
VOLUME 31 NUMBER 1 
JANUARY-DECEMBER 2023 
VOLUME 31 NUMBER 1 
JANUARY-DECEMBER 2023 

E-ISSN  2774-0048E-ISSN  2774-0048



Clinical Critical Care 
Volume 31, Article ID e230018, 6 pages

https://doi.org/10.54205/ccc.v31.264920

REVIEW
eISSN 2774-0048eISSN 2774-0048

Geo–economic variations in care for invasively ventilated 
patients: The potential benefits of closed–loop  

ventilation in resource–limited settings

Marcus J. Schultz1,2,3,4, Kaouther Saihi5, Rajyabardhan Pattnaik6, Gentle S. Shrestha7, Laura A. Buiteman–Kruizinga1,8

1Department of Intensive Care, Amsterdam University Medical Centers, location ‘AMC’, Amsterdam, the Netherlands, 2Mahidol–Oxford Tropical Medicine Re-
search Unit (MORU), Mahidol University, Bangkok, Thailand, 3Nuffield Department of Medicine, University of Oxford, Oxford, UK, 4Department of Research and 
New Technologies, Hamilton Medical AG, Bonaduz, Switzerland, 5Product Management Respiratory Care Devices, Hamilton Medical AG, Bonaduz, Switzerland, 
6Department of Intensive Care Medicine, Ispat General Hospital, Rourkela, Sundargarh, Odisha, India, 7Department of Critical Care Medicine, Tribhuvan Univer-

sity Teaching Hospital, Maharajgunj, Kathmandu, Nepal, 8Department of Intensive Care, Reinier de Graaf Hospital, Delft, the Netherlands

ABSTRACT: 

Lung–protective ventilation for invasively ventilated patients mimics normal 
breathing in which a low tidal volume is delivered at a specific respiratory rate 
with a limited inspiratory pressure on top of a sufficient level of positive end–
expiratory pressure. It has been thoroughly demonstrated that despite being an 
expensive procedure, invasive ventilation when applied in a lung-protective way 
has a strong potential to improve the outcome of critically ill patients. However, 
implementing lung–protective ventilation has several challenges, including the 
fact that it can be quite time–consuming. One way to facilitate the use of lung–
protective ventilation is to automate the settings involved with this strategy with 
closed–loop ventilation. In this review, we compare the epidemiology, ventilator 
management, and outcomes in critically ill ICU patients between middle–income 
countries and high–income countries and focus on the potentials and risks of 
closed–loop ventilation in middle–income countries.
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INTRODUCTION

Invasive ventilation is one of the cornerstones of respiratory support for critically 
ill patients. Half a century ago, the initial targets of invasive ventilation were to 
provide sufficient alveolar ventilation and maintain lung recruitment [1]. Some 25 
years ago, it became clear that lung protection was just as important, if not more so 
[2]. With this knowledge, national and international guidelines started to advocate 
lung protection, and lung–protective ventilation became the norm in intensive 
care units (ICU) worldwide [3]. Approximately 10 years later, closed–loop ven-
tilation was introduced [4]. With closed–loop ventilation, a group of algorithms 
implemented within the ventilator titrate automatically key ventilator settings that 
otherwise need to be set and adjusted manually by the healthcare professional. 
Evidence for the benefits of closed–loop ventilation has steadily grown in recent 
years [4].
	 Invasive ventilation faces several difficulties when resources are scarce [5, 6]. 
The costs of invasive ventilation are substantial in low– and middle–income coun-
tries (LMIC) [7], probably because of the relative high costs for the healthcare 
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KEY MESSAGES: 
•	 Lung–protective ventilation has a strong po-

tential to improve the outcome of critically ill 
patients but comes with challenges.

•	 There are some, but only minor differences 
in the epidemiology and ventilator manage-
ment between MIC and HIC.

