung––Spirophore Negative
1904 Sauerbrach Germany Operating chamber Negative
1904 Eisenmenger Hungary Cuirass––Biomotor Negative
1907 Drager Germany Pulmotor resuscitator Positive
1908 Lord United States––Worchester Respirator room Negative
1917 Boyle England Original anesthesia machine Positive
1918 Stueart South Africa Cuirass Negative
1920 Thunberg Sweden––Lund Tank ventilator––Barospirator Negative
1927 Eisenmenger Hungary Motorised Biomotor Negative
1928 Drinker and Shaw United States––Boston First commercial iron lung Negative
1930 Wilson United States––Boston Multiperson chamber Negative
1931 Emerson United States––Boston Modified iron lung Negative
1945 Blease England Bellows ventilator for anesthesia––Pulmoflator Positive
1952 Ibsen Denmark Bag ventilation and ICU Positive

Abbreviation: ICU, intensive care unit.
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By the mid-1980s, the inclusion of microprocessor 
control defined the arrival of third-generation venti-
lators.2,3 The expansion in processing power enabled 
a marked improvement in machine response to 
patient demand including the use of flow triggering. 
Pressure support augmentation of inspiration was 
added to SIMV and Paw release ventilation became 
available. Extensive monitoring and alarms became 
standard of care. Mechanical ventilator scalars and 
loops were displayed graphically for the first time, 
forever changing the practice of MV as we headed 
into the modern era.2,16

THE PRESENT
MV is currently used in anesthesia and in CCM to 
support patients for a variety of reasons. There are 
differences in the way MV is applied and the use 
of MV may vary depending on the patient’s under-
lying conditions and the type of procedure being 
performed.

MV is used in anesthesia during surgical proce-
dures to maintain a patient’s airway while ensuring 
adequate oxygenation and ventilation. The goals of 
MV in this setting are to secure normal blood gas 
values, avoid complications such as atelectasis and 
ventilator-induced lung injury (VILI), and prevent 
aspiration of gastric contents. In most of the cases, 
intraoperative MV settings are for patients with 

healthy lungs with a planned weaning and extubation 
at the end of the procedure.

MV in critical care medicine (CCM) is used to 
support critically ill patients with acute respira-
tory failure (ARF) or ARDS due to various medi-
cal conditions such as pneumonia, sepsis, or heart 
failure. MV including NIV techniques are used for 
chronic obstructive pulmonary disease (COPD) 
and Asthma. The goals of MV in the setting of 
CCM are to improve oxygenation and ventilation, 
decrease the WOB, and decrease the risk of com-
plications such as ventilator-associated pneumonia 
(VAP) or VILI.17

Overall, MV plays a critical role in both the operat-
ing room (OR) and the ICU. MV is not a treatment 
per se, but it acts as an organ support and a bridge to 
recovery. Ideally, it should be provided in the acute 
phase and for the shortest period possible while aim-
ing to avoid its associated complications such as VILI, 
VAP, hemodynamic decompensation (eg, right ven-
tricle failure), diaphragmatic dysfunction and hyper-
oxymia with its related oxidative stress.17,18 n this 
“Present” section author will do an overview of dif-
ferent physiological concepts and their clinical appli-
cation in the OR and ICU.19,20

Figure  1 is a summary of concepts related to the 
physiology of MV and their application at the bedside 
in anesthesia and CCM. Hemodynamic consequences 

Figure 1. Physiological concepts of MV and their application at the bedside in anesthesia and critical care medicine. DP indicates driving 
pressure; FiO2, fraction of inspired oxygen; HFOV, high-frequency oscillatory ventilation; MV, mechanical ventilation; PaO2 = arterial pressure 
of oxygen in the arterial blood gas; PBW, predicted body weight; PEEP, positive end-expiratory pressure; P-SILI, patient-self-inflicted lung injury; 
RV, right ventricle; VT, tidal volume.
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of positive pressure MV are also summarized in 
Figure 2 and these are, namely:

•	Positive intrathoracic pressure due to MV will be 
transmitted to the heart, pericardium, and great 
vessels.

•	Positive pressure MV has long been known 
to have a significant effect on cardiovascular 
hemodynamics due to heart-lung interactions 
as it increased right ventricle (RV) afterload 
and reduced RV preload which could lead to a 
decrease in RV stroke volume and subsequently 
compromise left ventricle (LV) filling and car-
diac output.

•	Positive pressure MV could also reduce LV pre-
load in patients with preserved LV systolic func-
tion (preload-dependent patients).

