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Abstract
Purpose Due to the large number of patients with respiratory deficiency during the COVID-19 pandemic, several governments
and their respective health care services have been studying ways to complement the care provided by offering immediate
solutions. In view of this, the aim of this study was to carry out a systematic review of the advantages and disadvantages of
possible solutions in oxygenation support.
Methods This systematic review used the PRISMA-Pmethodology and sought to list alternatives in oxygenation support that are
being applied and studied worldwide. A bibliographic search was conducted in the MEDLINE and Cochrane Central databases,
using the keywords SARS-CoV-2, COVID19, or coronavirus; combined with extracorporeal membrane oxygenation (ECMO),
mechanical ventilation, mechanical ventilation support, low-cost, anesthesia, anesthesia machine, and ventilation therapy. The
records were also found in the gray literature.
Results The search found 85 publications of which 41 articles were considered after excluding duplicate articles, reading the title
and summary, and reading the articles in full. The oxygenation supports identified in these publications were the following:
ECMO, shared mechanical ventilator, fast or low-cost production equipment, high-flow nasal cannula (HFNC), non-invasive
ventilation, and use of anesthesia equipment as a mechanical ventilator.
Conclusion This study demonstrated the importance of a trained clinical team in the application of technologies. The alternatives found
for support oxygenation require a more robust clinical evaluation to demonstrate their efficacy and safety for the COVID-19 patient.
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Introduction

On 11 March 2020, the World Health Organization (WHO)
declared a pandemic state for SARS-COV-2 (severe acute
respiratory syndrome-coronavirus), responsible for COVID-
19 (COrona VIrus Disease), with more than 118,000 con-
firmed cases of the disease in 110 countries. One of the ob-
jectives of this decree was to inform and alert the world about
the continuous and rapid dynamics of the disease spread. In
addition, there was a need to prepare the health system of

countries to face the likely and imminent significant increase
in the demand for health care (Ducharme 2020).

There are reports of the existence and pathogenicity of
several types of coronavirus such as respiratory, gastrointesti-
nal, liver and neurological diseases in animals. Coronaviruses
were first discovered in poultry in the 1930s. They are
enveloped RNA viruses with the presence of protein spikes
on their surface. Seven of the coronaviruses identified so far
may cause disease in humans (HCoV), four of which cause
mild infections (HCoV-NL63, HCoV-229E, HCoV-OC43,
HCoV-HKU1) and the other three can cause outbreaks of
lethal pneumonia (SARS-CoV, MERS-CoV and SARS-
CoV2) (Levison 2020).

SARS-CoV emerged in November 2002 in Guangdong
province, China, and caused an epidemic that spread across
29 countries, contaminated 8000 people and killed 800 of
them (Levison 2020). It originates from a cat-like mammal
that is sold on the Guangdong market and, when introduced
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into humans may be transmitted by respiratory droplets, aero-
sols and by fecal-oral transmission. The MERS-CoV (Middle
East respiratory syndrome-coronavirus) appeared at the
Arabian Peninsula in September 2012 and had a fatality rate
of 35%. Transmission can occur between humans through
direct contact, fomites and respiratory droplet (Levison 2020).

As reported by the Pan American Health Organization
(PAHO), the SARS-CoV-2 virus was initially identified at
Wuhan, Hubei province, China. The infection may have orig-
inated in bats, the primary hosts of the virus and its migration
to humans appears to have occurred in the market for seafood
and live animals, through an intermediate host called pangolin
(scaly mammal, anteater). Its transmission between humans
occurs through respiratory droplets, through contact with con-
taminated surfaces, as well as bringing contaminated hands to
the eyes, nose or mouth, in addition to possible fecal-oral
transmission (Levison 2020; Pan American Health
Organization 2020). The most common symptoms of this pa-
thology are fever, tiredness and dry cough, but there may also
be more severe symptoms such as high fever, pneumonia and
difficulty in breathing (Pan American Health Organization
2020).

Due to this scenario and the agility of modern means of
transport, this epidemic has spread to several countries around
the world. Other factors that have also contributed to this
spread can be attributed to the scarcity of tests to help diagnose
this new virus and, also, to the delay in releasing the results of
the existing tests, which has contributed to the contamination
of doctors, nurses, physiotherapists and other members of the
multiprofessional team providing direct assistance to infected
patients. In this way, the epidemiological surveillance com-
missions provided recommendations to assist in the contain-
ment of the spread of the spread of the disease. These include
the protection of health professionals with personal protective
equipment and the rapid identification, testing and isolation of
infected individuals, symptomatic or non-symptomatic (Silva
2020; World Health Organization (WHO) 2020a).

As pointed out in Khandaker et al. (2011), about 5% of
H1N1 cases require admission to the Intensive Care Unit
(ICU), and 2.3% require mechanical ventilation. The lethality
rate for COVID-19 is estimated to be between 0.5 and 4%
(World Health Organization (WHO) 2020a), which is low
compared to 35% for MERS-CoV (Levison 2020) and ap-
proximately similar to that for the Spanish flu, which ranged
from 2 to 3% (World Health Organization (WHO) 2009), with
about 80.9% of the cases disease being mild (ChineseMedical
Association 2020). The lethality rate of the SARS-CoV-2 vi-
rus, although low, has a high transmissibility power com-
pared, for example, with the MERS-CoV virus where the
lethality rate is significantly higher, but the transmissibility
rate is lower (Tsouderos 2020), however, the hospitalization
rate can be between 15 and 18% according to National Library
of Medicine (2020e).

In this context, ventilatory therapy techniques are essential
to increase the chance of survival for infected patients who are
among the most serious cases of infection. In these cases,
respiratory therapy acts as a compromised physiological func-
tion, allowing the patient more time to fight the infection,
improving the chances of recovery and restoring the physio-
logical functions performed by his respiratory system
(National Library of Medicine 2020c).

The use of a mechanical ventilator is the traditional method
of ventilatory therapy. An orotracheal or nasotracheal tube or
a tracheostomy cannula is used for invasive ventilation
(Carvalho et al. 2007). Several types of therapy, some of
which are used in the mechanical ventilation technique, are
being evaluated to help patients recover from the advanced
stage of severe acute respiratory syndrome. The use of nitric
oxide gas, vitamin C, streptokinase, or even heparin with frac-
tionated nebulization aids some of these respiratory therapies.

