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OBJECTIVE: To inform the design of open-source ventilators, we performed a 
systematic review of clinical practice guidelines (CPGs) to consolidate the evi-
dence on mechanical ventilation strategies that result in improved patient-impor-
tant outcomes for acute hypoxic respiratory failure.

DATA SOURCES: We developed a search strategy to identify relevant CPGs 
from Ovid Medline, Ovid Medline In-Process & Other Non-Indexed Citations, 
Embase, the Cochrane Library, Mendeley, and Google scholar from 2010 to 
February 17, 2022.

STUDY SELECTION: Using a two-step screening process with two independent 
reviewers, we included CPGs that made recommendations on mechanical ventila-
tion strategies of interest. Guidelines that reported at least one recommendation 
about mechanical ventilation in ICU patients with acute hypoxic respiratory failure 
were included.

DATA EXTRACTION: From the 13 eligible guidelines, we collected data on 
country, aim, patient population, impact on morbidity and mortality (effect size 
and CIs), recommendations, strength of Recommendation (as per Grading of 
Recommendations, Assessment, Development and Evaluations), and details of 
supporting evidence base.

DATA SYNTHESIS: We identified three ventilation strategies that confer a 
mortality and morbidity benefit for ventilated patients with acute hypoxic respi-
ratory failure: low-tidal volume ventilation, plateau pressures of less than 30 cm 
H2O, and higher positive end-expiratory pressure (PEEP). These moderate-to-
strong recommendations were based on moderate-to-high certainty in evidence. 
We identified several other recommendations with no or minimal certainty in 
evidence.

CONCLUSIONS: Our systematic review of international CPGs identified no rec-
ommendations favoring specific mode of ventilation and three ventilation strate-
gies that confer mortality and morbidity benefits, backed by moderate-to-strong 
evidence. Ventilator design teams must include the ability to consistently provide 
and measure low-tidal volume ventilation, plateau pressures of less than 30 cm 
H2O, and higher PEEP into their designs. Based on our findings, we provide the 
first public framework for open-source ventilator design.
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The COVID-19 pandemic has resulted in an extraordinary number of 
patients requiring ICU admission for mechanical ventilation (1). Due 
to risk of ventilator demand outpacing available supplies, public and 

private design teams have embarked to develop open-source ventilators that 
can be rapidly deployed to address regional shortages during ongoing waves of 
COVID-19, or future medical disasters and pandemics (2).
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To achieve this goal, ventilator design teams may 
balance “comprehensiveness,” which tries to incorpo-
rate the key features of modern ICU ventilators, and 
“minimalism,” which aims to provide the simplest 
(and therefore cheapest and easiest to operate) vi-
able product to achieve desired results (3). Although 
minimalistic designs are desirable, the design teams 
are often unclear regarding what features of a modern 
ventilator are essential for safe and effective manage-
ment of the most prevalent indication for mechanical 
ventilation-acute hypoxic respiratory failure (4). Safety 
features aside, they faced a question: what should an 
open-source ventilator be able to do to reduce mor-
bidity and mortality in patients with acute hypoxic 
respiratory failure? To date, this question remains 
unanswered. Although some publications have listed 
safety features and engineering components for devel-
oping emergency-use ventilators (5, 6), there has been 
no clear guidance on the evidence-based ventilation 
strategies that should be incorporated in the designs 
of these open-source ventilators to improve patient 
outcomes.

To inform the design of open-source ventilators, we 
conducted a systematic review of international clin-
ical practice guidelines (CPGs) on the management of 
acute hypoxic respiratory failure to identify and sum-
marize mechanical ventilation strategies that confer 
survival and morbidity benefits.

The objective of the study is to summarize evi-
dence-based mechanical ventilation strategies from in-
ternational CPGs that reduce morbidity and increase 
survival in patients with acute hypoxic respiratory failure 
in order to inform the design of open-source ventilators.

MATERIALS AND METHODS

Protocol

Our systematic review was conducted in accordance 
with the Preferred Reporting Items for Systematic 
Review and Meta-Analysis guideline (www.prisma-
statement.org) (Supplemental Digital Content 6, 
http://links.lww.com/CCX/B22) (7). We have regis-
tered our protocol in Prospero (CRD42022311815).