•	 Automated or closed–loop ventilation has the 
potential to improve the use of lung–protec-
tive ventilation and maybe even the workload 
associated with it.

professionals needed to apply this intervention. Due to 
shortages of trained healthcare professionals, respiratory 
monitoring is often severely limited in ICUs with restrict-
ed resources [8]. Closed–loop ventilation could be help-
ful here as it ensures the use of optimal ventilator settings 
and reduces the workloads of the frequently overloaded 
healthcare professionals in LMIC.
	 In this review, following a succinct description of ven-
tilator settings that are key in lung protection and an over-
view of currently available closed–loop ventilation modes 
for use in critically ill patients, we compare the epidemi-
ology, ventilator management, and outcomes in critically 
ill ICU patients in middle–income countries (MIC) with 
high–income countries (HIC). We will end this review 
with a discussion of what we now need to know about 
the potential and risks of closed–loop ventilation in re-
source–limited settings.
 
KEY ELEMENTS OF LUNG–PROTEC-
TIVE VENTILATION 	  

The most important and easy element to apply for lung–
protective ventilation is low tidal volume (VT) that is 
sized to the predicted body weight (PBW), i.e., < 8 ml/
kg PBW, with a low inspiratory pressure (Pinsp), i.e., < 30 
cm H2O. Use of a low VT with a low Pinsp has repeatedly 
been shown to reduce mortality in patients with various 
forms of acute respiratory distress syndrome [9, 10]. In 
patients without ARDS, research showed that a somewhat 
higher VT, i.e., up to 10 ml/kg PBW, can also be accepted 
in patients with uninjured lungs [11], probably because 
these patients can breathe spontaneously more often and 
therefore may have a larger lung volume. One limitation 
of the use of low VT is the risk of arterial hypercapnia, 
which needs to be compensated with a sufficient rise in 
the respiratory rate (RR).
	 Another approach to protecting the lungs of critically 
ill patients is the use of low fractions of inspired oxygen 
(FiO2), to reduce the direct harmful effects of oxygen on 
pulmonary tissue [12]. With this approach, arterial hyper-
oxemia is prevented by restricted FiO2 levels, but one ca-
veat of this approach is the risk of acute or unrecognized 
arterial hypoxemia.
	 Invasive ventilation that results in a low driving pres-
sure (ΔP) may also prevent lung injury, improving the out-
come of invasively ventilated critically ill patients [13-15]. 
Direct evidence for the benefit of a strategy that targets a 
low ΔP, however, remains scarce. Besides, targeting a low 
ΔP can be challenging––a higher PEEP strategy, with or 
without recruitment maneuvers, may decrease ΔP if it in-
creases the size of the functional lung, but this approach 
may increase ΔP if it does not recruit collapsed lung units 
or instead causes pulmonary overdistention. This could 
be one of the reasons for the neutral [16-18] and at times, 
even conflicting findings [19, 20] in studies and meta–
analyses [21, 22] of PEEP and recruitment maneuvers in 
critically ill patients. Probably, a personalized approach is 
better [23, 24]. While it is generally agreed that the use of 
a higher PEEP strategy, i.e., with PEEP > 10 cm H2O, ben-
efits patients with ARDS [3, 25], there is evidence against 
using a higher PEEP strategy in patients with uninjured 

lungs [26]. Evidence for the benefit of recruitment ma-
neuvers in patients without ARDS is completely lacking.
The mechanical power of ventilation (MP) is receiving 
increasing attention as there is a clear and independent 
association between MP and outcomein patients with 
ARDS and in patients without ARDS [14, 15, 27]. Me-
chanical ventilation is associated with substantial dissi-
pation of energy, probably resulting in ‘heat’ or inflam-
mation, potentially leading to injury to lung tissue [14]. 
MP incorporates VT, Pinsp and ΔP, inspiratory flow, and 
RR, and reflects the energy transferred to the respiratory 
system per minute. There are several equations in use for 
calculating MP, the most frequently used is:

MP (J/Min) = 0.098 * VT [L] * RR * (Ppeak [cm H2O] – 
0.5 * ΔP [cm H2O])

	 Targeting a low MP is by far the most challenging 
and complicated aspect of lung–protective ventilation. 
MP involves a complicated calculation. It is also unclear 
which of these factors should be given priority. The most 
challenging aspect is undoubtedly that altering one pa-
rameter may necessitate altering another, and these ad-
justments may actually have opposing impacts on MP. 
For instance, reducing VT to lower the MP may trigger 
the use of a higher RR, yet doing so may actually raise the 
MP.
	 The ever-changing pulmonary condition makes it 
even more difficult to maintain all the above settings 
within safe ranges.