To show the importance of respiratory therapy techniques,
clinical staff can use the ordinal scale at the first assessment of
the day, during the monitoring of COVID-19 patient. In this
scale, items 2, 3, and 4 are related to some type of respiratory
therapy. As showed by National Library ofMedicine (2020b),
we have:

1) Death;
2) Hospitalized, under invasive mechanical ventilation or

extracorporeal membrane oxygenation (ECMO);
3) Hospitalized, needing supplemental oxygen;
4) Hospitalized, no need for supplemental oxygen;
5) Not hospitalized, activity limitation;
6) Not hospitalized, without activity limitations.

Nowadays, mechanical ventilators are safe and reliable and
are indispensable in medium and high complexity hospital
environments. However, they have a high cost of acquisition,
in addition to relying on high costly accessories and consum-
able, such as the medicinal gases, for example (Darwood et al.
2019). Such peculiarities have an impact on the availability of
this type of equipment in health care services, the quantity of
which is quite limited.

Due to the large number of patients with respiratory defi-
ciency during the COVID-19 pandemic, several governments
and their respective health care services have been studying
ways to complement the care provided by offering immediate
solutions. These measures are not always approved by the
health agencies responsible, both for guaranteeing the method
used and for monitoring the quality and safety control of
health care measures implemented as an urgent solution to
the lack of a mechanical ventilator. Given this problem, this
study aimed to carry out a systematic review of the advantages
and disadvantages of possible solutions in oxygenation sup-
port used in respiratory therapies, which are being proposed
and used as an alternative to the scarcity of the ventilation
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equipment in various health institutions around the world in
the cases of COVID-19.

Methods

This systematic review used the methodology followed
as presented by Moher et al. (2016) called Preferred
Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA-P).

Study design

The protocol defined by the PRISMA-T guidelines was
followed. Thus, the entire review process of the articles was
carried out by three reviewers and their summary is in the
PRISMA flow diagram shown in Fig. 1.

Inclusion/exclusion criteria

Eligible articles included studies with oxygenation support
that were related to severe cases of SRDA, prospective cohort
studies, case-control, systematic reviews, meta-analyses, ran-
domized clinical trials, and non-randomized studies associated
with COVID-19. The research included all languages and was
limited to articles published between January 1, 2007, and
April 30, 2020. A bibliographic review was conducted, be-
tween March and April 2020. Studies carried out in laborato-
ries and which did not include the analysis of sensitivity were
excluded.

Search sources

Of the three main worldwide databases for systematic review
in the health field (EMBASE, Cochrane Central, and
Medline), the Cochrane Central and Medline databases were
used, because the EMBASE database is focused only on
European results. Google and manual search of bibliographies
and summaries of the main articles were used to search for
additional information.

Thus, for this study, two databases indicated for COVID-
19 were used: Cochrane Central and MEDLINE. The follow-
ing keywords were used to carry out this systematic review:
(“SARS-CoV-2” OR “COVID19” OR “coronavírus”) AND
(“ECMO” OR “mechanical ventilator” OR “mechanical ven-
tilatory support” OR “low-cost” OR “anesthesia” OR “anes-
thesia machine” OR “ventilatory therapy”). Two authors ana-
lyzed the articles for titles and full abstracts.

The gray literature was searched in government sites, pro-
fessional associations, and companies. In these cases, the
same words used in white literature searches were used as a
scope for the research.

Selection

Two authors (DBS and AAP) independently analyzed the
titles and abstracts of all studies identified in the research
strategy and discarded those that were duplicated. The studies
considered eligible were reassessed by reading their full texts,
which make up this systematic review. In cases where a dis-
agreement occurred on the chosen articles, the opinion of the
third author was requested. However, no study required

Fig. 1 PRISMA flow diagram
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consultation with a third reviewer. The selection process for
this study is shown in Fig. 1.

Data collection

Two authors (AOA and STM) extracted data from the selected
articles, as well as their accuracy and fidelity, and a third
author resolved the disagreements that arose throughout the
process.

Sensitivity analysis

Sensitivity analysis was used to ensure that the number of
studies was sufficient and relevant, according to the proposal
of Higgins and Green (2006), which contains 5 items:

a) “Changing the inclusion criteria for the types of study
(e.g., using different methodological cut-points), partici-
pants, interventions or outcome measures

b) Including or excluding studies where there is some ambi-
guity as to whether they meet the inclusion criteria

c) Reanalyzing the data using a reasonable range of results
for studies where there may be some uncertainty about the
results (e.g., because of inconsistencies in how the results
are reported that cannot be resolved by contacting the
investigators, or because of differences in how outcomes
are defined or measured)

d) Reanalyzing the data inputting a reasonable range of
values for missing data

e) Reanalyzing the data using different statistical approaches
(e.g., using a random effects model instead of a fixed
effect model, or vice versa)”.

Due to the current moment, item a was not evaluated, as our
inclusion criteria were flexible. Item e was also not evaluated
because the objective of this systematic review is not a meta-
analysis. Thus, items b, c, and d were analyzed as follows:

& All articles that presented treatment with oxygenation sup-
port, but that was not the main focus of the study, were
excluded.

& All publications that were related to case reports, case
series, abstracts, and expanded abstracts were excluded.

& All articles that caused doubts about the inclusion in this
systematic review were re-analyzed for relevance.

& Studies with failure to follow up above 10%were excluded.

Results

Based on the adopted methodology, 85 articles have been
identified, including 21 articles are from the MEDLINE

database, others 24 articles from the Cochrane Central data-
base and 40 publications from the gray literature have been
included to complement this subject, which has been widely
discussed by scientific and academic circles. Of these articles,
15 presented duplicate themes, remaining 70. The titles and
abstracts of these 70 articles were read, where 20 of these
articles were eliminated because they dealt with different sub-
jects, leaving 50 articles. After analysis of the full texts, 41
studies were considered for this systematic review. These
studies can be seen in Table 1.

