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Abstract

Background

The impact of closed-loop control systems to titrate oxygen flow in critically ill patients,
including their effectiveness, efficacy, workload and safety, remains unclear. This system-
atic review investigated the utilization of closed-loop oxygen systems for critically ill patients
in comparison to manual oxygen titration systems focusing on these topics.

Methods and findings

A search was conducted across several databases including MEDLINE, CENTRAL,
EMBASE, LILACS, CINAHL, LOVE, ClinicalTrials.gov, and the World Health Organization
on March 3, 2022, with subsequent updates made on June 27, 2023. Evidence databases
were searched for randomized clinical parallel or crossover studies investigating closed-
loop oxygen control systems for critically ill patients. This systematic review and meta-analy-
sis was performed following the Preferred Reporting ltems for Systematic Review and
Meta-analysis guidelines. The analysis was conducted using Review Manager software,
adopting the mean difference or standardized mean difference with a 95% confidence inter-
val (95% Cl) for continuous variables or risk ratio with 95% CI for dichotomous outcomes.
The main outcome of interest was the percentage of time spent in the peripheral arterial oxy-
gen saturation target. Secondary outcomes included time for supplemental oxygen wean-
ing, length of stay, mortality, costs, adverse events, and workload of healthcare
professional. A total of 37 records from 21 studies were included in this review with a total of
1,577 participants. Compared with manual oxygen titration, closed-loop oxygen control sys-
tems increased the percentage of time in the prescribed SpO, target, mean difference (MD)
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25.47;95% Cl 19.7, 30.0], with moderate certainty of evidence. Current evidence also
shows that closed-loop oxygen control systems have the potential to reduce the percentage
of time with hypoxemia (MD -0.98; 95% CI -1.68, -0.27) and healthcare workload (MD -4.94;
95% CI -7.28, -2.61) with low certainty of evidence.

Conclusion

Closed-loop oxygen control systems increase the percentage of time in the preferred SpO,
targets and may reduce healthcare workload.

Trial registration
PROSPERO: CRD42022306033.

Introduction

Critically ill patients frequently require supplemental oxygen due to the clinical manifestation
of inadequate gas exchange [1,2]. Oxygen administration can be considered a lifesaving treat-
ment and may reduce the mortality and morbidity of hypoxemic patients [3,4]. Oxygen is
commonly utilized for critically ill patients and its prescription is frequently observed for
patients undergoing respiratory support, including mechanical ventilation to correct or pre-
vent hypoxemia [3,5,6].

Hypoxemia can result from many factors, such as lung and cardiovascular diseases, or
reduced oxygen levels at high altitudes and can potentially progress to hypoxia, leading to
potential organ damage [7-10]. In addition, hyperoxemia, the presence of excess oxygen, also
carries risks, including oxidative stress and potential harm to vital organs [11-14]. Thus, find-
ing the right balance is crucial [15-20]. Therefore, healthcare professionals must carefully
titrate oxygen to ensure that they are adequate for the patient’s needs, minimizing the risks
associated with both hypoxemia and hyperoxemia while optimizing patient outcomes.

The literature suggests safe and acceptable targets of peripheral capillary oxygen saturation
(SpO,) ranging between 92-98% for patients without lung diseases and 88-92% for patients
with previous lung diseases [21]. However, manual adjustment of the fraction of inspired oxy-
gen (FiO,) to precisely deliver oxygen within the target is both challenging and time-consum-
ing for healthcare professionals [22-24]. Therefore, the adoption of automated technologies
may be considered to partially reduce workload of healthcare professionals.

Closed-loop oxygen control systems have been developed to provide continuing monitor-
ing and adjustments of oxygen titration based on patients’ SpO,, avoiding and treating hypox-
emia and hyperoxemia episodes [23,24]. These systems are based on the feedback principle to
maintain a target saturation prescribed by continuing titrating oxygen levels [22-24]. It
remains uncertain whether closed-loop oxygen control systems are effective, efficient, and
safe. It is also uncertain whether these systems affect the workload of healthcare providers. We
conducted a systematic review and meta-analysis focusing on these topics.

Methods

This review is reported in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement guidelines [25,26]. This systematic review
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was registered on PROSPERO [CRD42022306033], and additional details are available in the
published protocol [27].

Search strategy

The search was performed on March 3, 2022, and updated on June 27, 2023, in the MEDLINE,
CENTRAL, EMBASE, LILACS, CINAHL, and LOVE evidence databases (S1-S6 Tables in S1
File). Furthermore, a search was performed at the ClinicalTrials.gov website and World Health
Organization (WHO) International Clinical Trials Registry Platform to find ‘ongoing’ and
‘unpublished’ studies. There were no restrictions to language, date, or type of publication.

Eligibility criteria

The eligibility criteria [28] were (P) population: adult ICU patients requiring supplemental
oxygen; (I) intervention: any system or device that allows an automatic oxygen titration,
including for use with invasive or noninvasive ventilation or with low- or high-flow oxygen
therapy; (C) comparator: manual adjustments of oxygen; and (O) outcome: percentage of time
in the SpO, target, time for weaning from oxygen, length of stay, mortality, costs, adverse
events, and workload of healthcare professionals. Different records identified by the same reg-
istration number were grouped and considered as a single study. This way, we guarantee that
studies with multiple publications were included just once.

Study selection

Two investigators (C.G.M. and A.G.V.) independently screened the studies retrieved by the
searches. A third investigator (R.K.N.) was consulted to resolve potential disagreements, if
necessary.

Outcome measures

The primary outcome was the time in the SpO, target, defined as the percentage of time in
which the SpO, values remained in the predefined range (e.g., 92 to 96% or 88 to 92%). Sec-
ondary outcomes included time for weaning from supplemental oxygen, defined as the total
time spent in oxygen support during hospitalization, length of stay, mortality, costs, adverse
events, and workload of healthcare professionals, defined as the need for the professional to
provide oxygen adjustments (e.g., number of manual adjustments; time spent providing
adjustments).

Assessment of characteristics of studies

Characteristics and outcome data from the included studies were independently extracted by
two investigators (C.G.M. and A.G.S.) and revised by a third investigator (A.C.P.) using a pre-
defined data collection form.