MV in the Operating Room
Patients undergoing general elective surgery have 
most of the time normal lungs. The patients are 
sedated and sometimes paralyzed for the purpose 
of surgery and intubated to allow positive pressure 
assisted-controlled ventilation for a short period of 
time (ie, several hours).20 The patient has standard 
hemodynamic monitoring, respiratory monitoring, 
and temperature monitoring, and urinary catheter is 
discretional but used on many occasions. During elec-
tive surgery the 2 main complications related to MV 
are as follows: atelectasis and VILI.20

Physiological Concepts and Intraoperative/
Perioperative Atelectasis and Ventilator-Induced 
Lung Injury
The onset of atelectasis in surgical patients undergo-
ing general anesthesia is very frequent (more than 
90 %) with distinct mechanisms.20,21 Compression 

atelectasis is not only related to general anesthesia 
per se (ie, loss of muscle tone) but also to multiple 
other demographic and perioperative conditions 
(age, obesity, Trendelenburg position, abdominal/
laparoscopic surgery, thoracic surgery/ one-lung ven-
tilation, nonventilated lungs during cardiopulmonary 
bypass [CPB]).22,23 In the postoperative period, com-
pression atelectasis is mostly related to persistent dia-
phragmatic dysfunction and pain-induced reduction 
of cough effectiveness with bronchial obstruction.21 
Another mechanism is resorption atelectasis that can 
be caused by high perioperative inspired FiO2 levels.22

Perioperative atelectasis leads to a decrease in 
EELV, a ventilation/perfusion mismatch, and a 
decrease in lung compliance.23,24 During MV, the ini-
tial lung volume corresponds to the EELV, and its 
change is induced by the insufflated VT. Volumetric 
lung strain is defined as the ratio of change in VT to 
initial volume (EELV). This relationship suggests that, 
while reducing VT is important in surgical patients, 
VT is not the only determinant of lung strain and 
injury.25–27

Driving pressure (DP) provides an easily mea-
sured (difference between plateau pressure [Pplat] 
and PEEP) indicator of volumetric lung strain.24 
Above the pure volumetric information provided by 
VT, DP offers additional information on volumetric 
lung strain (ie, VT adjusted to aerated lung volume, 
ie, EELV) (Figures 2 and 3).25 Recent studies in surgi-
cal patients are in agreement with these physiological 
concepts and reported that high DP may be a more 
important trigger than VT to cause VILI as it is more 
associated with postoperative pulmonary complica-
tions (PPCs; eg, hypoxemia, pulmonary infections)25,26

Along this line, intraoperative lung-protective and 
personalized ventilation that avoids both alveoli over-
distension and derecruitment (eg, alveolar recruit-
ment maneuvers [ARMs], individualized PEEP levels 

Figure 2. Challenges of mechani-
cal ventilation and treatment 
options. Guidelines of treat-
ment approved by the ESICM in 
2023. ARM indicates alveolar 
recruitment maneuver; ECCO2R, 
extracorporeal carbon dioxide 
removal; ECMO, extracorporeal 
membrane oxygenation; ESICM, 
European Society of Intensive 
Care Medicine; FiO2, fraction of 
inspired oxygen; HFNO, high-flow 
nasal cannula oxygenation; HFOV, 
high-frequency oscillatory ventila-
tion; MP, mechanical power; NO, 
nitric oxide; RR, respiratory rate; 
RV, right ventricle; PEEP, positive 
end-expiratory pressure.
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and low VT) may decrease lung injury and its related 
inflammatory response and subsequently PPCs.26 
Although ARM and high PEEP levels may be benefi-
cial for the lungs, they may impact hemodynamics 
with a decrease in venous return and cardiac output 
especially after induction and during major surgical 
bleeding. Such an approach has to be avoided during 
hemodynamic instability or in patients that are more 
complex.27

Protective MV in the Operating Room
Lung-protective ventilation may improve surgical 
patients’ outcomes especially those with increased 
risk of PPCs (eg, elderly, obese patients, pulmonary 
disease, preoperative hypoxemia, prolonged anes-
thesia, urgent surgery, and abdominal/thoracic 
surgery).28