Population, Inclusion, and Exclusion Criteria

The target population was adult patients (≥18 yr old) 
receiving mechanical ventilation for acute hypoxic 

respiratory failure (e.g., due to acute respiratory distress 
syndrome [ARDS], COVID-19, pneumonia, and con-
gestive heart failure) as this is the most common indi-
cation for mechanical ventilation in the ICU worldwide 
(8). We included guidelines that provided recommen-
dations involving strategies for invasive mechanical 
ventilation (e.g., mode of ventilation, adjustable param-
eters such as positive end-expiratory pressure [PEEP], 
and inspiratory pressure). To be included, the CPG 
must have reported at least one recommendation re-
garding invasive mechanical ventilation and had to in-
clude a method for assessing the evidence behind these 
recommendations (e.g., Grading of Recommendations, 
Assessment, Development and Evaluations [GRADE]). 
We excluded guidelines that focused on noninvasive 
mechanical ventilation (including high-flow nasal ox-
ygen), weaning from mechanical ventilation, or recom-
mendations involving adjunctive care (e.g., head of bed 
elevation, use muscle relaxants, and use of esophageal 
balloon to titrate PEEP). To capture the latest recom-
mendations and summaries of most recent evidence, 
texts prior to 2010 were excluded.

Search Strategy and Study Selection

Guided by a health information specialist (Alla 
Iansavitchene), we performed searches in Ovid 
Medline, Ovid Medline In-Process & Other Non-
Indexed Citations, Embase, Cochrane Library, 
Mendeley, and Google Scholar, from 2010 to February 
17, 2022. The search strategy included a combination 
of the following keywords: clinical, guidelines, acute 
hypoxic respiratory failure, mechanical ventilation, 
and ventilator. Acknowledging the greater burden of 
ventilator shortages in resource-limited settings and 
that guideline recommendations may vary between 
jurisdictions, we purposefully broadened our search 
to include international guidelines outside of North 
America and Europe. Furthermore, inclusion of in-
ternational guidelines should minimize the bias that 
may be present in the evidence-to-decision frame-
work employed by key critical care societies in making 
recommendations.

Two reviewers (C.D., A.S.) independently screened 
articles in two stages via Covidence (Covidence.org, 
Australia). We screened titles/abstracts in the first 
stage, followed by a full-text review of relevant guide-
lines in the second stage. Disagreements were resolved 

www.prisma-statement.org
www.prisma-statement.org


Systematic Review

Critical Care Explorations	 www.ccejournal.org          3

by a third reviewer (M.S.). Our search strategy is sum-
marized in Supplemental Digital Content 1 (http://
links.lww.com/CCX/B22).

Data Extraction

Two reviewers (C.D., A.S.) independently extracted 
data using a standardized excel spreadsheet that in-
cluded: funding, country/region, aim, patient pop-
ulation, society endorsement, assessed strength of 
recommendation and details regarding evidence base 
used to reach recommendation, professional recom-
mendations and their description, impact on mor-
bidity, impact on mortality, level of recommendation 
(as per GRADE), certainty in effect estimate, source of 
evidence, number of studies included, number of par-
ticipants, mortality effect size, type of morbidity and 
morbidity effect size, and lower CI and upper confi-
dence level. Disagreements were resolved through 
consensus.

Rating the Quality of Clinical Practice 
Guidelines

To address the variability in quality of CPGs, we used 
The Appraisal of Guidelines for Research & Evaluation 
Instrument (AGREE II) tool, which has been vali-
dated for use in quality assessment of CPGs (9). Each 
domain that scored greater than or equal to 70% was 
considered effectively addressed. CPGs were consid-
ered ‘‘high quality” if they scored greater than or equal 
to 70% in at least three of six AGREE II domains, in-
cluding domain 3. If three domains or more were 
assessed a score of greater than or equal to 70%, except 
domain 3, they were considered to be of ‘‘moderate’’ 
overall quality. ‘‘Low-quality” CPGs scored less than 
70% in two or more domains and scored less than 60% 
in domain 3.

RESULTS

Study Selection and Characteristics

Our search strategy yielded 3,330 results, of which 
847 duplicates were removed. Of the remaining 
2,723 studies, 240 studies met the initial screening 
criteria. Subsequently, 31 guidelines that met inclu-
sion criteria underwent full-text review. From these, 
13 CPGs (10–22) met our inclusion and exclusion 
criteria (Fig. 1).