Risk of bias

The risk of bias for the outcomes was determined by using the ‘Cochrane Risk of Bias 2’
(RoB2) tool for randomized and crossover trials [29,30]. The risk of bias arising from the ran-
domization process, deviations from intended interventions, missing outcome data, measure-
ment of the outcome and selection of the reported result were assessed. For crossover studies
the risk of bias arising from period and carry-over effects was also assessed.
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Data synthesis and analysis

The mean difference or standardized mean difference was adopted to analyze continuous vari-
ables, with a 95% confidence interval [95% CI]. Dichotomous outcomes are presented as risk
ratios (RRs) with 95% CIs. When possible, skewed data were adjusted for mean and standard
deviation using Wan’s methods and the RevMan Calculator [31]. For figures with good resolu-
tion, we extracted data using the ‘Webplotdigitizer’ website. For crossover studies, the first
period was used to perform the analysis to avoid carry-over effects. When substantial heteroge-
neity was identified (I° > 50%), we conducted a predefined subgroup analysis for the type of
devices. All analyses were performed using Review Manager software (RevMan, Version 5.4.1.
Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2020).

Assessment of certainty of evidence

The Grading of Recommendations Assessment, Development and Evaluation (GRADE) sys-
tem was used to measure and summarize the overall certainty of the current evidence of each
outcome [32] through the ‘GRADEpro Guideline Development Tool” software [33].

Post hoc analysis

Two additional outcomes were added after peer review of the published protocol [27] to pro-
vide additional information to analyze the data along with the percentage of time in the SpO,
target, as follows: (a) the percentage of time with hyperoxemia and (b) the percentage of time
with hypoxemia. The criteria for hypoxemia and hyperoxemia were considered based on the
definitions provided in the studies. We were concerned with carefully verifying the direction
of effect and the impact of these data in meta-analyses, describing the contribution of these tri-
als when necessary. In addition, we conducted two posthoc analyses, one comparing the per-
centage of time in the SpO2 target for subgroups according to the duration of the intervention,
and one in subgroups according to the reason for admission, i.e., medical or surgical.

Results
Studies included

A total of 14,256 records were identified, and 37 records from 21 studies [34-54] enrolling
1,577 participants were included (Fig 1 and Table 1 and S7-S9 Tables in S1 File). Of those,
13 studies [34-38,40,42,45,51,52] investigated closed-loop oxygen control systems for use with
invasive mechanical ventilation, and 8 studies [41,43,44,46-50] investigated closed-loop oxy-
gen control systems for use with noninvasive respiratory support. Nine studies
[36,37,40,44,46-49,54] could be used in the meta-analysis. Further details can be found in the
$10 and S11 Tables in S1 File.

Risk of bias for randomized clinical trials

Most of the outcomes presented some concerns [40,42,46,47,50,51,54] mainly due to insuffi-
cient information on the randomization process such as allocation concealment and baseline
characteristics (Fig 2). Only for costs [48], all domains presented a low risk of bias due to the
completed and desirable information provided. For adverse events, length of stay in the inten-
sive care unit (ICU), mortality and time to oxygen weaning, in addition to concerns due to the
lack of information from the randomization process, the lack of details on the pre-specified
analysis defined a priori motivated the judgment of some concerns among the evaluators
[47,50,51,54]. Of note, for adverse events from the seven studies that evaluated this outcome,
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Fig 1. Flow of trials through the review. Abbreviations: CENTRAL = Cochrane Central Register of Controlled Trials;

CINAHL = Cumulative Index to Nursing and Allied Health Literature; EMBASE = Excerpta Medica dataBASE; LILACS = Latin
American the Caribbean Literature in Health Sciences; MEDLINE = Medical Literature Analysis and the Retrieval System Online;
PICO = Patient Intervention Comparator Outcome.

https://doi.org/10.1371/journal.pone.0304745.9001
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Table 1. Summary of included studies.

Author
(year)
Country
Arnal et al.[34]
(2010)
France

Arnal et al.[35]
(2012)
France

Arnal et al.[36]
(2018)
France

Bialais et al.[37]
(2016)
Belgium

Buiteman-
Kruizinga et al.
(53]
(2022)
Netherlands

Study type

RCT
crossover

RCT
crossover

RCT

RCT

RCT
crossover

Participants
en=43
« Age, mean (SD), y = 64 (15)
« Gender = NR

« Eligibility = NR

« Exclusion criteria = NR

en=>50

« Age, mean (SD), y = 65 (16)

« Gender, n (%) = M: 32 (64%) F: 18 (36%)

« Eligibility = invasively and passively ventilated
patients with moderate severity of ARF.

« Exclusion criteria = increased intracranial
pressure, severe ARDS requiring a permissive
hypercapnia strategy, chronic respiratory failure
receiving long-term oxygen therapy and/or home

non-invasive ventilation, severe cardiac arrhythmia,

therapeutic hypothermia, brain-dead patients,
pregnancy and bronchopleural fistula.

en =060

« Age, mean (SD), y = Exp 67 (12); Con 62 (16)

« Gender, 1 (%) = Exp M: 20 (66.7%), F: 10 (33.3%);

Con M: 22 (73.3%), F: 8 (26.7%)

« Eligibility = MV patients (expected duration > 48

h)
« Exclusion criteria = brain injured patients with
GCS < 6, broncho-pleural fistula, chronic or acute

dyshemoglobinemia, ventilation drive disorder such

as Cheynes Stokes breathing, moribund patient,
patient with “Do Not Resuscitate” order before

inclusion, chronic respiratory disease requiring long

term home ventilation, patient ventilated for
planned surgery, pregnancy, lack of informed
consent, and the participation in another clinical
study.

en=70

« Age, median [IQR], y = Exp 59 [47-69], Con 58
[44-71]

« Gender, n = Exp: M: 25; F: 17; Con M: 22; F: 16
« Eligibility = MV patients (duration > 48 h) and
BMI < 40 kg/m*.

« Exclusion criteria = ventricular assistance with
intra-aortic balloon counterpulsation,

bronchopleural fistula, CO, gradient higher than 15

mmHg, pregnancy, adults under guardianship,

people deprived of freedom and inclusion in another

study protocol.

en=18

« Age,y=NR

« Gender = NR

« Eligibility = patients within 24-hour of start of
ventilation and expected to need MV > 24 hours.
« Exclusion criteria = MV through a tracheostomy

cannula, BMI > 40, any contraindication for use of

the automated ventilation mode.