CLOSED–LOOP VENTILATION	

With closed–loop ventilation, software algorithms within 
the ventilator are able to adjust certain ventilator settings 
that otherwise need to be chosen and adjusted by the 
bedside clinician. There are several examples of commer-
cially available closed–loop ventilation modes, with sim-
ilarities and differences between them (see Figure 1) [4].
	 ‘Proportional Assist Ventilation+’ (PAV+)TM, avail-
able at ventilators of Puritan BennettTM (Puritan Bennett, 
Minneapolis, USA), and ‘Neurally Adjusted Ventilatory 
Assist’ (NAVA)TM, available at ventilators of MaquetTM 

(Getinge, Goteborg, Sweden), have in common that they 
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deliver proportional assistance and measure patient ef-
forts. SmartCareTM, available at ventilators of DrägerTM 

(Dräger, Lübeck, Germany), and ‘Adaptive Support Ven-
tilation’ (ASV)TM and its successor ‘INTELLiVENT–
ASV’TM, available at ventilators of Hamilton MedicalTM 

(Hamilton Medical AG, Bonaduz, Switzerland), have in 
common that they integrate algorithms to target alveolar 
ventilation and oxygenation goals considering changes in 
lung mechanics.
	 Evidence for the benefits of closed–loop ventilation is 
steadily growing. First, they may improve safety by pre-
venting unwanted deteriorations in gas exchange, i.e., se-
vere hypoxemia or dyscapnia. Second, they can increase 
the effectiveness by setting and titrating settings so that 
lung–protection is guaranteed, at least according to cur-
rent insights. Third, they may increase efficacy by facili-
tating the weaning process, which may translate to earlier 
liberation from the ventilator and maybe even better sur-
vival.
	 PAV+TM has been found to decrease ΔP, by decreasing 
VT when the functional lung size decreases and by in-
creasing VT only when the functional lung size increas-
es [28]. SmartCareTM and PAV+TM have been found to 
decrease the duration of weaning [29, 30], and to short-
en the duration of ventilation and stay in the ICU [30], 
and NAVATM may even increase survival [30]. INTEL-
LiVENT–ASVTM has been found to be safe and effective 
with regards to the titration of VT and Pinsp [31], FiO2 
[32], and ΔP and MP [33]. INTELLiVENT–ASVTM pro-
vides ventilation with more time spent in desired clinical 
target zones and with lower ΔP and less MP in various 
patient categories [34-36].

GEO–ECONOMIC VARIATIONS IN 
CARE FOR INVASIVELY VENTILATED 
PATIENTS

Two recently reported studies may help understand if 
the epidemiology, ventilator management, and outcome 
of invasively ventilated critically ill patients are different 
in middle–income countries (MIC) when compared with 
high–income countries (HIC) [37, 38].
	 The ‘Large observational study to understand the 
global impact of severe acute respiratory failure’ (LUNG–
SAFE) was a worldwide multicenter, prospective cohort 
study focusing on ventilator management in ARDS pa-
tients [3]. The enrollment window for LUNG–SAFE in-
cluded four consecutive winter weeks, chosen by each 
participating ICU, during February–March 2014 in the 
Northern Hemisphere and June–August 2014 in the 
Southern Hemisphere. The LUNG–SAFE investigators 
recruited 2813 patients with ARDS in 459 ICUs world-
wide, with 546 patients from 120 MIC and 2267 patients 
from 339 HIC [38]. The PRoVENT–iMiC study was an 
international, multicenter prospective cohort study in 
Asia, focusing on ventilator management in critically ill 
patients without ARDS [39]. Like LUNG–SAFE, the en-
rollment window of the PRoVENT–iMiC study includ-
ed four weeks, chosen by each country investigator, in 
November 2017–December 2018. The PRoVENT–iMiC 
study investigators managed to recruit a sample of 1315 
patients in 54 ICUs in Asia [40]. The individual patient 
data of patients without ARDS in the PRoVENT–iMiC 
study were merged with data from patients without 
ARDS in LUNG–SAFE and two other prospective co-