During induction of anesthesia, continuous posi-
tive airway pressure (CPAP)/NIV or high-flow nasal 
cannula oxygenation (HFNO) could be considered 
especially in obese patients.30 Their combination with 
head-up position limits EELV decrease, improves oxy-
genation, and increases the duration of nonhypoxic 

apnea29–32 Nonetheless, in a very recent meta-analysis 
including adult studies that compared HFNO and tra-
ditional facemask preoxygenation in surgical obese 
patients, no difference between the 2 interventions 
was found in preventing oxygen desaturation <92% 
or the lowest oxygen saturation before intubation33 
Lung-protective ventilator setting during surgery 
includes low VT and individualized PEEP levels. 
Low VT alone (ie, 5–8 mL/kg predicted body weight 
[PBW]), has been reported as associated with a reduc-
tion in PPCs when compared to high VT (>8 mL/kg 
PBW).34 Nonetheless, low VT alone was described 
as insufficient to protect healthy lungs in surgical 
patients. It has been suggested to apply an adequate 
PEEP and ARM in addition to low VT to minimize 
the risk of atelectrauma and decrease PPCs.35 Multiple 
clinical trials highlighted that intraoperative MV with 
low VT, high levels of PEEP (6–10 cm H2O) and venti-
lator-driven ARM (eg, CPAP of 30 cm H2O for 30 sec-
onds) are associated with improved oxygenation and 
respiratory system compliance and less PPCs.23,36,37 
Neto et al26 reported in a meta-analysis including 
17 randomized controlled trials (n = 2250 surgical 

Figure 3. Suggested approach for 
an intraoperative lung-protective 
ventilation based on driving pres-
sure optimization. ARM indicates 
alveolar recruitment maneuver; 
CPAP, continuous positive airway 
pressure; DP, driving pressure; 
PBW, predicted body weight; PEEP, 
positive end-expiratory pressure; 
VT, tidal volume.
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patients) that intraoperative high DP and changes in 
the level of PEEP that result in an increase of DP are 
associated with more PPCs. This study suggests that 
PEEP level could be personalized based on intraop-
erative DP (ie, lowest PEEP associated with the low-
est DP).27 A Suggested approach for an intraoperative 
lung-protective ventilation based on DP is presented 
in Figure 3.

The concept of mechanical power (MP) calculation 
in the OR was described to integrate the complexity of 
the interaction between multiple respiratory variables 
which may cause VILI. MP is calculated with the fol-
lowing equation:

MP (joules/min) = 0.098 × respiratory rate × VT 
× (PEEP + 0.5) × (Pplat – PEEP) × (peak pressure 
– Pplat).37,38

The static, dynamic elastic, and dynamic resistive 
components are approximated by the PEEP, (DP = 
Pplat – PEEP), and (peak pressure – Pplat) part of the 
formula, respectively.38 In recent studies including sur-
gical patients, higher intraoperative MP was associated 
with a greater risk of PPCs and postoperative respira-
tory failure requiring reintubation.39,40 A personalized 
MP-based lung-protective ventilation strategy based 
on the potential modification of its actionable ventila-
tory parameters (ie, VT, PEEP, DP, and respiratory rate) 
could be assessed in future surgical patients’ studies.41

In the postoperative period, the administration 
of prophylactic CPAP or HFNO immediately after 
extubation in high-risk and/or obese patients has 
been reported to improve oxygenation and decrease 
PPCs.42,43

Monitoring MV in the Operating Room
Current standards for intraoperative ventila-
tion basic monitoring during general anesthesia 
(American Society of Anesthesiologists) include 
pulse oximetry, oxygen concentration in the inspired 
gas, expired carbon dioxide, and expired gas vol-
ume.44 As the respiratory system may be modified 
by multiple dynamic conditions related to general 
anesthesia or surgery, a continuous monitoring of 
the different biophysical characteristics (ie, pressure-
volume curves reflecting its dynamic compliance) 
should be applied.27

Electric impedance tomography and transpul-
monary pressure monitoring using an esophageal 
manometry were also suggested to personalize PEEP 
level in surgical patients with a low respiratory sys-
tem compliance (obese patients, laparoscopic sur-
gery/steep Trendelenburg position).45,46 Nonetheless, 
even if implementing this specific monitoring has 
a solid physiological background, it requires addi-
tional equipment and training in use and interpre-
tation, which may make its daily use at the bedside 

challenging for the clinicians, especially for a short-
term period of MV.

Weaning From MV in the Operating Room
During emergence and before extubation, anesthe-
siologists should avoid conditions that negate the 
intraoperative efforts to recruit and avoid atelectasis. 
A similar approach to the 1 applied during induc-
tion should be used including the optimization of 
patient positioning (head-up position, 30°) and avoid-
ing zero end-expiratory pressure. Routine suction-
ing of the tracheal tube just before extubation should 
be avoided as well as it causes derecruitment and a 
decrease in lung volume. During emergence, increas-
ing FiO2 may improve oxygenation, but it may alter 
the respiratory system compliance by promoting atel-
ectasis formation.22 A pragmatic approach for extuba-
tion is to deliver 80% to 100% oxygen for the shortest 
time possible, reducing it to a lower level depending 
on the patient’s requirement.