Intervention

Exp

« IMV with closed-loop control of
oxygen (INTELLiVENT®-ASV)

« Duration = 2-hours

« Follow-up = NR

« IMV with closed-loop control of
oxygen (INTELLiVENT®-ASV)

o Duration = 2-hours

« Follow-up = NR

« IMV with closed-loop control of
oxygen (INTELLiVENT®-ASV)
« Duration = 4-days

« Follow-up = 4-days

« IMV with closed-loop control of
oxygen (INTELLIVENT®™-ASV)

o Duration = 48-hours

« Follow-up = NR

« IMV with closed-loop control of
oxygen (INTELLiVENT-ASV)

o Duration = 3-hours

« Follow-up = NR

Con

« IMV with manual control of
oxygen (ASV mode)

« Duration = 2-hours

« Follow-up = NR

« IMV with manual control of
oxygen (ASV mode)

¢ Duration = 2-hours

« Follow-up = NR

« IMV with manual control of
oxygen

« Duration = 4-days

« Follow-up = 4-days

« IMV with manual control of
oxygen

« Duration = 48-hours

« Follow-up = NR

« IMV with manual control of
oxygen

« Duration = 3-hours

« Follow-up = NR

(Continued)
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Table 1. (Continued)

Author
(year)
Country
Chelly et al.*®
(2020)
France

Clavieras et al.
[39]
(2013)
France

De Bie et al.[40]
(2020)
Netherlands

Denault et al.
[41]
(2020)
Canada

Eremenko et al.
[42]
(2021)
Russia

Study type

RCT
crossover

RCT
crossover

RCT

RCT
crossover

RCT

Participants

en =265

« Age, mean (SD), y = 64 (14)

« Gender, 1 (%) = M: 172 (65); F: 93 (35)

« Eligibility = MV for at least 48 h, with a FiO, <
60%.

« Exclusion criteria = prone positioning, use of
neuromuscular blocking agents, pregnant women,
contraindication to automated ventilation mode
(delirium, broncho-pleural fistula, respiratory drive
disorder such as Cheyne-Stokes breathing), and low-
quality measurement for SpO,.

en=7

« Age, median [IQR], y = 58 [50-64]

« Gender, n = M: 10; F: 4

« Eligibility = MV patients (spontaneous mode),
with an expected duration of MV > 48 h.

« Exclusion criteria = clinical instability, decision to

withhold life-sustaining treatment, pregnant women.

en =220

« Age, median [IQR], y = Exp 70 [62-76], Con 70
[63-76]

« Gender, n (%) = Exp M: 73 (67), F: 36 (33); Con M:
80 (72.1), F: 31 (27.9)

« Eligibility = elective cardiac surgery requiring IMV
in the ICU.

« Exclusion criteria = before surgery: BMI >35 kg
m?, history of pneumonectomy or lobectomy,
COPD (Global Initiative for Chronic Obstructive
Lung Disease Class III or IV), already enrolled in
another interventional trial. After cardiac surgery:
ECMO, hemodynamic instability, fast-track cardiac
surgery.

en =30

« Age, mean (SD), y = 62 (9)

« Gender, n (%) = M: 23 (76.7), F: 7 (23.3)

« Eligibility = patients with mild and moderate
obesity who underwent CABG as sole procedure.

« Exclusion criteria = COPD, restrictive syndrome
other than one associated with obesity, or
obstructive sleep apnea requiring CPAP to focus on
obesity as a sole potential risk factor for hyperoxia-
induced hypercapnia.

en =380

« Age, mean (SD), y = Exp 59 (8), Con 59.2 (10.8)
« Gender, 1 (%) = M: 57 (71.2), F: 23 (28.8)

« Eligibility = aged 30-76 years; uncomplicated
cardiac surgery; BMI: 18-35 kg/m>

« Exclusion criteria = before surgery: severe renal,
hepatic or cardiac failure. After surgery: acute
myocardial infarction, hemodynamic instability,
Pa0,/FiO, < 150, allergic reaction, seizures,
delirium, acute stroke.

Intervention

Exp

« IMV with closed-loop control of
oxygen (INTELLiVENT®-ASV)

« Duration = 6-hours

« Follow-up = NR

« IMV with closed-loop control of
oxygen (INTELLiVENT®™-ASV)
« Duration = 24-hours

« Follow-up = NR

« IMV with closed-loop control of
oxygen (INTELLiVENT®-ASV)

o Duration = 3-hours

« Follow-up = 30-day

« NIV closed-loop control of oxygen
(FreeO2 system) with a SpO, target of 90
+2% (conservative)

e Duration = 30-min

« Follow-up = NR

« IMV with closed-loop control of
oxygen (INTELLiVENT®-ASV)

« Duration = total duration of MV
support

« Follow-up = hospital length of stay

Con

« IMV with manual control of
oxygen

« Duration = 6-hours

« Follow-up = NR

« IMV with manual control of
oxygen

« Duration = 24-hours

« Follow-up = NR

« IMV with manual control of
oxygen

¢ Duration = 3-hours

« Follow-up = 30-day

« Noninvasive manual control of
oxygen with a SpO, target of 95%
(liberal)

e Duration = 30-min

« Follow-up = NR

« IMV with manual control of
oxygen

« Duration = total duration of MV
support

« Follow-up = hospital length of stay

(Continued)
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Table 1. (Continued)

Author
(year)
Country
Hansen et al.[43]
(2018)
Denmark

Harper et al.[44]
(2021)
New Zealand

Huynh Ky et al.
[50]
(2017)
Canada

Johannigman
etal.[45]
(2009)
USA

Kobayashi et al.
[51]
(2017)
Japan

Komnov et al.
(54]
(2023)
Russian

Study type

RCT
crossover

RCT

RCT

RCT
crossover

RCT

RCT

Participants

en=19

« Age, mean (SD), y =72.4 (8.4)

« Gender, 1 (%) = M: 12 (60), F: 8 (40)

« Eligibility = COPD exacerbation patients with an
estimated LOS > 48 h and SpO, < 88% on room air.
« Exclusion criteria = other significant respiratory or
cardiac conditions causing hypoxemia, severe
ongoing malignancy, high risk for need of
mechanical ventilation.

en=20

« Age, mean (SD), y = Exp 68.7 (17), Con 69.2 (19)

« Gender, n (%) = Exp M: 6 (60) F: 4 (40), Con M: 6
(60) F: 4 (40)

« Eligibility = patients with HFNC with a prescribed
SpO, target ranges from (88-92%) or (92-96%).