All 13 included guidelines reported recommenda-
tions on ICU patients, and six guidelines were pub-
lished and/or supported by a professional society. 
The focus of seven guidelines was on ARDS manage-
ment (10–14), two on sepsis management (15, 16), 
and one each on management of COVID-19 (17),  
mechanical ventilation for acute respiratory failure 
and COVID-19 in low-middle income countries 
(LMICs) (18), multiple organ failure in critically 
ill patients (19), and ventilation in ICU (20). Two 
guidelines were from North America (10, 17), two 
from Germany (12, 14), and one each from the 
United Kingdom (11), France (20), Scandinavia (21), 
Pakistan (16), Korea (22), and Japan (13). Three 
guidelines were international as it included collabo-
ration from multiple countries’ professional societies 
(15, 19) or an international task force (18).

Methodological Quality

The AGREE-II domain scores for each guideline can 
be found in Supplemental Digital Content 2 (http://
links.lww.com/CCX/B22). Nine of 12 guidelines were 
deemed high-quality based on greater than or equal 
to 70% quality score in three or more domains, in-
cluding domain 3 (10–15, 17, 21, 23). Eight of these 
high-quality guidelines had a quality score greater 
than or equal to 70% in all domains (10–15, 17, 22). 
One guideline was qualified as moderate quality based 
on quality score greater than or equal to 70% in three 
or more domains excluding domain 3 (16). Two guide-
lines were deemed low quality based on scores less 
than 70% in two or more domains (19, 20). Eleven of 
13 guidelines scored greater than 70% for domains of 
scope/purpose and clarity/presentation (8–15, 17–19), 
and 10 guidelines scored greater than 70% for rigor of 
development and applicability (10–15, 17, 18, 21, 22).

Summary of Recommendations

All guidelines included data from randomized control 
trials (RCTs) in their assessment of strength of recom-
mendations and seven of the guidelines conducted 
their own meta-analyses and presented relative risk of 
the recommendation/intervention on outcomes (mor-
tality and morbidity) (10–13, 15, 17, 21). Summary of 
guideline characteristics and recommendations can 
be found in Supplemental Digital Content 3 (http://
links.lww.com/CCX/B22).

http://links.lww.com/CCX/B22
http://links.lww.com/CCX/B22
http://links.lww.com/CCX/B22
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Mode of Ventilation

None of the included guidelines made strong recom-
mendations favoring specific mode of ventilation in 
patients with acute hypoxic respiratory failure. Eight 
guidelines provided strong recommendations against 
the use of high-frequency oscillation ventilation, given 
strong evidence of increased mortality and morbidity 
(10–15, 21, 22). One guideline provided a conditional 
recommendation against the use of high-frequency os-
cillation ventilation based on a meta-analysis of RCTs 
that showed no reduction in the risk of mortality (RR, 
1.05; 95% CI, 0.82–1.36) (13). One guideline provided 
a conditional recommendation for the use of both 
volume-controlled or pressure-controlled modes of 
ventilation in patients with ARDS or a partial mode 
of ventilatory support (e.g., pressure support mode, 
where a spontaneous breath is initiated by the patient), 
based on low quality of evidence (21). This conditional 
recommendation was based on three RCTs with 136 

participants that showed a 
trend toward decreased rel-
ative mortality risk of 0.78 
(CI, 0.57–1.07) in patients 
ventilated using pressure-
control over volume-con-
trol mode. The included 
RCTs and meta-analyses 
conducted by the authors 
for each guideline differ 
and so do their calculated 
effect on mortality and 
morbidity and subsequent 
strength of recommenda-
tion. Complete details are 
presented in Supplemental 
Digital Content 4 (http://
links.lww.com/CCX/B22).

Low Tidal Volume 
Ventilation

Eleven guidelines made a 
strong recommendation 
for lower tidal volume 
(LTV; 4–8 mL/kg of pre-
dicted body weight) ven-
tilation in patients with 
acute hypoxic respiratory 

failure based on moderate-to-high-quality evidence. 
These recommendations were based on a meta-analy-
sis of trials, showing that LTV reduced the risk of mor-
tality ranging from 0.73 (CI, 0.63–0.85) to 0.87 (CI, 
0.7–1.08) (11, 13–18, 21, 22). The morbidity outcomes 
assessed were ventilator-free days (10, 11, 13, 21), nos-
ocomial pneumonia (11), development of ARDS (in 
sepsis-induced respiratory failure without ARDS [15]), 
barotrauma (10, 13, 21), and new or worsening renal 
failure (19). Four guidelines did not assess morbidity 
outcomes (12, 14, 17, 22). Two guidelines did not make 
any recommendations regarding tidal volume targets 
(19, 20).