Figure 1. A timeline of close–loop ventilation, with a description of each ventilation modes that are currently available: 
proportional Assist Ventilation with load–adjustable gain factors, SmartCare, Neurally Adjusted Ventilatory Assist ven-
tilation (NAVA), and Adaptive Support Ventilation (ASV) and its successor INTELLiVENT–ASV (Adapted and modified 
from Buiteman-Kruizinga et al [4]). Abbreviations: VT: tidal volume; RR: respiratory rate; etCO2: end-tidal carbon dioxide; PS: pressure support; SBT: 
spontaneous breathing trial; WOB: Work of Breathing; FOB: Force of Breathing; SpO2: pulse oximetry; FiO2: fraction of inspired oxygen.
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hort studies [41, 42]. The merged sample included 3852 
patients without ARDS, 2345 in 27 LMICs and ,1507 in 27 
HICs [37].

Epidemiology
Compared to HIC, patients in MIC were younger and had 
a lower body mass [37, 38]. ARDS patients in MIC were 
less likely to have a pre–existing comorbidity like diabetes 
mellitus, chronic kidney failure, or liver disease, and more 
likely to have heart failure than patients in HIC [38]. Pa-
tients without ARDS in the MIC more often had diabetes 
mellitus or active cancer and less often had chronic ob-
structive pulmonary disease or heart failure than patients 
in the HIC [37].
	 The primary risk factor for ARDS was pneumonia, 
which did not differ between ARDS patients and patients 
without ARDS nor between MIC and HIC [37, 38]. Com-
pared to HIC, extrapulmonary sepsis was more common 
in patients in MIC [37, 38]. In patients with ARDS, there 
were noticeable differences between MIC and HIC in the 
frequency of pancreatitis, inhalation injury, and trauma 
[38]. Patients without ARDS were more often admitted 
for pneumonia and less often for gastric aspiration or pul-
monary contusion [37].
	 According to Sequential Organ Failure Assessment 
(SOFA) scores, patients with ARDS in MIC were slightly 
sicker than patients with ARDS in HIC. In patients with-
out ARDS, SOFA scores at admission were not different 
between MIC and HIC.

Ventilator management
The proportion of ARDS patients receiving ventilation 
with a low VT and a low Pinsp was not different in MIC 
compared to HIC [38]. Ventilation with a low FiO2 was 
more common in HIC than in MIC, and PEEP was more 
often low and less often high in MIC than in HIC. The use 
of recruitment maneuvers was lower in HIC than in MIC. 
A low ΔP occurred more often in MIC than in HIC. MP 
was not reported in this study.
	 The proportion of patients without ARDS receiving 
lung–protective ventilation with a low VT was compa-
rable between MIC and HIC [37]. VT expressed in ml/
kg actual bodyweight and PBW was also not different be-
tween patients in MIC and HIC, but the applied absolute 
median VT used in MIC was lower. The fraction of in-
spired oxygen, Pinsp, and ΔP were not different in MIC 
from HIC. PEEP was higher in HIC, but the difference 
was minimal. In this study also, MP was not reported.

Outcomes
Adjusted rate ratios for duration of invasive ventilation 
and length of ICU stay in ARDS patients were significant-
ly higher in HIC, and adjusted odds ratios for ICU and 
hospital death were significantly lower in HIC. These dif-
ferences, however, were not dependent on geo–economic 
variations in ventilation. Mortality was independently as-
sociated with gross domestic product.
	 ICU mortality was approximately 1.5 times higher in 
patients without ARDS from MIC than from HIC [37]. 
The higher probability of death in patients with MIC was 

particularly pronounced in patients with lower SOFA 
scores. Crude ICU mortality was inversely associated 
with gross domestic product per capita.