« Exclusion criteria = incapability of brief
interruption in oxygen or high-flow therapy,
domiciliary use of CPAP or NIV, obstructive sleep
apnoea, respiratory infection or colonization with
multidrug resistant bacteria, infection with
SARS-CoV-2, haemodynamic instability, end of life
care, risk of barotrauma, as assessed by the
investigator, nasal or facial conditions precluding
use of HENG, intracranial trauma or trans-nasal
neurosurgery (within 6 weeks), any condition which

limits the feasibility of continuous SpO2 monitoring,
pregnancy or breastfeeding, cognitive impairment or

impaired consciousness precluding informed
consent, implanted electronic medical device, any
other condition which, at the investigator’s
discretion, is believed may present a safety risk or
impact the feasibility of the study or the study
results.

en =060

« Age, mean (SD), y = 63 (12)

« Gender, n = M: 44, F: 16

« Eligibility = patients with acute coronary
syndrome.

« Exclusion criteria = severe COPD diagnosis.

en=15

« Age, mean (SD), y = 35.6 (13.2)

« Gender, n (%) = M: 13 (86.7), F: 2 (13.3)

« Eligibility = trauma patients requiring IMV;
current FiO, >35%; indwelling arterial line; and
ability to monitor SpO, accurately

« Exclusion criteria = NR

en =48
« Age,y=NR
« Gender = NR

« Eligibility = patients undergoing cardiac surgery.
« Exclusion criteria = NR

en =32
» Age,y=NR
« Gender = NR

« Eligibility: Adult patients (age >30 years), elective
cardiac surgery, BMI > 35 kg/m” and postoperative
treatment with MV

« Exclusion criteria = NR

Intervention

Exp

« Nasal cannula with closed-loop control

of oxygen (O2matic system)
« Duration = 4-hours
« Follow-up = NR

« HENC with closed-loop control of
oxygen (Airvo3 system)

« Duration = 24-hours

« Follow-up = NR

« Exp 1: NIV closed-loop control of
oxygen (FreeO, system) with 92% of
SpO, target

« Exp 2: NIV closed-loop control of
oxygen (FreeO2 system) with 96% of
SpO, target

o Duration = 24-hours

« Follow-up = NR

« IMV with closed-loop control of
oxygen (Impact 754, Eagle)

o Duration = 4-hours

« Follow-up = 8-hours

« IMV with closed-loop control of
oxygen (INTELLiVENT®-ASV)

« Duration = 6-hours

« Follow-up = NR

« IMV with closed-loop control of
oxygen (INTELLIVENT®-ASV)

o Duration = total duration of MV
support

« Follow-up = hospital LOS

Con

« Nasal cannula with manual control
of oxygen

« Duration = 4-hours

« Follow-up = NR

« HFNC with manual control of
oxygen (Airvo2 system)

« Duration = 24-hours

« Follow-up = NR

« Noninvasive manual control of
oxygen (FreeO, system)

« Duration = 24-hours

« Follow-up = NR

« IMV with manual control of
oxygen (Impact 754, Eagle)

« Duration = 4-hours

« Follow-up = 8-hours

« IMV with manual control of
oxygen (ASV mode)

« Duration = 6-hours

« Follow-up = NR

« IMV with manual control of
oxygen

« Duration = total duration of MV
support

« Follow-up = hospital LOS

(Continued)
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Table 1. (Continued)

Author Study type Participants
(year)
Country
L’Her et al.[46] RCT en =187
(2017) « Age, mean (SD), y = Exp 74.6 (13.2), Con 77.7
France (12.2)

« Gender, n (%) = Exp M: 56 (60.9), F: 37 (39.1); Con
M: 48 (51.1), F: 46 (48.9)

« Eligibility = emergency department admission,
within < 2 h for acute respiratory disorder

requiring > 3 L/min of O, (SpO, target > 92%).

« Exclusion criteria = life-threatening hypoxaemia,
clinical signs of ventilatory assistance requirement,
emergent surgery or coronary angiography,
pregnant or breastfeeding women, patients under
administrative protective measures.

en =198

« Age, mean (SD), y = Exp 62.2 (12.6), Con 63.1
(13.5)

« Gender, (%) = Exp M: 55.2, F: 44.8; Con M: 55.3, F:
44.7

« Eligibility = patients undergoing abdominal or
thoracic surgery; ARISCAT > 26; indication of
ventilatory support after surgery.

« Exclusion criteria = BMI > 35; obstructive sleep
apnea and pregnant patients.

en =60

« Age, mean (SD), y = Exp 67.7 (8.8), Con 65.3 (9.7)
« Gender, n (%) = Exp M: 23 (76.7), F: 7 (23.3); Con
M: 22 (73.3), F: 8 (26.7)

« Eligibility = pre inclusion criteria were: (1) elective
cardiac surgery; (2) age 18-90 years; (3) BMI < 40
kg/mz; (4) baseline PaCO, < 50 mmHg; and (5)
serum creatinine < 200 umol/L. After surgery,
hemodynamically stable, and urine output > 50 mL/
h.

« Exclusion criteria = bronchopleural fistula, study
ventilator not available.

en=>50

« Age, mean (SD), y = Exp 71 (8), Con 73 (8)

« Gender, n (%) = Exp M: 15 (60), F: 10 (40); Con M:
12 (48), F: 13 (52)

« Eligibility = hospitalized COPD exacerbation
patients with oxygen therapy prescription; age > 40
years; and past or current smoking history of at least
10 pack-years.

« Exclusion criteria = admitted for > 24 hours,
multidrug-resistant bacteria infection, intermittent
noninvasive ventilation, cognitive impairment.