MV in the Intensive Care Unit
MV in CCM has to take in account that DP and MP 
are concepts that can also relate to VILI and RV 
failure, as well as poor outcome and death in the 
ICU.47,48 Similarly, the association between over-
assistance with the use of mechanical ventilators, 
excessive respiratory effort, and diaphragm dys-
function can lead to poor prognosis.47 Authors will 
describe the impact of these concepts on the current 
practice in the ICU. Recent guidelines have indicated 
the increased role of advanced treatments, for exam-
ple, proning, nitric oxide (NO), extracorporeal car-
bon dioxide removal (ECCO2R), and extracorporeal 
membrane oxygenation (ECMO), corticosteroids, 
deep sedation, neuromuscular blocking agents, and 
others (Figure 2).48

The Concepts of Driving Pressure and 
Mechanical Power in Critically Ill Patients
Several factors have been considered as possible trig-
gers for VILI and these include:

•	Pressure (barotrauma).
•	Volume (volutrauma).
•	The repetitive cyclic opening and closing of lung 

units using insufficient VT (shear stress) Note: 
For a normal lung, the predicted maximum shear 
stresses are <15 dyn/cm2 at all respiratory rates, 
whereas for a lung with elevated surface tension 
or viscosity, the maximum shear stress will nota-
bly increase, even at a slow respiratory rate.

•	End-expiratory pressures (atelectrauma).
•	The consequent damage due to release of inflam-

matory mediators (biotrauma).
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The DP (ie, Pplat – PEEP) was reported as strongly 
associated with VILI in patients with ARDS.47 
Randomized trials and retrospective analysis 
reported that high VT, PEEP, and DP were related 
to poor outcomes.47,49 Conversely, lower peak inspi-
ratory pressure and lower respiratory rates were 
associated with reduced in-hospital mortality.50,51 
However, less attention was given to the effect of 
respiratory rate and flow although the latest experi-
mental evidence demonstrated that they play a sig-
nificant role in the development of VILI52 (Figure 2). 
MP has been proposed as unifying parameters for the 
main mechanical drivers of VILI and is considered 
the main determinant of its pathogenesis.53 MP is the 
amount of energy per unit of time generated by MV 
and released to the respiratory system. The classical 
equation of motion of the respiratory system states 
that the energy applied to the respiratory system 
per unit of time depends on the mechanical proper-
ties of the lungs (resistance and elastance), VT, PEEP 
level, and inspiratory flow.54 MP has been reported as 
more associated with the development of VILI than 
each of the individual components of ventilation set-
tings when taken separately. Experimental studies in 
piglets using characterization with pulmonary com-
puted tomography (CT) scans suggested that an MP 
higher than 12 joules/min could lead to VILI irrespec-
tive of the individual combinations of each compo-
nent.51 A retrospective analysis of 8207 mechanically 
ventilated patients in the ICU found that an MP > 
17 J/min calculated on day 2 after ICU admission 

was independently associated with increased hos-
pital mortality.55 However, heterogeneity of venti-
lated lung surface area and the relationship between 
chest wall and lung compliance (ie, transpulmonary 
pressure) indicates that a fixed threshold of MP is 
not attainable in different patients as a predictor for 
VILI. Indexing MP to PBW (a surrogate for lung size) 
was found to be a predictor of mortality in patients 
with ARDS.56 A retrospective analysis of 7 published 
studies which included 224 patients with ARDS con-
cluded that there was no causal relationship between 
MP itself and mortality.57 MP normalized to compli-
ance of the amount of well-aerated lung tissue was 
independently associated with ICU mortality. MP 
normalized to well-aerated lung tissue seemed to 
better predict outcome compared to MP normalized 
to the respiratory system compliance.57 The measure-
ment of DP and MP supported the definition of crite-
ria for a lung-protective MV ventilation in ICU.

Lung-Protective MV in Intensive Care Unit
Goligher et al58 performed a reanalysis of ARDSNet 
trial data (randomized controlled trials) and they 
found that the limitation of VT has a varied impact 
on mortality which was determined by baseline lung 
compliance, and it had no effect when the compliance 
was high. These results show that DP (is determined 
by both VT and respiratory system compliance, rather 
than VT alone), may represent a better target for 
adopting lung-protective ventilation strategies. PEEP 
selection during MV in the ICU is very difficult and it 

Figure 4. Driving pressure added information on volumetric lung strain (ie, VT adjusted to EELV). CRS indicates respiratory system compli-
ance; DP, driving pressure; EELV, end-expiratory lung volume; PEEP, positive end-expiratory pressure; TLC, total lung capacity; VT, tidal volume.
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can influence regional transpulmonary pressures and 
mitigate VILI.61,62 Nonetheless, it is still not clear how 
to choose the “best PEEP” as to influence patient out-
comes. No difference in mortality or ventilator-free 
days was found between technology-guided PEEP 
titration versus empirical PEEP and FiO2 settings59,60 
(Figures 2 and 4).