As shown in the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) flow diagram in
Fig. 1, 41 publications found in the MEDLINE, Cochrane
Central, and other sources of publication were considered el-
igible. Various forms of treatment of patients with COVID-19
using different drugs are presented in these articles, but the
points of interest in this study were those related to respiratory
therapy used in the publications identified.

Discussion

The COVID-19 pandemic causes concern to health centers in
different countries, especially when the infection curve peaks
due to its high hospitalization rate (National Library of
Medicine 2020e), causing difficulties for local managers take
care of a large number of patients dependent on alternative
oxygenation support on respiratory therapy, either through
ECMO or through mechanical ventilation (National Library
of Medicine 2020f, 2020d).

The mortality of patients hospitalized with COVID-19 is
very high, as there is still no effective therapeutic modality
(Shenoy et al. 2020). However, the Surviving Sepsis
Campaign panel recommends that mechanically ventilated
patients with COVID-19 should be treated in the same way
as other patients with acute respiratory failure in the ICU,
despite this recommendation, there are still few studies ad-
dressing mechanical ventilation strategies in patients with
COVID-19 (Alhazzani et al. 2020).

Knowing the characteristics of individuals with severe
SRDA due to COVID-19 is important, but these data are
scarce. Based on this verification (Yang et al. 2020) they car-
ried out an observational study with 52 patients with severe
COVID-19, admitted to the intensive care unit (ICU) of the
Wuhan Jin Yin-tan Hospital (Wuhan, China). The results
showed that 71% of patients required mechanical ventilation
and that mechanical ventilation is the main supportive treat-
ment for individuals critically ill with COVID-19.

In according to Wunsch (2020) there is a worldwide sur-
veillance for patients with COVID-19, particularly those who
are receiving mechanical ventilation. For the author, there are
two key questions regarding ventilation, the first is when to
intubate and the second is the reported mortality for patients
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receiving mechanical ventilation. In addition to the issues
highlighted by Wunsch, another concern is the risk of
mortality in relation to oxygen saturation. Chu et al. (2018)
carried out a systematic review with meta-analysis comparing
liberal and conservative oxygen therapy; the study involved
25 randomized clinical trials and 16,037 patients; the authors
highlight the need to establish upper oxygen limits for

supplementation of oxygen to occur safely. The result of the
meta-analysis indicated that liberal oxygen therapy increased
mortality and that supplemental oxygen may be unfavorable
with SpO2 rates above 94–96%.

The health care services, spread across various countries
facing the most critical cases of COVID-19, must address
the lack of mechanical ventilators as one of their priorities

Table 1 List of the studies found
Analyzed subjects References

ECMO Arabi et al. (2017)

Chu et al. (2018)

Colafranceschi et al. (2020)

Combes et al. (2018)

Extracorporeal Life Support Organization (2020a)

Extracorporeal Life Support Organization (2020b)

Guery et al. (2013)

Ramanathan et al. (2020)

Schmidt et al. (2020)

Mechanical ventilator—splitter American Association for Respiratory Care (2020)

American Society of Anesthesiologists (2020b)

Benjamim (2020)

Branson (2006)

Cavanilles et al. (1979)

Guery et al. (2013)

Neyman and Irvin (2006)

Paladino et al. (2008a)

Powner et al. (1977)

Prisma Health (2020)

Low cost or fast manufactured
ventilator

Chandler (2020)

Husseini et al. (2010)

Medicines and Healthcare products Regulatory Agency (2020)

Shahid (2019)

Anesthesia machines as lung
ventilators

American Society of Anesthesiologists (2020a)

Anesthesia Patient Safety Foundation (2020)

Food and Drug Administration (2020b)

Mindray (2020)

High-flow nasal cannula Guo et al. (2020)

Singhal (2020)

Zhao et al. (2017)

Non-invasive ventilation Medicines and Healthcare products Regulatory Agency (2020)

National Library of Medicine (2020b, 2020e, 2020f, 2018)

Singhal (2020)

Zhao et al. (2017)

Dilemma (ethics, security, planning) Berlinger et al. (2020)

BRASIL (2020)

Food and Drug Administration (2020a)

Hick et al. (2007)

National Library of Medicine (2020a, 2020b, 2020c, 2020d, 2020e,
2020f, 2018)
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(Chandler 2020). As a result, several governmental or non-
governmental organizations, such as university research labo-
ratories from universities and private companies from differ-
ent branches, have been prepared to develop technical solu-
tions for ventilatory support therapies.

Some of the solutions proposed by several countries to help
make available a larger quantity of equipment are the follow-
ing: increased workload in factories (with production lines
running 24 h a day); conversion and adaptation of several
plants for the production of mechanical ventilators; intense
research into low-cost ventilator development projects to spe-
cifically serve COVID-19 patients; research and testing on the
use of new techniques for sharing the same mechanical venti-
lation equipment with 2 or more patients; use of anesthesia
equipment as mechanical ventilators, and search and use of
new procedures about oxygenation support, such as extracor-
poreal membrane oxygenation (ECMO), always with the aim
of maintaining the exchange of gas between patients for as
long as possible, allowing the recovery of the patient’s
organism.

ECMO

There are still several doubts, divergences, and inconsistencies
in the effectiveness and application of oxygenation, within the
scope of COVID-19, for patients with severe ARDS (Chu
et al. 2018; Schmidt et al. 2020). Regarding ECMO, many
results show mortality rates between 84 and 100% of patients
with COVID-19. However, in the retrospective cohort study
conducted with 492 patients from the Paris–Sorbonne
University Hospital Network, the results indicated similarity
with published studies for patients with severe ARDS from
other diseases. The authors consider that ECMO should be
considered for patients who have developed refractory respi-
ratory failure (Schmidt et al. 2020).

The Extracorporeal Life Support Organization (ELSO) is
monitoring the procedures and conducting studies on ECMO
worldwide and, as indicated by the National Academy of
Medicine of Brazil, this procedure has three indications: car-
diac, respiratory, or cardiorespiratory support (Colafranceschi
et al. 2020). ECMO contraindications refer to multiple organ
dysfunction, pre-existing terminal disease, inability to use an-
ticoagulants, advanced age, generalized infection, and inabil-
ity to install vascular accesses, among others (Colafranceschi
et al. 2020).