L’Her et al.[47]
(2021)
France

RCT

Lellouche et al. RCT
(52]
(2013)

Canada

Lellouche et al.
(48]
(2016)
Canada

RCT

Intervention

Exp

» Mask to administer either low or high
O, flow with closed-loop control of
oxygen (FreeO2 system)

« Duration = 3-hours

« Follow-up = hospital length of stay

« Nasal cannula/prongs (low flow) or
open face mask (low or medium flow)
with closed-loop control of oxygen
(FreeO2 system)

« Duration = 3-hours/3-days

« Follow-up = 28-days

« IMV with closed-loop control of
oxygen (INTELLiVENT™-ASV)

« Duration = 4-hours

« Follow-up = ICU length of stay

« Nasal cannula or nonocclusive mask
with closed-loop control of oxygen
(FreeO2 system)

o Duration = 7-days

« Follow up = 180-days

Con

» Mask to administer either low or
high O, flow with manual control of
oxygen

« Duration = 3-hours

« Follow-up = hospital length of stay

« Nasal cannula/prongs (low flow) or
open face mask (low or medium
flow) with manual control of oxygen
« Duration = 3-hours/3-days

« Follow-up = 28-days

« IMV with manual control of
oxygen

« Duration = 4-hours

« Follow-up = ICU length of stay

« Nasal cannula or nonocclusive
mask with manual control of oxygen
o Duration = 7-days

« Follow up = 180-days

(Continued)
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Table 1. (Continued)

Author Study type Participants Intervention
(year) Exp Con
Country
Roca et al.[49] RCT en=45 « HENC with closed-loop control of « HFNC with manual control of
(2022) crossover | « Age, mean (SD), y = 35.6 (13.2) oxygen oxygen
pain « Gender, n (%) = M: 24 (53.3), F: 21 (46.7) « Duration = 4-hours « Duration = 4-hours
« Eligibility = ICU admission receiving HFNC with | « Follow-up = NR « Follow-up = NR

flow rate > 40 L/min with FiO, > 30%, and
expected to receive HFNC for at least 8 hours after
randomization.

« Exclusion criteria = pregnant women, indication
or high risk for immediate intubation, indication for
non-invasive ventilation, haemodynamic instability,
severe acidosis, poor SpO, signal, chronic or acute
dyshaemoglobinaemia, tracheostomy, previously
enrolled in this trial or enrolled in another
interventional study could not participate.

Abbreviations: ALI = acute lung injury; ARDS = acute respiratory distress syndrome; ARF = acute respiratory failure; ARISCAT = assess respiratory risk in surgical
patients in Catalonia; ASV = adaptive support ventilation; BMI = body mass index; bpm = beats per minute; CABG = coronary artery bypass grafting; CO, = carbon
dioxide; Con = control; COPD = chronic obstructive pulmonary disease; CPAP = continuous positive airway pressure; DNP = daily nursing procedures; EtCO, = end-
tidal carbon dioxide; Exp = experimental; F = female; FiO, = inspired fraction of oxygen; GCS = Glasgow coma scale; h = hour; HFNC = high flow nasal cannula;

ICU = intensive care unit; IMV = invasive mechanical ventilation; kg = kilogram M = male; Max = maximum; mL = milliliter; Min = minimum; MV = mechanical
ventilation; NIV = noninvasive ventilation; NHF = nasal high flow; NR = not reported; O, = oxygen; PBW = predicted body weight; Pysp = inspiratory pressure; P/F
ratio = partial pressure of oxygen/inspired fraction of oxygen ratio; Ppgax = peak pressure; Ppp st = plateau pressure; postop = postoperative; RCT = randomized

controlled trial; RR = respiratory rate; ROX = respiratory rate oxygenation; SD = standard deviation; SpO, = peripheral oxygen saturation; Vt = tidal volume.

https://doi.org/10.1371/journal.pone.0304745.t001

in addition to the concerns cited about the randomization process, one study [51] lacks infor-
mation from blinding of outcome assessors.

Risk of bias for randomized cross-over trials

Adverse event is the only outcome that included five studies and only one of them [43] had an
overall "low risk’ of bias (Fig 3). We were concerned about the actual impact of the insufficient
information available to assess both proper randomization [34,38,39,45,49,53] and appropriate
carry-over time in all outcomes [38,39,45,49,35]. As information from the first phase was not
available for most of the crossovers, it was not possible to precisely assess whether there was a
deviation from the intended interventions [35,38,43]. We did not find any evidence of missing
outcome data or differences between groups for ‘'measure of outcome’ for all outcomes
planned in this review and thus considered it as low risk of bias. Furthermore, it was not possi-
ble to assess whether a selection of the reported result of the outcomes was due to the absence
or insufficient reporting information from the registered protocol [35,45].

Time spent in predefined SpO, targets, percentage of time with hypoxemia
or hyperoxemia, and weaning

The included studies had different SpO, targets (S1 Fig in S1 File). In 7 studies [37,40,44,46—
49], closed-loop oxygen titration devices increased the percentage of time in the predefined
SpO, target with substantial heterogeneity, not completely explained by the planned and post
hoc subgroup analysis (Fig 4, S2 and S3 Figs and S11 Table in S1 File). The sensitivity analysis
for the percentage of time in the SpO, target, included only trials with a low risk of bias (S4 Fig
in S1 File) and showed similar estimates of the intervention and inconsistency. There’s no
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Study ID Experimental Comparator Outcome D1 D2 D3 D4 D5 Overall
Bialais (2016) Intellivent-ASV® Conventional ventilatory modes Adverse Events . . . . . .
Eremenko (2021) Intellivent-ASV® Conventional ventilatory modes Adverse Events ! . . . ‘ @
Harper (2021) Airvo 3 System Manual oxygen administration Adverse Events ' . . . . .
Kobayashi (2017) Intellivent-ASV® ASV Adverse Events ! . . 1 ! @
Lellouche (2016) FreeO2 Manual oxygen titration Adverse Events ‘ . . ‘ ‘ .
L’Her (2017) FreeO2 Manual oxygen titration Adverse Events ! . . ’ . @
L’Her (2021) FreeO2 Manual oxygen titration Adverse Events ! . . ‘ ! @
Poder (2018) FreeO2 Manual oxygen titration Cost ‘ . ‘ . ‘ .
Arnal (2018) Intellivent-ASV® Conventional ventilatory modes Healthcare workload . . . . ‘ .
Bialais (2016) Intellivent-ASV® Conventional ventilatory modes Healtheare workload ® © 6 © © ©

s . . 1
Eremenko (2021) Intellivent-ASV® Conventional ventilatory modes Healthcare workload ! . . . ‘ @
Harper (2021) Airvo 3 System Manual oxygen titration Healthcare workload . . . ‘ . .