Positive End-Expiratory Pressure

Eleven guidelines recommended using higher PEEP 
(defined as greater than 5 cm H2O) in patients with 
hypoxemic respiratory failure due to moderate-to-
severe ARDS (Pao2/Fio2 ratio <200) (10–17, 20–22). 

Figure 1. Literature search and study inclusion.

http://links.lww.com/CCX/B22
http://links.lww.com/CCX/B22
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Five guidelines made a strong (12, 14, 16, 17, 20) rec-
ommendation, three guidelines made a moderate 
strength recommendation (13, 21, 22), and three 
guidelines made a conditional recommendation about 
employing high PEEP (10, 11, 15). Two guidelines pro-
vided guidance on PEEP in the setting of COVID-19 
ARDS. One guideline strongly recommended employ-
ing higher PEEP (17), whereas the other guideline that 
is focused on the management of COVID-19 in LMICs 
made a moderate recommendation of using a “low 
PEEP/high Fio2 table,” noting the lack of the survival 
benefit from a high PEEP strategy in patients with 
ARDS based on low-quality evidence. For the guide-
lines that made strong recommendations, mortality 
outcomes were prioritized; however, no independent 
meta-analysis was conducted, and no effect size or 
relative risk were reported (12, 14, 16, 17, 20). The 
guidelines that assessed morbidity outcomes assessed 
barotrauma (three guidelines) (11, 13, 21), ventila-
tor-free days (three guidelines) (10, 13, 21), ICU-free 
days (one guideline) (11), use of rescue therapies (two 
guidelines) (17, 21), and death after rescue therapy 
(one guideline) (21). Three guidelines did not include 
any information on morbidity outcomes (15, 20, 22).

One guideline made a conditional recommenda-
tion based on six RCTs with 2580 patients and an in-
dividual patient data meta-analysis that demonstrated 
mortality RR of 0.91 (CI, 0.81–1.03), and additionally 
looked at oxygenation, barotrauma, new organ failure, 
and ventilator-free days as morbidity outcomes and 
noted no difference (10). One guideline employed dif-
ferent terminologies for their recommendation: “ad-
equate PEEP to avoid alveolar collapse” and did not 
present any mortality or morbidity analyses (16).

Inspiratory Pressure

Six of 13 guidelines made a strong recommendation to 
limit plateau pressures (Pplat) to less than 30 cm H2O 
(10, 14–17, 21) in all patients with acute hypoxic res-
piratory failure. Plateau pressure was defined as the 
pressure recorded after a 0.5 second inspiratory pause. 
All six guidelines concluded there was strong evidence 
supporting this recommendation with good quality 
data to show a mortality and morbidity benefit. In one 
meta-analysis (n = 1,629), Pplat < 30 cm H2O reduced 
the risk of death when compared with high Pplat 
(RR, 0.8; 95% CI, 0.66–0.98) (17). Four guidelines 

conducted independent meta-analysis for mortality 
outcomes, and the relative risk ranged from 0.8 (CI, 
0.66–0.98) to 0.87 (CI, 0.7–1.08) (10, 13, 17, 21).  
Three guidelines assessed morbidity outcomes in their 
meta-analysis—specific outcomes assessed were baro-
trauma (10, 13, 21) and ventilator-free days (10, 13, 21).  
Four of the guidelines that made strong recommenda-
tions did not include any morbidity outcomes (14–17). 
One guideline provided a conditional recommenda-
tion based on a meta-analysis of four RCTs with 1,132 
patients that found a mortality RR of 0.84 (CI, 0.62–
1.15), relative risk of barotrauma 0.92 (CI, 0.65–1.31), 
and increase in mean ventilator-free days by 2.5 days 
(CI, 0.51–4.49 d) (13).