Interpretation
From these two conveniently sized studies, it can be con-
cluded that there are some, but only minor, case–mix 
differences between MIC and HIC. This at least suggests 
that ventilation strategies in MIC should not necessarily 
differ from those in HIC. And indeed, there are some, but 
again, only minor differences in ventilator management, 
mainly in patients with ARDS. Outcomes, however, are 
different: critically ill patients in HIC have better chances 
of liberation from the ventilator and eventually survival.
	 LUNG–SAFE, as well as the other meta–analyzed 
studies of ventilation in critically ill patients, may have 
suffered from observation bias and reporting biases. It is 
important to note that the investigators had no access to 
the patient data. The findings could also be biased when 
resource–rich ICUs might have been overrepresented. 
Large public hospitals, known for their large patient 
loads in relation to available healthcare professionals and 
potential worse adherence to guidelines, were underrep-
resented. Last but not least, these studies did include only 
one low–income country, probably underscoring the re-
source–dense nature of critical care.
	 Nevertheless, the differences in outcome between MIC 
and HIC are large and could reflect a situation where 
scarce healthcare professionals are having difficulties in 
adhering to other guidelines. If this is true, one approach 
could be to reduce workload associated with invasive 
ventilation, so that there is more time to improve other 
patient care.

FUTURE RESEARCH IN CLOSED–
LOOP VENTILATION 

As outlined above, certain parts of lung–protective venti-
lation are complex and time–consuming. In an area with 
shortages of healthcare professionals, as in resource–lim-
ited settings, there is a great need for automation. This 
need may even increase. In HIC, there are clear signs that 
demand, i.e., numbers of critically ill patients, will con-
tinue to grow, while supply, i.e., healthcare professionals, 
will remain near constant, resulting in deficits of ICU 
nurses and doctors at the bedside [43, 44]. The recent 
pandemic taught us that ICU systems can easily become 
disrupted, perhaps most of all because of the already 
scarcely available ICU nurses.
	 Benefits of closed–loop ventilation not only include 
its safety, effectiveness, and efficacy. It can be speculated 
that the introduction of closed–loop ventilation in LMIC 
could also reduce workloads. We are highly uncertain, 
however, how to measure workload. The use of closed–
loop ventilation may be associated with a reduction in 
the number of interactions between healthcare profes-
sionals and ventilators [45], but this does not necessarily 
mean it reduces workloads.
	 Unfortunately, most if not all studies of automated 
ventilation do not well report the adverse events that may 
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come with the use of closed–loop ventilation modes. Ad-
verse events, though, may occur, especially outside of a 
research environment. Examples of risks include unwant-
ed deteriorations in gas exchanges if alarms are improp-
erly set, and also unwanted, and even unsafe, (automated) 
ventilator settings if the limits for the software are set too 
wide.
	 One associated caveat is that the introduction of 
closed–loop ventilation itself will initially increase the 
workload. Indeed, automated ventilation requires a 
change in the role of caregivers, keeping in mind that 
with these modes, deteriorations in gas exchange may 
also happen, and that limits need to be set properly. Also, 
alarm settings can be set wrong, i.e., too loose or too tight. 
Regarding the last, with closed–loop ventilation, there 
could be an increase in the number of alarms, thereby 
increasing workloads. Thus, apart from investments in 
education and training, in the beginning it could be more 
time–consuming to work with a closed–loop system.
	 More work needs to be done. While studies thus far 
show that closed–loop ventilation systems are effective in 
invasively ventilated patients, it must be realized that ev-
idence via randomized clinical trials is mainly present in 
‘simple to ventilate’ patients, like those receiving postop-
erative ventilation after cardiac surgery. More studies are 
needed, and we ourselves are performing a study named 
‘Effects of Automated Closed-loop VenTilation versus 
Conventional Ventilation on Duration and Quality of 
Ventilation’ (ACTiVE), an international, multicenter, 
two–group randomized clinical superiority trial in 1200 
patients with an anticipated duration of ventilation of > 
24 hours (clinicaltrials.gov NCT04593810).

CONCLUSION

Closed–loop ventilation is finding its way into the ICU are-
na. Closed–loop ventilation is safe, and it has a great po-
tential to improve lung protection in critically ill patients. 
In the context of the shortages of healthcare professionals 
in resource–limited settings, research on closed–loop ven-
tilation should now also focus on workloads. Research also 
needs to evaluate its feasibility and effectiveness in these 
settings. If closed–loop ventilation reduces the workload 
associated with safe and lung–protective invasive ventila-
tion, it creates a chance for improvements in other parts of 
care, thereby hopefully improving the outcome of patients 
in settings with scarce resources.
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