This technique works as a gas exchange supportive therapy
and does not directly treat the cause that leads the patient to
need this support. This procedure can be used as rescue ther-
apy in patients with acute respiratory failure. Its application
can be indicated even if the lung is unable to exchange gases
with the aid of a ventilator. However, the patient must be
hemodynamically stable (Colafranceschi et al. 2020).

During the MERS-CoV epidemic, this technique was used
to assist patients’ respiratory therapy. However, in many
cases, it has been used in patients with multiple organ dys-
function and chronic renal failure. A further detail of its use
was the application in conjunction with the mechanical venti-
lation of patients (Arabi et al. 2017; Guery et al. 2013).

Hemorrhage (10–30%), neurological complications (4–
37%), and mechanical circuit complications (19%) are among
the most common complications of ECMOuse, with the worst
results following cardiac arrest (Combes et al. 2018). Studies
have shown that satisfactory results from the use of ECMO are
more frequent when associatedwith severe respiratory distress
syndrome requiring pulmonary support without the need of
circulatory support.

ELSO recommendations for the use of ECMO in cases of
COVID-19 include patients with severe forms of acute respi-
ratory distress syndrome (ARDS) or even those with refracto-
ry cardiocirculatory impairment. The initial experience report-
ed by Extracorporeal Life Support Organization (2020a) in
patients with COVID-19 in Japan and South Korea has been
positive for younger patients with minor or nonexistent co-
morbidities, but the decision must be approved by the medical
staff. Thus, when patients meet these characteristics, the
ECMO should be started immediately, avoiding delay in its
execution (Extracorporeal Life Support Organization 2020a).

In the ECMO procedure, blood is drained from the venous
vascular system and driven by a mechanical pump through an
oxygenation membrane, which is subsequently reinfused back
into the venous or arterial circulation. In this process, hemo-
globin is saturated with oxygen outside the body and carbon
dioxide is removed. Considering the high rates of death in
patients hospitalized in intensive care units, and transmission
through aerosols produced during the breathing process in
patients affected by COVID-19, patient preparation for
ECMO becomes very relevant (Ramanathan et al. 2020).

The possibility of SARS-CoV-2 crossing the membrane
used in ECMO oxygenation is a recent concern that has stim-
ulated discussions among the professionals responsible for the
installation and operation of ECMO (Extracorporeal Life
Support Organization 2020b). According to current discus-
sions, there are not yet enough studies to confirm or refute
the hypothesis that the extracorporeal membrane is permeable
to the virus that causes COVID-19. However, it is worth
highlighting some relevant observations arising from these
discussions on the permeability of the membrane and its pos-
sible deterioration. Regarding the permeability of the mem-
brane, the pore diameter of a microporous membrane of the
oxygenator is about 0.04–0.10 ɳm and the diameter of the
SARS-CoV-2 virus is about 0.06–0.14 ɳm. A certain similar-
ity is observed in the diameters of the virus and the micropo-
rous membrane but the virus is slightly larger than the ECMO
membrane. In addition, there is difference in charge and po-
tential between the fabrication material and its surface coating,
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which can prevent the virus from crossing the membrane. In
this sense, it seems likely that the risk of SARS-CoV-2 cross-
ing the membrane and potentially spreading the disease is
lower than when compared to the spread of the respiratory
tract through endotracheal intubation and mechanical ventila-
tion (Extracorporeal Life Support Organization 2020b).

The membrane may deteriorate with the prolonged use of
ECMO and, in some cases, as in the microporous membrane,
the oxygenator fibers may rupture, resulting in possible plas-
ma leakage through the exhalation pathway. In this case, the
pores of the membrane are enlarged and the surface loses its
character of charge and potential and is capable of generating
an aerosol containing SARS-CoV-2 (Extracorporeal Life
Support Organization 2020b).

Reports of experience in patients with positive sputum for
COVID-19 PCR in the covered ECMO membrane and for
10 days without plasma leakage showed negative results for
PCR in the exhalation pathway samples. However, positive re-
sults were obtained in the exhalation route in the case of plasma
leakage reports in hospitals in Japan. Strict control of the proper
operating conditions of the oxygenator must therefore be main-
tained, avoiding the reduction of its exchange threshold before
starting the deterioration process (Extracorporeal Life Support
Organization 2020b).

Another relevant study that deserves attention was devel-
oped by Combes et al. (2018) in which patients with severe
acute respiratory syndrome (SARS) were randomly assigned
to two groups. One group was treated with ECMO and the
other by conventional ventilation. The primary endpoint was
mortality at 60 days. Thus, it was observed that the mortality
rate of patients with SARS was not significantly lower in
ECMO-treated patients compared to conventional-treated pa-
tients, despite a higher number of hemorrhagic events in
ECMO-treated patients.

The studies presented here show that greater success in the
use of this type of therapeutic procedure is satisfactory, pref-
erably when applied to younger patients with an indication
only for therapeutic support of acute respiratory syndrome,
without compromising the cardiovascular system, hemody-
namically stable and without any other type of comorbidity.
Therefore, in the case of patients affected by COVID-19, strict
monitoring of the operating conditions of the oxygenator must
be maintained in order to prevent the deterioration of its mem-
brane with probable plasma leakage and possible dissemina-
tion of SARS-Cov-2 via the ECMO system exhalation path-
way (Colafranceschi et al. 2020; Combes et al. 2018;
Extracorporeal Life Support Organization 2020a, b;
Ramanathan et al. 2020).

Mechanical ventilator—splitter

Another solution that is being widely discussed and studied is
the sharing of respiratory devices with two or more patients, to

be used as an extreme emergency measure by some health
services, as an alternative to alleviating the critical situation
of scarcity of these devices. This procedure has been used to
respond to the growing number of patients presenting themost
severe form of clinical manifestations of COVID-19 in these
services. It should be noted that, in parallel with this situation,
several research centers have sought to develop protocols and
are conducting tests to implement this technique safely.