A post hoc analysis of EPVent 2 study showed dif-
ferences in the treatment effects in patients according 
to severity of multiorgan dysfunction and a lower mor-
tality rate was observed in patients with less severe 
illness (lower APACHE II scores).61 After adjusting 
to multiorgan dysfunction, optimum PEEP titra-
tion to achieve Pes-guided transpulmonary pressure 
closer to 0 was associated with improved survival.60 
REST trial aimed at testing the effect of ultraprotec-
tive lung ventilation by lowering VTs to less than 6 
mL/kg of PBW in patients with moderate-to-severe 
ARDS by using ECCO2R.62 The study was stopped 
early due to feasibility and futility as the intervention 
group had more serious adverse events (intracranial 
bleeding) and fewer ventilator-free days.62 Several 
questions arise such as the variable experience across 
the study centers in dealing with ECCO2R, the qual-
ity of the ECCO2R device used and the heterogeneity 
of groups of patients investigated. Current guidelines 
describe these concerns and make clinical suggestions 
easy to follow.48 Overall, lung-protective MV in ICU 
especially in ARDS patients, includes low VT volume 
4 to 6 mL/kg of PBW, the potential use of high PEEP, 
early consideration of prone positioning, and the 
use of extracorporeal mechanical support (ECMO).48 
More details can be found on the European Society 
of Intensive Care Medicine (ESICM) guidelines for 
the management of ARDS (Figure 2).48 Hemodynamic 
consequences of positive pressure in critically ill 
patients are the same presented at the beginning of 
this section, namely:

1.	Positive intrathoracic pressure transmitted to the 
heart, pericardium, and great vessels.

2.	Heart-lung interactions including increased RV 
afterload and reduced RV preload.

3.	Reduced LV preload in patient’s 
preload-dependent.

Right Ventricle Protective Ventilation in Critically 
Ill Patients. More than 20% of ARDS patients 
were found to have echocardiographic signs of 
RV dysfunction which is associated with higher 
mortality.63 Changing VT can also have a profound 
impact on pulmonary vascular resistance, RV 
afterload, and high lung volumes can also 
compress the heart. Current understanding of 

the concept of intrinsic PEEP and the use of lung-
protective ventilation has enabled to safely reduce 
the hemodynamic consequences associated with 
positive pressure ventilation by using lower VT 
and setting a PEEP for the lower DP.64,65 Modern 
ventilators no longer deliver the standard square-
shaped pressure or volume control breathing but 
rather used auto-modes in adjusting delivered 
breaths according to the need of the patient and the 
triggered patient’s effort which aims to eventually 
reduce the negative hemodynamic consequences 
of MV.66 Another important point to reduce the 
hemodynamic consequences of MV, especially 
on the RV and venous return. Figure  2 shows the 
challenges related to MV, RV, venous return, and the 
treatment options mentioned in the recent ESICM 
guidelines.48

The inspiratory-to-expiratory (I:E) ratio is an 
important variable in patients with expiratory flow 
limitation (eg, bronchospasm) as insufficient time 
for expiration could lead to accumulation of intrinsic 
PEEP which could lead to hemodynamic deteriora-
tion. Pressure ramp time or percentage is the time 
or percentage of inspiratory time to reach maximum 
flow or pressure. This is useful in patient-initiated 
ventilation modes as it can help in achieving patient-
ventilator synchrony.67

MV-Induced Diaphragm Dysfunction (Myotrauma) 
and Implication for Diaphragm Protective 
Ventilation in Intensive Care Unit
The utilization of MV has been associated with dia-
phragm atrophy, particularly in the case of prolonged 
MV in chronic ICU patients. There are multiple pos-
sible mechanisms of MV-related myotrauma, namely:

1.	Insufficient inspiratory effort related to overas-
sistance, which may lead to myofibrillar atrophy 
and contractile dysfunction.

2.	Excessive respiratory effort related to insufficient 
ventilatory assistance, which may cause acute 
diaphragm weakness, delayed muscle inflamma-
tion, and proteolysis.