ivent-AS Conventi i s 1 ©)
Komnov (2023) V® ventilatory modes Healthcare workload ! . . ’ .
Lellouche (2013) Intellivent-ASV® Protocolized ventilation group Healthcare workload . . . . . .
Harper (2021) Airvo 3 System Manual oxygen administration Hospital length of stay . . ‘ ’ ‘ .
Bialais (2016) Intellivent-ASV® Conventional ventilatory modes Hospital length of stay . . . . . .
Arnal (2018) Intellivent-ASV® Conventional ventilatory modes Hospital length of stay . . . . . .
Lellouche (2016) FreeO2 Manual oxygen titration Hospital length of stay ‘ . . ‘ ‘ .
L’Her (2017) FreeO2 Manual oxygen titration Hospital length of stay 1 . . . ’ @

5 g x 1

L’Her (2021) FreeO2 Manual oxygen titration Hospital length of stay : ’ . . . @
Eremenko (2021) i ASV® C it ventilatory modes ICU and Hospital length of stay ! . . . ‘ @
Arnal (2018) i ASV® C i ventilatory modes ICU length of stay ‘ . ‘ . ‘ .
Bialais (2016) Intellivent-ASV® Conventional ventilatory modes ICU length of stay ’ . . . ’ .
De Bie (2020) Intellivent-ASV® Conventional ventilatory modes ICU length of stay ! . . . ‘ @
Komnov (2023) Intellivent-ASV® Conventional ventilatory modes ICU length of stay ! . ‘ . ! @
L’Her (2017) FreeO2 Manual oxygen titration ICU length of stay ! . . . . @
Arnal (2018) vent-ASV® Conventional ventilatory modes Mortality ® ® e o o .
Bialais (2016) Intellivent-ASV® Conventional ventilatory modes Mortality . . . ’ . .
De Bie (2020) i ASV® C i ventilatory modes Mortality ! . . . ‘ @
Eremenko (2021) i SV® C it ventilatory modes Mortality ! . . . . @
Huynh-Ky (2017) FreeO2 Manual oxygen titration Mortality ! . . ’ ! @
Komnov (2023) Intellivent-ASV® Conventional ventilatory modes Mortality ! . . . ! @
L’Her (2017) FreeO2 Manual oxygen titration Mortality ! ‘ ‘ . ‘ @
L’Her (2021) FreeO2 Manual oxygen titration Mortality (28 days) ! . . . . @
Lellouche (2013) Intellivent-ASV® Protocolized ventiltion group Not acceptable zone ® ®© 6 6 8 ©
Lellouche (2016) FreeO2 Manual oxygen titration Time for O2 weaning . . . . . .
L’Her (2017) FreeO2 Manual oxygen titration Time for O2 weaning ! . . ‘ ' @
L’Her (2021) FreeO2 Manual oxygen titration Time for O2 weaning 1 . ‘ . ‘ @

3 . s : . . . ’ . 1
De Bie (2020) % C ventilatory modes Time in the optimal zone until extubation ! . . . . @
Bialais (2016) Intellivent-ASV® Conventional ventilatory modes Time in the SpO2 target ‘ . . . ‘ .
Harper (2021) Airvo 3 System Manual oxygen titration Time in the SpO2 target ' . . . ’ .
Lellouche (2016) FreeO2 Manual oxygen titration Time in the SpO2 target . . . . . .
L’Her (2017) FreeO2 Manual oxygen titration Time in the SpO2 target ! . . . . @
L’Her (2021) FreeO2 Manual oxygen titration Time in the SpO:2 target ! . . ’ . @
Lellouche (2013) Intellivent-ASV® Protocolized ventilation group Time in the SpO:2 target ‘ . ' . . .

. Lowrisk | Some concems . High risk

Fig 2. Risk of bias of RCT included studies. D1 = randomization process; D2 = deviations from the intended interventions;

D3 = missing outcome data; D4 = measurement of the outcome; D5 = selection of the reported results. Abbreviations:

ASV = adaptive support ventilation; ICU = intensive care unit; PSV = pressure support ventilation; O2 = Oxygen; RoB2 = cochrane
risk of bias 2.0 tool for randomized clinical trials; SpO2 = peripheral oxygen saturation.

https://doi.org/10.1371/journal.pone.0304745.g002
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Study ID
Arnal (2012)
Chelly (2020)
Clavieras (2013)
Hansen (2018)
Johannigman (2009)

Clavieras (2013)

Roca (2022)

Arnal (2012)
Clavieras (2013)

Johannigman (2009)

Roca (2022)

Johannigman (2009)

Roca (2022)

Denault (2020)
Johannigman (2009)
Chelly (2020)
Hansen (2018)
Arnal (2010)

Buiteman-Kruizinga
(2022)

Experimental
Intellivent-ASV®
Intellivent-ASV®
Intellivent-ASV®

O2matic
Autonomous control of FiO2
Intellivent-ASV®

HFENC with automatic
oxygen control

Intellivent-ASV®
Intellivent-ASV®
Autonomous control of FiO2

HFNC with automatic
oxygen control

Autonomous control of FiO2

HFENC with automatic
oxygen control

FreeO2
Autonomous control of FiO2
Intellivent-ASV®
Oz2matic

Intellivent-ASV®

Intellivent-ASV®

Comparator Outcome

©
=
]
5
i

Conventional ventilatory modes Adverse Events

Conventional ventilatory modes Adverse Events
Conventional ventilatory modes Adverse Events
Manual oxygen titration Adverse Events
Manual oxygen titration Adverse Events

Conventional ventilatory modes Healthcare workload

Manual oxygen titration

Healthcare workload 1

Conventional ventilatory modes Healthcare workload

-~ 0-0-0-00-000--

22-0000000-00000- =
0000000000000 000000
0000000000000 000000
:000-00-0-0-00-000 ==
elelelelelefeyeyelelsteyeystel Jelele

Conventional ventilatory modes Mortality

Manual oxygen titration Mortality

Manual oxygen titration Oxygen sonsumption !