There have been reports since 1977 of the possibility of
using the same ventilator performing differential ventilation
of the lungs of the same patient (Powner et al. 1977). The
study presented by Powner et al. (1977) shows that when
small changes are made to the patient’s circuit, the right and
left sides of the lung of a single patient can be ventilated
independently. For example, this procedure can be used to
treat unilateral pneumonia. This method enables the control
of the differentiated PEEP and the separation of the exhaled
gas.

The benefits of respiratory therapy for a single patient per
mechanical ventilator are positive, as it provides the patient with
the necessary and adequate resources for the treatment. The
reliability of this type of therapy allows the multiprofessional
health care team to carry out various actions related to the
provided care, confident in specific equipment functions, such
as the audiovisual alarms that can be triggered in the event of a
failure to comply with the patient-ventilator relationship.
However, when the use of mechanical ventilator is shared,
some of these functions may be lost and the health professional
must be aware of the quality of the respiratory therapy that
patients are receiving (Guery et al. 2013).

A single device was applied to two patients in the study
described in Neyman and Irvin (2006). However, this ap-
proach presents weaknesses in the safe performance, such as
the failure to perform PEEP control. Although the research in
this area is inconclusive, the seriousness of the lack of me-
chanical ventilators in health care services caused by COVID-
19 has led to an emergency in the need to ventilate more than
one patient with the same device.

Another criticism in the work presented by Neyman and
Irvin (2006) was the use of identical test lungs, with similar
compliance and tubes with the same resistance and diameter.
However, this same methodology, when applied to patients
with acute respiratory distress syndrome (ARDS), where pul-
monary compliance can vary from 0.015 to 0.15 L/cmH2O,
the mechanical ventilator may not offer and cannot maintain
the appropriate pressure and volume of medical gas to pa-
tients. Thus, even though pulmonary compliance is 25% in
patients, differences in tidal volumes in volume or pressure
ventilation modalities can occur (Branson 2006).

As demonstrated by Branson (2006), other factors that may
influence the flow of medical gas delivered to patients should
be considered, such as the following: variable amounts of
secretion in the endotracheal tube and the airways, the level

395Res. Biomed. Eng. (2021) 37:389–402



of sedation, presence of cough, dyspnea and, airway caliber.
Other difficult points to control refer to the amount of oxygen
received, the PEEP adjustment, and flow rate that cannot be
adjusted individually, requiring more intense monitoring of
these patients by the clinical staff.

The experiment carried out by Paladino et al. (2008b), used
the same strategy as (Neyman and Irvin 2006), but with minor
adaptations made in the patient circuit and adding the place-
ment of a filter in the inspiratory branch. The experiment was
conducted with four adult sheep in healthy conditions, which
were placed on mechanical ventilation for 12 h. The study
showed that the hemodynamic conditions of the animals were
maintained throughout the experiment. However, the animals
had similar weights (in the range of 70 kg) and did not present
any type of comorbidity. The animals had undergone similar
treatment conditions in the days before the experiment, mean-
ing they did not present any type of characteristic that could
influence the change in the hemodynamic data collected, as
listed by Branson (2006).

Therefore, one of the relevant points to be observed regard-
ing this sharing methodology would be the need for smart
mechanical ventilators to predict the occurrence of changes
that occur with the patient, in addition to the need to check
the limitations of the double-lumen endobronchial tubes avail-
able on the market (Branson 2006; Cavanilles et al. 1979;
Powner et al. 1977).

On March 26, 2020, the American Society of
Anesthesiologists of the United States of America issued a
note advising physicians not to use mechanical ventilator shar-
ing (American Society of Anesthesiologists 2020b).
According to the note, even with only a single patient per
equipment, the mortality rate has remained between 40 and
60% due to the pathophysiological and therapeutic complex-
ity of the acute respiratory syndrome in patients with COVID-
19. Among the reasons presented in this note, it can be men-
tioned that:

& Pulmonary volumes of patients whose pulmonary compli-
ance is more preserved offer lung conditions that are more
compatible with the programmed volumes and, therefore,
would receive, as a priority, greater volumes of gas re-
leased by the equipment, and this could cause a deficit in
this supply for another patient;

& Impossibility to control PEEP;
& Inability to monitor alarms: like in the event of cardiac

arrest and, if the ventilation of a patient connected to the
same equipment is stopped;

& Risk of contamination, even with identical clinical char-
acteristics at the beginning of ventilation;

& Ethical issues, as the ventilator could save the life of a
single person, and in this case, there is a risk of failure
putting at risk the lives of all patients who are making
shared use of the equipment.

The Food and Drug Administration (FDA) recently ap-
proved, in an emergency, the use of a Y-connector, using
3D printing technology, so that it can be used in the inspira-
tory and expiratory branches of the mechanical ventilator, as a
way of divide the airflow for patient ventilation. In this way, a
singlemachine could be used for up to four patients. However,
the manufacturer emphasizes the importance of the patients’
clinical characteristics being matched, since the machine will
provide the same configuration conditions, such as oxygen
concentration, amount of air in each breathing cycle and air
pressure (Prisma Health 2020), considering the simulation
models in the laboratory and disregarding the studies carried
out by American Society of Anesthesiologists (2020b) and
Branson (2006) on lung volume, PEEP control, and alarms.

It should be noted that studies conducted in the laboratory
using test lungs or even healthy animals have produced posi-
tive results for the shared use of ventilators. However, as
warned by the American Society of Anesthesiologists
(USA), as well as by the American Association for
Respiratory Care (USA), in real conditions (American
Association for Respiratory Care 2020), the specific condition
of patients such as weight, height, types of comorbidities,
types of pathologies, and recovery time, among other factors,
can prevent a real improvement in the patient’s condition,
promoting the spread of the virus and compromising the qual-
ity of care.

Low cost or fast manufactured ventilator

Another alternative, widely discussed by several countries, is
the development of a low-cost mechanical ventilator that can
meet the care needs, specifically, of patients affected by severe
clinical manifestations of COVID-19. In this way, the search
for technical and clinically acceptable characteristics for the
development of this technology has been sought.