Eight guidelines provided recommendations re-
garding lung recruitment maneuvers (LRMs)  
(10, 12, 15, 16, 18, 20–22). LRM was described as a 
prolonged high continuous positive airway pressure 
(30–40 cm H2O), progressive incremental increases in 
PEEP at constant driving pressure, and high driving 
pressures for a limited duration (approximately 30 s). 
Of these, five guidelines provided a conditional recom-
mendation for LRM with moderate-to-low certainty 
in effect size (12, 15, 16, 21, 22), whereas one guide-
line provided a strong recommendation for LRM (20), 
one guideline provided a conditional recommendation 
(10), and one provided a moderate recommendation 
against LRM (18).

DISCUSSION

The sudden onset of the COVID-19 pandemic trig-
gered fears of ventilator shortages worldwide. In re-
sponse, several public and private initiatives sought to 
develop and deploy open-source ventilators (24). To 
contain design and production costs, ventilator project 
teams had to balance comprehensiveness with mini-
malism and decide what features of modern ventilators 
to include and which ones to forgo. Three publications 
have provided guidance on the safety features and en-
gineering aspects for developing ventilators for emer-
gency use (4–6). However, there has been no clear 
guidance on the ventilation strategies that must be 
incorporated in the design of these open-source ven-
tilators to improve patient outcomes. Given that the 
goal of these open-source ventilators is to improve 
patient outcomes, we collated the existing knowledge 
regarding ventilator strategies that confer survival and 
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morbidity benefits in patients with acute hypoxic res-
piratory failure. Our systematic review of international 
practice guidelines is the first to address this question. 
Our results suggest that although there is no single 
recommended mode of ventilation, three ventilation 
strategies confer survival and morbidity benefit in 
patients with hypoxic respiratory failure and should be 
incorporated in the design of open-source ventilators. 
By collating existing recommendations regarding ven-
tilation strategies that confer mortality and morbidity 
benefits across international CPGs, our work supports 
ventilator development teams by providing the first 
public framework for developing evidence-informed 
open-source ventilators (Supplemental Digital 
Content 5, http://links.lww.com/CCX/B22).

First, open-source ventilators should be able to con-
sistently deliver low tidal volume (4–8 mL/kg of pre-
dicted body weight) ventilation, with 11 of 13 guidelines 
making strong recommendations based on moderate-
to-high level of evidence. To achieve this, open-source 
ventilators should be able to: 1) deliver low tidal volumes, 
2) consistently measure delivered tidal volumes, and 3) 
alarm the clinician when this is not possible (e.g., low- 
and high-volume alarms) or dangerous (high-pressure 
alarms). In short, open-source ventilators should ensure 
that breath-to-breath tidal volumes are reliably delivered 
and measured. Second, open-source ventilators should 
be able to measure plateau pressure, so that it can be 
limited to less than 30 cm H2O, with six of 13 guidelines 
making a strong recommendation based on high quality 
of evidence. To achieve this, ventilators should contin-
uously measure and display airway pressures, and be 
able to institute an inspiratory pause to measure plateau 
pressure. To enhance the portability and minimalism of 
the ventilator, the design teams may choose to display  
the airway curves and pressures on a smartphone via the  
development of an accompanying software application. 
Third, open-source ventilators should enable setting 
of higher PEEP, with 11 of 13 guidelines making vari-
able strength recommendation for use of higher PEEP 
in patients with moderate-to-severe ARDS (Pao2/Fio2 
ratio < 200) based on moderate level of evidence. To 
achieve this, open-source ventilators should have the 
ability to regulate and monitor the level of PEEP with 
options for higher settings (PEEP of 20–24) and en-
sure that appropriate alarms are in place to limit lung 
overdistension (e.g., high-pressure alarms). In efforts to 
incorporate the above three parameters, the ventilator 

development teams may be faced with a notable hurdle: 
the significant variability in the actual delivery of pres-
sure and volume to the lungs. Several bench studies 
have reported that even in sophisticated ventilators, 
commonly employed in the ICU setting, there are sev-
eral factors that can influence tidal volume delivery 
and PEEP (including leaks, nature of gas delivery, hu-
midification performance, and circuit compliance) (25, 
26). The design teams should take into consideration 
these potential influences as well as the other necessary 
aspects in the provision of mechanical ventilation (3), 
such as infrastructure and trained personnel, while de-
signing and testing their ventilator for specific clinical 
settings.