Manual oxygen titration Oxygen usage 1

Manual oxygen titration Time in the SpOz target !

Manual oxygen titration Time in the SpOz target '

Manual oxygen titration Time in the SpOz target 1
Conventional ventilatory modes Time in the SpOz target ! .

Manual oxygen titration Time in the SpO2 target ‘ .

ASV Time in the SpO: target ! ‘

Conventional ventilatory modes Time in the SpO2 target 1 1 !

' Low risk

I Some concerns . High risk

Fig 3. Risk of bias of crossover included studies. D1 = randomization process; DS = bias arising from period and carryover effects; D2 = deviations from the
intended interventions; D3 = missing outcome data; D4 = measurement of the outcome; D5 = selection of the reported result. Abbreviations: ASV = adaptive
support ventilation; ICU = intensive care unit; FiO2 = fraction of inspired oxygen; HFNC = high-flow nasal cannula; PSV = pressure support ventilation;

SpO2 = peripheral oxygen saturation.

https://doi.org/10.1371/journal.pone.0304745.9003

clinically important difference in effect estimates between the meta-analysis encompassing all
studies and the one focusing solely on studies with a low risk of bias, any inconsistency is likely
to be insignificant [55]. Despite the observed asymmetry in the funnel plot (S5 Fig in S1 File),
we cannot definitively attribute it to publication bias due to the limited number of studies
included in this outcome. In 6 studies [36,37,40,46,48,49], closed-loop oxygen titration
reduced the percentage of time with hypoxemia, with substantial unexplained heterogeneity,
due to imprecise results of 2 studies [36,49] (S6 Fig in S1 File). In 4 studies [36,46,48,49]
closed-loop oxygen titration did not reduce the percentage of time with hyperoxemia, with
substantial heterogeneity and inconsistency in 2 studies [36,46] (S7 Fig in S1 File).

Four studies [38,43,45,53] were not included in the quantitative analyses due to the absence
of reported data from the first crossover period. The mean percentage of time spent in the
SpO2 target, ranging from 92 to 96%, was higher in the intervention group when compared to
the control group, 83 (SD 21) versus 33 (SD 36), respectively [45]. These findings were similar
to one study [43] published, in which the estimated effect presented, a mean difference (MD)
0f 38.5% [95% CI, 27.8 to 49.3]. One study [38] investigated 265 mechanically ventilated
patients during daily nursing procedures. The closed-loop group spent a mean percentage of
time in the SpO2 target of 48 (SD 37), compared with the control group of 43 (SD 37). One
study [53] investigated the duration during which mechanically ventilated patients maintained
their SpO2 within the optimal breath zone, considering the SpO2 target and FiO2. They found
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Closed-Loop Manual Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.19.1 Invasive mechanical ventilation
Bialais 2016 (i-ASV) 84.15 19.0936 42 69.9 24.3389 38 13.4% 14.25 [4.59, 23.91] -
De Bie 2020 (i-ASV) 55.2 28 109 255 293 111 15.9% 29.70[22.13, 37.27] —_—
Subtotal (95% CI) 151 149 29.3% 22.28 [7.15, 37.41] -l
Heterogeneity: Tau? = 99.75; Chi? = 6.09, df =1 (P = 0.01); I =84%
Test for overall effect: Z = 2.89 (P = 0.004)
1.19.2 Low flow oxygen
L'Her 2017 (FreeO2) 81.3 20.7 93 518 30 94 16.1% 29.50 [22.12, 36.88] —_—
L'Her 2021 (FreeO2) 94 11.3 83 621 23.3 86 18.5% 31.90[26.41, 37.39] .
Lelouche 2016 (FreeO2) 81.2 15.9 25 513 19.7 25 13.1% 29.90[19.98, 39.82] —
Subtotal (95% CI) 201 205 47.7% 30.86 [26.83, 34.88] 2

Heterogeneity: Tau? = 0.00; Chi? = 0.30, df = 2 (P = 0.86); I = 0%
Test for overall effect: Z = 15.02 (P < 0.00001)

1.19.3 High flow oxygen

Harper 2021 (HFNC) 964 2236 10 729 24854 10 82%  23.50([8.03, 38.97] —_—
Roca 2022 (HFNC) 957 434 22 798 1995 23 14.9%  15.90[7.55, 24.25] —
Subtotal (95% CI) 32 33 23.1% 17.62[10.27, 24.97] -

Heterogeneity: Tau? = 0.00; Chi* = 0.72, df = 1 (P = 0.40); > = 0%
Test for overall effect: Z = 4.70 (P < 0.00001)

Total (95% CI) 384 387 100.0% 25.47 [19.93, 31.00] <
Heterogeneity: Tau? = 35.33; Chi? = 17.97, df = 6 (P = 0.006); I> = 67%
Test for overall effect: Z =9.02 (P < 0.00001)

Test for subaroup differences: Chi? = 10.07, df = 2 (P = 0.006), I? = 80.1%

-50 -25 0 25 50
Favours [Manual] Favours [Closed-Loop]

Fig 4. Subgroup analyses of time spent in the SpO, target based on pooled data from five studies of noninvasive devices and two studies of mechanical
ventilation. Abbreviations: CI = confidence interval; HFNC = high flow nasal cannula; i-ASV = INTELLiVENT-Adaptive Support Ventilation; SD = standard
deviation.

https://doi.org/10.1371/journal.pone.0304745.9004

that patients in the closed-loop group spent 61% of their time within the optimal oxygenation
range, a statistically significant improvement compared to the 52% observed with conventional
ventilation. One study [52] evaluated the time spent in the optimal zone (i.e., SpO2 target) in
60 participants. The mean time spent in the closed-loop and control group remained at the
optimal zone of 192 (SD 52), and 25 (SD 124) minutes, respectively. This study [52] was not
included in the quantitative analysis due to the absence of information on all patients included
to change mean and SD data from minutes to percentage of time.

Clinical outcomes

Of all included studies, 10 studies [36,37,40,42,44,46-49,54] evaluated length of stay, and 10
studies [36,37,39,40,42,45,47,49,50,54] evaluated mortality. In most studies, the intervention
was not applied throughout the total duration of oxygen supplementation (S11 Table in S1
File). We considered it inappropriate to meta-analyze these details.