In this sense, the American regulation ASTM F920-93
(1999), which has the standard specification for minimum
performance and safety requirements for small portable me-
chanical ventilators to be used in emergencies outside or in-
side hospital environments, can be used as a basis. The main
characteristics of this standard defined by ASTM F920–93 are
briefly listed in Table 2. This summary was made by Shahid
(2019) who developed a prototype of equipment whose pro-
duction cost was below US$ 500.

Table 2 presents the characteristics of another prototype
developed based on a bag of Artificial Manual Breathing
Unit (AMBU®) where it is possible to adjust the control of
air volume, breaths per minute, and PEEP, for example. This
system also has two ventilation modes that involve mandatory
ventilation and assisted ventilation. According to Shahid
(2019), the cost of production is less than US$ 80.

The Massachusetts Institute of Technology (MIT) has a
study on a low-cost ventilation system, also based on the use

396 Res. Biomed. Eng. (2021) 37:389–402



of AMBU® bags, which are already found in large quantities
in hospitals. These bags are used for manual ventilation of the
patient and are normally used when the patient enters a cardiac
arrest while waiting for the availability of a mechanical ven-
tilator. The developed system consists of a mechanical system
that presses the AMBU® bag, releasing air to the patient.
However, it must present a control of the pressure supplied,
as well as the amount of air sent to the patient (Chandler 2020;
Husseini et al. 2010).

The Regulatory Agency for Products in Medicine and
Health Care (MHRA) of the United Kingdom (UK) has defined
a series of points that a mechanical ventilator of fast manufac-
ture must attend in an emergency, as is the case of COVID-19.
The document presents an assessment of the existing regula-
tions in its health legislation, to define those that could be safely
relaxed (Shahid 2019). Thus, the main UK regulations neces-
sary for the development of this fast manufacturing equipment
are shown in Table 3, as shown in Medicines and Healthcare
products Regulatory Agency (2020).

TheMHRA further establishes that a ventilator with simpler
specifications than the one presented in its report may not pro-
mote any clinical benefit, or even promote an increase in the
possibility of leading to an increase in damage to the patient. It
is important to remember that ventilation alone will not restore
the patient’s life because depending on the type of ventilatory
assistance received, it can simply prolong the suffering without
promoting any effect on his recovery. In this sense, MHRA
presents in its specifications characteristics regarding the type
of ventilation; gas and electricity; infection control; monitoring
and alarms; biological security; and, software security. Test

standards are also presented that must be performed to ensure
the effectiveness of the equipment to be developed, such as
safety standards according to ISO 80601-2-12: 2020 and us-
ability tests according to ISO 62366 (Medicines and Healthcare
products Regulatory Agency 2020).

In Brazil, there are several initiatives regarding the devel-
opment of low-cost ventilators, such as the following:
Breath4Life, in Florianópolis, SC; Frank 5010, in Caxias do
Sul, RS; INSPIRE Poli/USP, in São Paulo, SP; INVENT IV-
01, in Niterói, RJ; RespNUTES NUTES/UEPB in Campina
Grande, PB; VExCo COPPE/UFRJ in Rio de Janeiro, RJ;
among others. Some of this equipment is under development
and others are awaiting the evaluation and testing process for
possible approval of the project by the health agencies and
consequent production and distribution. This equipment can
be based on anAMBU®bag, such as INSPIRE, or it will have
the base of a simplified conventional mechanical ventilator.
However, there are still no studies demonstrating the efficien-
cy of this equipment, as well as an analysis of its technical
specifications presented, such as Frank5010 and INVENT IV-
01, given its use as a respiratory therapy for patients with
COVID-19.

High-flow nasal cannula

A different form of oxygen support is being used and tested to
prevent adverse events and health problems for patients,
which are the high flow of the nasal cannula and this device
can provide up to 100% oxygen. This treatment is indicated as
a way to prevent intubation in patients who have respiratory

Table 2 Device functional requirements. Source: ASTM F920-93 (Husseini et al. 2010); AMBU® bag prototyping (Shahid 2019)

Characteristics ASTM F920-93 Artificial Manual Breathing Unit (AMBU®) (Shahid 2019)

Medical • User-specified breath/min insp./exp. ratio, tidal vol-
ume

• Assist control
• Positive end-expiratory pressure (PEEP)
• Maximum pressure limiting
• Humidity exchange
• Infection control
• Limited dead-space

• Adjustable BPM
• Two basic modes were inclusive of mandatory and assist control ventilation.
• Adjustable inspiration to expiration rate
• Adjustable volume flow rate and pressure

Mechanical • Portable
• Standalone operation
• Robust mechanical, electrical, and software systems
• Readily sourced and repairable parts
• Minimal power requirement
• Battery-powered

• Portable in size
• Easily available sensors
• Power-efficient

Economic • Low-cost (< US$ 500) • Prototype cost (< US$ 80)

User interface • Alarms for loss of power, loss of breathing circuit
integrity, high airway pressure, and low battery life

• Display of settings and status
• Standard connection ports

• The micro-controller then displays by the flow sensor and pressure sensor
parameters on the mobile screen where if the needed physician could modify
them.

Repeatability • Indicators within 10% of the correct reading
• Breath frequency accurate to one breath per minute

• Breath per minute rate adjustment
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arrest with acute hypoxemia (Arabi et al. 2020a). Adequate
tissue oxygenation must be maintained in patients with acute
respiratory failure, for whom oxygen supplementation is es-
sential. The nasal cannula has several beneficial effects for
patients with acute respiratory failure in intensive care units
(ICU) and in emergency departments (Kang et al. 2015).

The high-flow nasal cannula has been indicated for patients
with COVID-19 (Singhal 2020) as a way of preventing the
intubation of patients who have respiratory arrest with acute
hypoxemia (Arabi et al. 2020b). If the patient’s condition
worsens, the high-flow nasal cannula should be considered,
starting at 20 L/min and gradually increasing to 50–60 L/min.
The oxygen fraction must be adjusted according to the oxygen
saturation (Guo et al. 2020). There is no mention of any lim-
itation in the use of the high-flow nasal cannula in the treat-
ment of COVID-19 (Singhal 2020).