3.	Excess contractile loading developed while a 
muscle is lengthening (ie, eccentric contrac-
tion), which may occur in patient-ventilator 
dyssynchrony.68

The risk of myotrauma could be minimized by opti-
mizing patient inspiratory effort, avoiding under/ 
overassistance, and reducing patient-ventilator syn-
chrony and drive.57 Nonetheless, the precise degree of 
inspiratory effort necessary to prevent atrophy must 
be assessed and may differ between different patients 
and at different timings during ICU stay.68
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Weaning of MV in Intensive Care Unit
Weaning is the process of reducing the degree of 
ventilatory support which will ultimately lead to the 
liberation of patients from MV as the patient starts 
breathing spontaneously and then being extubated. 
This can be achieved in around 80% of mechani-
cally ventilated patients in the ICU when the cause 
of respiratory failure resolves. The remaining 20% of 
patients often require a longer and more gradual pro-
cess for weaning. Failure to wean from MV is asso-
ciated with longer ICU stay69 increased cost70 and 
worse morbidity and mortality.70,71 Failed extubation 
puts the patient at risk of life-threatening complica-
tions.72 Weaning failure could be due to cardiac dys-
function, or respiratory dysfunction with increasing 
evidence of the role diaphragmatic dysfunction plays 
in weaning failure.72 Weaning-induced pulmonary 
edema has been reported to represent around 60% 
of weaning failure by the largest study published 
to date.73 The same study found concomitant myo-
cardial ischemia to be an uncommon finding during 
weaning failure.73 The increase in venous return on 
shifting from positive to negative pressure ventila-
tion is often the cause of increased LV filling pres-
sures when LV compliance (diastolic function) is 
impaired. Furthermore, increase venous return could 
lead RV dilation, especially with RV function being 
impaired, and a further steep elevation in LV after-
load when significant inspiratory efforts generate a 
large drop in pleural pressure74(Figure  2). Caution 
should be warranted as cardiac ejection fraction is 
neither a sensitive nor specific parameter in evaluat-
ing LV systolic function and further studies on novel 
echocardiographic parameters (strain imaging) are 
needed to assess the effect of LV systolic function on 
the weaning outcome. Integrating multiple echocar-
diographic and lung ultrasound parameters into the 
weaning process is probably the best approach to 
improve the sensitivity and specificity of each indi-
vidual parameter and therefore enhance the clinical 
assessment at the bedside.

Monitoring MV in the Intensive Care Unit
MV is a life-saving intervention, but it can also lead to 
complications and iatrogenesis if not properly moni-
tored. To minimize the risks associated with MV, sev-
eral monitoring strategies are used, including:

Oxygenation Monitoring. This involves monitoring the 
patient’s oxygen saturation, pulse oximetry, expired 
carbon dioxide, and arterial blood gases to ensure that 
the patient is receiving adequate oxygenation and 
minute ventilation.

Ventilator Settings and Lung Mechanics Monitoring. 
This involves monitoring the patient’s expired VT, 

respiratory rate, and PEEP. Peak/Pplat is also monitored 
to ensure that the patient is receiving appropriate 
protective ventilation and assess the respiratory system 
compliance as a target of ventilator settings (eg, pressure-
volume curves modifications to different PEEP levels).

Esophageal Pressure and Calculated Transpulmonary 
Pressure (ie, Pplat - Esophageal Pressure) 
Monitoring. This monitoring provides a more accurate 
measurement of lung stress and risk of VILI especially 
in obese patients (ie, low chest wall compliance). 
They also allow quantification of strength and 
timing of respiratory efforts (ie, identification of 
dyssynchrony).24

Electrical Impedance Tomography. Electrical 
impedance tomography (EIT) is a noninvasive imaging 
technique that uses changes in electrical conductivity 
to create images of lung function. By monitoring 
changes in lung impedance, EIT can provide real-time 
information on lung volume, ventilation distribution, 
and regional lung compliance. This information can 
be used to optimize MV settings and minimize the 
risk of lung injury.75

Hemodynamic Monitoring. This involves monitoring 
the patient’s blood pressure, heart rate, central 
venous pressure as an indicator of RV congestion, and 
cardiac output to ensure that the patient is adequately 
perfused, and that the ventilation is not causing 
hemodynamic instability (Figures 2 and 4).