Although the above three recommendations 
appeared in majority of guidelines, we identified tan-
gible differences in the strength of recommendations 
that were based on the similar set of primary studies, 
which may reflect differences in evidence-to-decision 
framework (where jurisdictions for guidelines may 
have different priorities, costs, and healthcare sys-
tems that affect the strength of a recommendation), 
bias from certain local practices, and a lack of ro-
bust data. This difference between jurisdictions was 
most evident in two guidelines regarding COVID-19 
ARDS management. One guideline developed by the 
Society of Critical Care of Medicine and European 
Society of Intensive Care Medicine strongly recom-
mended a high PEEP strategy in patients with mod-
erate-to-severe ARDS (17), whereas another guideline 
published by an international and multidisciplinary 
collaboration with the focus on LMICs recommended 
“low-PEEP/high-Fio2” strategy (18). The differences in 
evidence-to-decision were also evident with respect to 
the recommendation of higher PEEP in patients with 
moderate-to-severe ARDS, where six guidelines made 
a weak recommendation, two studies made a strong 
recommendation, and one study made a conditional 
recommendation using very similar evidence base. 
Interestingly, the guidelines that made strong recom-
mendation for higher PEEP were the ones that did not 
conduct an independent meta-analysis for this specific 
question (12, 14, 16, 17, 20).

Although there were no recommendations re-
garding what mode of ventilation is preferred, there 
were strong recommendations (eight of 12 guide-
lines) against using high-frequency oscillation ven-
tilation based on moderate-to-high-quality evidence 
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(RCTs and meta-analysis), suggesting higher pa-
tient mortality and morbidity. In the absence of 
strong evidence favoring volume over pressure con-
trol, open-source ventilators should consider both 
modes.

The heart of frugal innovation is to develop health 
technologies that provide comparable clinical out-
comes at a fraction of the cost. One method of analyzing 
cost-effectiveness is to estimate incremental cost-effec-
tiveness ratio (ICER), which is expressed as the addi-
tional cost associated with gaining an additional unit 
of effectiveness (e.g., quality-adjusted life year and 
mortality) to quantify improvement in outcomes as-
sociated with that cost (27). A healthcare intervention 
with low ICER is more favorable as it maximizes patient 
benefit at a lower cost. Furthermore, different coun-
tries employ different ICER thresholds to allow new 
health technologies to be implemented (28). Hence, 
inexpensive and evidence-based open-source ventila-
tors may serve as the optimal solution for the meeting 
the varying ICER thresholds in different LMICs, thus 
improving the frequency and outcomes of mechanical 
ventilation in LMICs. Designing an open-source ven-
tilator that incorporates the three ventilation strategies 
identified earlier provides an evidence-based approach 
to improve patients’ outcomes, while facilitating usa-
bility through minimalism and potentially maximiz-
ing cost-effectiveness in LMICs settings. We have 
provided an evidence-based checklist to standardize 
the development and design of open-source ventila-
tors (Supplemental Digital Content 4, http://links.lww.
com/CCX/B22).

Our study has limitations. Our research question 
was focused on identifying the ventilation strategies 
shown to provide patient benefit and does not in-
clude other strategies in the care of a ventilated patient 
that may confer additional benefits such as weaning 
strategies, head-of-bed elevation, daily spontaneous 
breathing trials, and others. Specific studies assess-
ing ventilator strategies may have been missed if they 
were not included at the time of guideline publica-
tion. Our systematic review focused on adult patient 
population. Given that ventilation recommendations 
and associated volume and pressure targets may dif-
fer in children and neonates, a similar review should 
be conducted in pediatric populations to inform ven-
tilator design teams. Although other aspects of me-
chanical ventilation, such as mechanical power, may 

affect patient outcomes, they were not reported in the 
extracted guidelines and, therefore, were not included 
in our results (29). Future studies should incorporate 
these additional determinants of clinical outcomes 
into ventilator design frameworks.

CONCLUSIONS

Our systematic review of international CPGs on me-
chanical ventilation in acute hypoxic respiratory failure 
identified no recommendations favoring specific mode 
of ventilation. We identified three ventilation strategies 
conferring survival and morbidity benefits that are 
supported by moderate-to-strong evidence. Ventilator 
design teams should incorporate the ability to provide 
low tidal volume ventilation, plateau pressures of less 
than 30 cm H2O, and higher PEEP into their ventilator 
designs. Based on our findings, we provide the first 
public framework for open-source ventilator design. 
Future research is needed to establish whether incor-
poration of these strategies into open-source ventilator 
designs translates into improved patient outcomes.
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