HFNC has several advantages over conventional oxygen
therapy. However, compared to non-invasive mechanical ven-
tilation, HFNC is unable to provide a gas flow rate or positive
airway pressure as great as that of non-invasive mechanical
ventilation. Therefore, the question arises about the applicabil-
ity of HFNC compared to conventional oxygenation therapy
and non-invasive mechanical ventilation. (Zhao et al. 2017)
conducted a systematic review with meta-analysis, comparing
HFNC with conventional oxygenation therapy and non-
invasive mechanical ventilation, in relation to intubation rates,
mechanical ventilation, increased respiratory support and mor-
tality. The result of this systematic review showed that HFNC
has a mortality rate equal to that of conventional oxygenation
therapy, but reduces all other rates. There was no difference
between HFNC and mechanical ventilation at any of the rates
assessed. But it is important to note that HFNC as a respiratory
support technique cannot delay the patient’s intubation process.
If this occurs for more than 48 h, it could worsen the patient’s
clinical condition (Kang et al. 2015).

Anesthesia machine as a mechanical ventilator

Other forms of ventilatory systems are reported by the FDA in
an open letter to health centers that, if necessary, the use of other
ventilation mechanisms capable of providing controlled

ventilation or assisted ventilation could be considered to cover
the shortage of mechanical ventilators in these units. Among
these options are the long-term use of transport ventilators and
also the use of anesthesia machines (Food and Drug
Administration 2020b).

For the implementation of safety techniques, in the use of
anesthesia equipment as a mechanical ventilator, the
American Association of Anesthesiologists (ASA) and the
Patient Safety Foundation for Anesthesia (APSF), both from
the United States of America, defined a series of guidelines
and recommendations. Thus, it is recommended to use a high-
quality viral filter between the patient’s respiratory circuit and
airways. A second filter is recommended at the end of the
expiratory branch in connection with the anesthesia machine.
This procedure aims to protect the machine from contamina-
tion, which could be transmitted to subsequent patients. Also,
the placement of the heat and humidity exchange filter
(HMFE) preserves the humidity of the patient’s airways.
Another recommendation is the presence of anesthesia profes-
sionals who must always be involved in modifying and man-
aging the use of this equipment (American Society of
Anesthesiologists 2020a; Anesthesia Patient Safety
Foundation 2020).

The preference for use is given to the use of ventilators of
newer anesthesia equipment, as they have tidal volume compli-
ance compensation deliveries, unaffected by the flow of fresh
gas, as these can enable a more consistent tidal volume and
more monitoring need. Several anesthesia machines manufac-
turers have configuration changes to optimize the use of these
types of equipment (American Society of Anesthesiologists
2020a; Anesthesia Patient Safety Foundation 2020).

Several manufacturers recommend caution when using an-
esthesia machines as a mechanical ventilator, as these devices
are not designed for continuous ventilation for several days,
but at most for a few hours of use in surgery. Thus, it is
necessary to assess the risks and benefits of performing this
practice (Anesthesia Patient Safety Foundation 2020;
Mindray 2020).

Some functional differences between anesthesia machines
and mechanical ventilators must be evaluated. For example,
the anesthesia system uses mandatory ventilation in patients

Table 3 The MHRA UK most relevant standards for mechanical ventilator. Source: Medicines and Healthcare products Regulatory Agency (2020)

Standards—mechanical ventilator Use and description

BS EN 794-3:1998 +A2:2009 Particular requirements for emergency and transport ventilators

ISO 10651-3:1997 Lung ventilators for medical use—emergency and transport

BS ISO 80601-2-84:2018 Medical electrical equipment. Part 2 to 84; particular requirements for basic safety and essential performance
of emergency and transport ventilators—especially the parts on ‘patient gas pathway’ safety

ISO 80601-2-12:2020 Medical electrical equipment—part 2–12: particular requirements for basic safety and essential performance
of critical care ventilators

BS ISO 19223:2019 Lung ventilators and related equipment; vocabulary and semantics
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with sedation and muscle relaxation, while mechanical venti-
lators can be used in sedated patients with neuromuscular
blockers (e.g., ARDS) as well as in conscious patients breath-
ing spontaneously (e.g., ventilatory weaning). In this sense,
one must pay attention to the ventilation mechanisms of each
anesthesia equipment to control the pressure limit in the air-
ways and PEEP (Mindray 2020). Features such as air
rebreathing, widely used in anesthesia, where there is a CO2
absorption system, will not be used in continuous ventilation,
which has an open ventilation circuit. Another point of the
analysis is the adjustment of O2 concentration, which in the
anesthesia equipment is carried out with adjustable flows of
fresh gas, while in the ventilator, this occurs through an O2
and airflow meter. Another interesting point is that anesthesia
equipment does not support non-invasive ventilation, as if a
leak occurred, the bellows could collapse. Anesthesia equip-
ment also does not support specific functions for intensive
care, such as inhalation retention, exhalation retention, low-
flow pressure-volume loop, among other resources (Mindray
2020).

Therefore, the use of anesthesia equipment as a mechanical
ventilator must always be performed by professionals who
already know the technology. The equipment must always
be evaluated before use, making sure that the adaptations to
the required prolonged use are all satisfied. Its use must be
analyzed with the needs of patients, and its effective efficiency
must be analyzed (American Society of Anesthesiologists
2020a; Anesthesia Patient Safety Foundation 2020; Mindray
2020).

Non-invasive ventilation

Non-invasive ventilation (NIV) is a form of ventilatory sup-
port besides traditional ventilation, which is invasive mechan-
ical ventilation. In these two situations, artificial ventilation is
achieved by applying positive pressure to the airways. In NIV,
a mask is used between the ventilator and the patient
(Carvalho et al. 2007). According to Medicines and
Healthcare products Regulatory Agency (2020), non-
invasive ventilation can occur in the following forms:
Continuous Positive Airway Pressure (CPAP), which pro-
vides a constant steady pressure to keep the lungs expanded;
and, Bilevel Positive Airway Pressure (BIPAP), which pro-
vides different levels of pressure when the patient inhales and
exhales.