Point-of-Care Ultrasound. Point-of-care ultrasound 
(POCUS) of the heart, lung, and diaphragmatic can 
provide useful information for the evaluation of 
mechanically ventilated patients. It can help assess 
lung aeration, adjusting MV, assessing complications, 
and guiding weaning from MV. Integrated 
cardiopulmonary ultrasound can provide essential 
information in managing acutely unwell patients in 
the ICU.76 POCUS can be utilized to evaluate heart-
lung interactions and the negative consequences of 
MV especially overdistension and right ventricular 
dysfunction due to increased right ventricular 
afterload. Acute core pulmonale can be assessed by 
transthoracic echocardiography by the presence of RV 
dilation and paradoxical motion of the interventricular 
septum.77 Significant elevation of right-sided pressure 
can lead to arterial hypoxemia due to right to left 
shunt via a patent foramen ovale,78 which is best 
assessed with transthoracic echocardiography with 
bubble study or transesophageal echocardiography. 
Alveolar overdistension can lead to impaired alveolar 
ventilation and perfusion predominantly in the anterior 
lung zones and it can be detected by lung ultrasound 
by the reduction of the physiological pleural sliding 
in the anterior zones while augmenting positive 
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pressure ventilation.79 Moreover, lung ultrasound 
can assess lung aeration, presence or absence of 
congestion, degree of congestion, pneumonia, 
atelectasis, and pleural effusion with a much high 
sensitivity and specificity than chest radiography 
and was very useful during COVID-19 pandemic.80 
Lung ultrasound can directly assess recruitment/
derecruitment in mechanically ventilated patients and 
the response to various recruitment maneuvers as the 
appearance of a dynamic change of the consolidation 
(tissue-like pattern) to an artefactual vertical (B-lines) 
or horizontal (A-lines) indicating the increased 
aeration within the recruited lung zone.81

Moschietto et al82 found that diastolic dysfunction 
had moderate sensitivity and specificity in predict-
ing weaning failure from MV while systolic function 
showed no correlation. Assessment of lung ultra-
sound aeration score at the end of a spontaneous 
breathing trial predicted extubation failure with an 
area under the curve (AUC) of 0.86.83 Several authors 
demonstrated that diaphragmatic dysfunction dur-
ing a spontaneous breathing trial was associated with 
failed weaning.84,85 A combined integrated approach 
which includes cardiac, lung, and diaphragmatic 
ultrasound was useful not only to predict weaning 
failure but also to understand the underlying etiol-
ogy of weaning failure and to optimize chances of 
success.86

THE FUTURE
Importance of Physiologic Waveforms
Sources of noninterventional and continuous data 
and waveforms outside any clinical trial will consti-
tute a valuable form of data. Physiologic waveforms 
relating to patient health status (hemodynamic mon-
itors) and/or the delivery of health care (mechani-
cal ventilators) routinely collected from various 
sources (different manufactures) will feed nonin-
terventional studies that analyze primary data/
waveforms collected from registries.87 A key aspect 
of this monitoring/collection process is to minimize 
measurement errors. Physiological measurements 
from waveforms continuously acquired during rou-
tine clinical care may not be collected with the same 
fidelity as those obtained during prospective stud-
ies. Automatic measurement recordings from moni-
tors or ventilators are subject to random error arising 
from events occurring at time of data collection.88,89 
Measuring true Pplat during MV to calculate DP 
must be done in breaths where reverse triggering, 
double cycling, or double triggering is not present.90 
Moreover, granular data reveal differences between 
physiologic trajectories that were not evident from 
the sparse data or the median values. Recording 
mean arterial pressure hourly will miss hypotensive 
episodes lasting minutes therefore these episodes’ 

potential influence on treatment effects or outcomes 
is ignored.89

The potential of high-precision alerts based on 
AI to detect complex alterations in physiologic 
waveforms like poor patient ventilation interac-
tions detection is promising, but their impact on 
patient’s comfort, less days on MV, faster weaning 
or decrease length of ICU stay or mortality is still 
under research. Poor patient-ventilator interac-
tions or asynchronies are common throughout MV 
and reflect a mismatch between ventilator cycles 
and patients’ respiratory demands. Asynchronies 
are associated with prolonged MV and ICU stay, 
discomfort, dyspnea, sleep disruption, respiratory 
muscle dysfunction, and lung injury, and increased 
mortality.91 Using software and AI has been recently 
shown that clustered asynchronies could affect out-
come when accounting for determinate power and 
duration of the clusters. All ICU patients receiving 
MV developed clusters of asynchronies, suggesting 
clusters are common. Remarkably, the total num-
ber of clusters was associated with increased prob-
ability of being alive at ICU discharge. Importantly, 
however, the power and duration of clusters were 
associated with longer duration of MV and ICU 
stay and increased probability of death, mainly dur-
ing the first 48 hours of MV. Thus, clusters of asyn-
chronies are potentially more harmful than isolated 
asynchronies and their detection should alert clini-
cians to the need for caution.92

Once again, the impact of physiologic events is not 
on the event per se which could be even physiologi-
cally good but on how this event, in this case cluster-
ing of asynchronies, occurs during MV or in the ICU 
stay.91–93 Similarly, estimating of respiratory dynamics 
by applying an entropy approach on entire datasets of 
airflow or Paw tracings during MV yielded promising 
results on hidden patterns of poor patient ventilator 
interactions potentially leading to unplanned extuba-
tions (Figure 5).