CPAP is regularly used in spontaneously breathing patients
who demand short-term mechanical assistance. BIPAP allows
the adjustment of two different pressures during the inspirato-
ry and expiratory phases of breath. It is generally used in
patients with spontaneous breathing who require short-term
mechanical assistance. In CPAP and BIPAP, the effectiveness
of the therapy is intimately related to the proper sealing of the
nasal or oral-nasal mask to the patient’s face. Both devices can

liberate air or a mixture of air and oxygen at high flow rates.
CPAP allows to set an individual pressure, through a circuit
and patient interface and BIPAP the higher inspiratory pres-
sure reduces the patient’s breathing effort, while the lower
pressure helps to preserve an adequate alveolar volume and
to prevent the collapse of unstable alveolar units during expi-
ration (Barbas et al. 2014).

The National Library of Medicine (2020b) includes NIV as
an item of the scale of respiratory therapy techniques to the
hospitalized patient. In non-invasive ventilation procedures
where aerosol generation occurs, healthcare professionals
must wear respirators (e.g., N95, FFP2), eye protection,
gloves, and aprons. Aprons should also be fluid resistant.
These items are important to reduce the risk of contagion of
health professionals (World Health Organization (WHO)
2020b).

In the study carried out by Singhal (2020) at a hospital in
Wuhan, 76% of patients admitted with COVID-19, 13% re-
ceived oxygen support by NIV and 4% support with conven-
tional mechanical ventilation. The average length of stay with
NIV was 9 days and with invasive mechanical ventilation
17 days.

Dilemma

The health and economic dilemma arise in several countries at
the moment when their regulations are being eased, to facili-
tate the registration of new technologies, to alleviate the im-
pact linked to the growing demands of care for patients affect-
ed by COVID-19. It is possible to facilitate the authorization
and compulsory registration of new technologies that may be
developed in this period and linked to the care of this pandem-
ic, enabling a more efficient manufacturing and distribution
process (BRASIL 2020; Food and Drug Administration
2020a; Medicines and Healthcare products Regulatory
Agency 2020).

At ethical bias in health, another dilemma has been identi-
fied that arises from the fact that, at the height of the epidemic
by COVID-19, there is a lack of equipment for all patients
with severe clinical conditions. In recent statements by local
authorities in one of the cities most affected by the spread of
COVID-19 in the USA, New York, it was reported that re-
garding the length of stay in Intensive Care Units in that city,
patients without the SARS-CoV-2 virus remain on mechani-
cal ventilation, usually for 3 or 4 days. However, patients with
SARS-CoV-2 have been kept connected to mechanical venti-
lators for 11 to 21 days (Benjamim 2020).

So, what would be the best decision regarding the need to
keep the patient connected or not to mechanical ventilation?
To assist in this process, in Hick et al. (2007), a matrix assess-
ment with decision criteria was presented. Among the present-
ed criteria, there is the SOFA protocol (Sequential Organ
Failure Assessment). This matrix evaluation covers a wide
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variety of pathologies, where few laboratory variables are
used and without invasive hemodynamic variables. This pro-
tocol is not validated for pediatric use. The SOFA result pro-
vides a patient prognosis and a number that can be compared
across institutions, helping to allocate regional resources.
However, caution should be exercised when using it in a pan-
demic, since the average scores are low among patients.

As presented by Berlinger et al. (2020), the act of acting
ethically is part of professionalism in the health area.
However, health professionals experience anxieties and un-
certainties when faced with these complex contexts brought
to the fore, amid the exhaustive routine of their professional
activities in health care. Thus, in situations of public emergen-
cy, screening protocols help first responders to quickly prior-
itize patients for different levels of care. Faced with a catas-
trophe or disaster scenario, determining which patients will be
able to receive mechanical ventilation assistance is a difficult
process, both from a clinical and psychological point of view
(Hick et al. 2007).

Conclusion

An important point presented in this paper is the importance of
training professionals who use each one of the presented tech-
nologies. Operational knowledge makes it easier to handle the
applied technique, and this information provides the action
and care protocols that are defined for the safe handling of
technologies. The use of ECMO and anesthesia machines
are examples of the need for this training to provide complex
therapeutic interventions with stringent infection control
measures.

This study also presented techniques that can be used in the
routine of health services as oxygenation support techniques,
in critical situations, such as those caused by pandemics, like
as COVID-19. Among these techniques, the described in this
study were the following: (I) ECMO; (II) sharing mechanical
ventilator; (III) fast production technologies, with low cost;
(IV) high-flow nasal cannula; (V) anesthesia machine as me-
chanical ventilators; and, (VI) non-invasive ventilation.

The need for ECMO is still relatively low, and its use is
restricted to specialized centers worldwide. ECMO requires
careful planning with careful resource allocation and staff
training to provide complex therapeutic interventions, with
rigorous infection control measures, which are crucial ele-
ments in an ECMO action plan.

The proposed solution of sharing the same mechanical res-
pirator with two to four patients, despite present positive re-
sults in tests with a simulator, does not yet have a study in
clinical practice that shows its efficiency in maintaining ade-
quate respiratory parameters for the treatment of the patient.
There are also no studies that demonstrate the efficiency in
preventing cross-contamination among patients during

mechanical ventilator. About the respirators of simple con-
struction and low cost are based on bags of AMBU® and
these may not offer the necessary clinical benefits for patient
care, as no clinical studies are demonstrating their efficiency
against COVID-19.

Despite its indication to avoid intubation in a patient with
ARDS using the high-flow nasal cannula, it is still not possible
to say whether there is a limitation in the use of this equipment
in the treatment of COVID-19. Regarding the anesthesia ma-
chine, it is recommended to use a high-quality filter, both to
avoid contamination of patients and equipment. In respect to
NIV, studies indicated the possibility of a shorter hospitaliza-
tion time when compared to traditional mechanical ventilation.

Therefore, despite the various alternatives presented and
used as oxygenation support for patients with COVID-19,
there is a need to elaborate solutions to supply the shortage
of conventional mechanical fans worldwide specially in a crit-
ical period of a global pandemic.
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