Representative tracings of airflow (Flow), Paw, and 
sample entropy (SE) derived from Flow and Paw in 
2 patients 2 hours before the unplanned extubation 
event (self extubation).94 These advances will allow us 
to have alert systems beyond the traditional alarms 
and bedside observation and to build AI–assisted 
ventilator-management systems. From now on, syn-
ergy of human knowledge and wisdom (human neu-
rons), and AI (artificial neural networks) to achieve 
diagnostic excellence must coexist.95

Tools for Precision Medicine in the Critically Ill 
Patient
The design of a modern ICU must include health care 
technology, informatics systems, and appropriate soft-
ware to facilitate the improvement of health care delivery 
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and the environment of care for critically ill patients. 
These implementations require collaborative work 
between health care professionals and varied disciplines. 
Each medical device has the capability to export data 
and critically ill patients generate data from stationary 
or mobile bedside devices (monitors, ventilators, infu-
sion pumps, and vital organ support systems), image 
diagnostics, biological samples, and responses to envi-
ronmental changes that linked the patient to hospital 

servers.96,97 Therefore, data from any medical device 
must have agnostic connectivity with any information 
system. A platform to support AI systems should enable 
centralized and interoperable connectivity of biomedical 
data generated by the patient at any point along the care 
pathway, not only in critical care facilities, but from home 
before hospital admission to home after hospital dis-
charge. Again, an ideal platform should provide access to 
a set of indicators resulting from the application of digital 

Figure 5. Representative examples of ventilator tracings for airway flow (Flow) and airway pressure (Paw) and SE derived from Flow and Paw 
in 2 patients 10 min before to the self extubation event. The onset of poor patient-ventilator interaction (*) and self extubation event (#) were 
represented. SE is a nonlinear technique that measures the randomness of a series of data. SE-Flow (m = 2; r = 0.2) and SE-Paw (m = 4; r 
= 0.2) were calculated using a 30-s sliding window with 50% overlap (8). SE shows a high sensitive to changes in irregularity during MV. MV 
indicates mechanical ventilation; Paw, airway pressure; SE, sample entropy.
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signal processing techniques and AI to help in decision-
making not only in the ICU facilities but throughout the 
whole process of disease until curation.98,99

AI can now be trained to automatically extract 
and comprehend relevant information from elec-
tronic health records, physiologic data from medical 
devices, and diagnostic tools with the advancement 
of computer memory and processing speed.100 This 
capability has the potential to greatly enhance diag-
nostic and decision-making processes in health care. It 
is important to note that while AI systems hold prom-
ise in augmenting health care, they should always 
be used in conjunction with human expertise.101 The 
collaboration between AI systems and health care 
professionals can lead to more efficient and informed 
decision-making processes, benefiting both caregivers 
and patients.

MV in 2050
The potential to ventilate more than 1 patient with a 
single ventilator, a so-called split ventilator setup, has 
been proposed during COVID-19.6,102 This recalls the 
“respirator room” patented in 1908 by Peter Lord and 
the multi-person negative pressure chamber which 
was created in 1950 by James Wilson and installed at 
the Children’s Hospital, in Boston.2 The idea of a cen-
tralized machine seems in contrast with the concept 
that the future most likely will focus on automation 
based on AI. A bench testing model has proven that a 
shared ventilator setting is feasible with readily avail-
able equipment in a regional hospital.6 VTs, PEEP, 
and FiO2 can be individualized and monitored in a 
split ventilator.6 However, the split ventilator, as well 
as the multiperson chamber, were used in the contest 
of limited resources during the Polio epidemic2 or the 
COVID-19 pandemic.6 In general, personalized MV 
approach has been advocated for OR as well as for criti-
cally ill patients.103,104 The balance between the need for 
enhancing limited resources supporting the use of split 
ventilators or multiperson devices and the prevention 
of side effects leading to the use of individualized care 
is key for the future.105,106 Easy rules can be used at 
the bed side to limit risks associated with MV105,106 
and these include a personalized monitoring and 
MV settings. AI will contribute further to patients’ 
safety. In 2050, less patients will remain intubated for 
an extensive period of time unless this is part of their 
documented wishes.7 Safety for prolonged MV will be 
possible using AI but hopefully a multidisciplinary 
ethical team will also support the ICU and respiratory 
therapists daily at the bedside. E
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