Costs

Of all studies, only one study [48] investigated hospitalization costs, and 2 studies [45,49] eval-
uated oxygen consumption. These studies suggest that closed-loop oxygen titration systems
may result in a reduction in costs and oxygen consumption (S11 Table in S1 File).

Adverse events

Of all studies, 14 studies [34,35,37-39,42-48,51,52] reported adverse events. Quantitative anal-
yses were not performed due to the wide variety and the absence of a standardized definition
of adverse events (S11 and S12 Tables in S1 File).
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Closed-loop Manual Mean Difference Mean Difference

Study or Subgroup Mean SD

Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

1.9.1 Invasive mechanical ventilation

Arnal 2018 (i-ASV) 2 2
Bialais 2016 (i-ASV) 3 4
Komnov 2023 (i-ASV) 11

Subtotal (95% Cl)

Heterogeneity: Tau? = 3.02; Chi? = 8.02, df =2 (P = 0.02); I? = 75%
Test for overall effect: Z = 4.80 (P < 0.00001)

1.9.2 High flow oxygen

Harper 2021 (HFNC) 4 39
Subtotal (95% Cl)

Heterogeneity: Not applicable

Test for overall effect: Z = 0.38 (P = 0.70)

Total (95% Cl)

Heterogeneity: Tau? = 3.85; Chi? = 11.95, df = 3 (P = 0.008); |12 = 75%
Test for overall effect: Z = 4.15 (P < 0.0001)

30 6 5 30 295%  -4.00[-5.93,-2.07] ——
42 13 11 38 19.2% -10.00[-13.70, -6.30] —

16 6 2 16 342%  -5.00[-6.10,-3.90] el
88 84 82.8% -5.72[-8.06, -3.39] <o

10 48 54 10 17.2%  -0.80[-4.93, 3.33] —
10 10 17.2%  -0.80 [-4.93, 3.33] .
98 94 100.0%  -4.94[-7.28, -2.61] <o

-20 -10 0 10 20
Favours [Closed-loopl] Favours [Manual]

Test for subgroup differences: Chi? = 4.14, df = 1 (P = 0.04), I = 75.8%

Fig 5. Forest plot for workload of healthcare professionals. Abbreviations: CI = confidence interval; HFNC = high flow nasal cannula; i-
ASV = INTELLiVENT-Adaptive Support Ventilation; SD = standard deviation.

https://doi.org/10.1371/journal.pone.0304745.9005

Healthcare workload

Of the 7 studies [35-37,42,44,49,54] that evaluated the workload of healthcare professionals, 4
studies [36,37,44,54] were included in a quantitative analysis, suggesting that closed-loop oxy-
gen control may reduce healthcare workload (Fig 5). In the sensitivity analyses excluding trials
with some concerns according to the risk of bias assessment (S8 Fig in S1 File), we observed a
slight increase in the heterogeneity (I> = 83%) maintaining the direction of the effect of inter-
ventions (MD -4.94, 95% CI -9.43 to -0.46).

Discussion

The results of this systematic review and meta-analysis show that closed-loop oxygen control
devices may increase the percentage of time in the SpO, target and reduce the percentage of
time with hypoxemia. Closed-loop oxygen titration was found not to be associated with a
lower percentage of time with hyperoxemia, time for weaning supplemental oxygen, adverse
events, length of stay, and mortality. The evidence suggests that closed-loop oxygen titration
may reduce costs, oxygen consumption and healthcare workload.

Although both are harmful, episodes of hypoxemia (i.e., SpO, < 90 to 92%) are frequently
regarded as a ‘red flag’ when compared with hyperoxemia episodes (i.e., SpO, > 94-96 to
100%). Consequently, supplemental oxygen is typically considered to be widely available and
liberally administered, with little to no attention given to avoiding excessive use. Closed-loop
systems for oxygen titration seem to increase the time spent in the SpO, target, contributing to
the correct dose adjustment of oxygen and avoiding hypoxia episodes. However, it may not
effectively reduce the occurrence of hyperoxemia, particularly in mechanical ventilation sys-
tems, or when high oxygen targets are being used. For instance, one trial [36] showed a high
incidence of hyperoxemia with automatic oxygen control; however, this incidence was also
high in the control group (35% vs. 33%). The included studies reported the use of different
upper limits of SpO, target and timing of intervention, making it difficult to compare the
results. In this scenario, the predefined width range could have influenced the results of the
percentage of time in the SpO, target, hyperoxemia and hypoxemia. Substantial heterogeneity
was also found for the percentage of time spent in the SpO, target, not fully explained by
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subgroup analysis. The duration of the intervention and the different patient characteristics,
could explain the substantial heterogeneity observed among the studies included in the sub-
group analysis of patients undergoing mechanical ventilation support.

Supplemental oxygen use is frequently observed in patients admitted to hospitals and is
considered one of the most common treatments provided to critically ill patients. The underre-
cognition and delay in the correction of hypoxemia remains a major problem in clinical prac-
tice associated with an increase in mortality [56], especially in settings where resources are
limited and in countries or regions [57]. In addition to socioeconomic factors, the health crisis
triggered by the coronavirus disease (COVID-19) pandemic highlighted inequities related to
an unprecedented need for oxygen supply and other resources, such as ICU beds, specialized
professionals, invasive and noninvasive ventilators, and other medical supplies [58], and con-
sequently, the indices of mortality in patients with and without COVID-19 significantly
increased [59,60].

Investments in technology to develop new innovative devices for closed-loop oxygen titra-
tion that can efficiently manage resources have grown exponentially in recent years for both
clinical and research uses. This was also observed in our findings, as most of the included trials
were industry-sponsored investigations. Furthermore, unusual situations, such as the COVID-
19 pandemic highlighted the importance and need to rationally use oxygen in clinical practice,
as prolonged use of unnecessary supplemental oxygen increases health costs, ICU, and hospital
stays, exposing patients to infections and psychosocial complications resulting from the hospi-
talization process. Despite the benefits of closed-loop devices for oxygen titration, the clinical
use at bedside is still limited, due to the high initial investment necessary to acquire such tech-
nology. The direct cost related to closed-loop oxygen titration systems was evaluated in only
one study [48], and oxygen consumption, an indirect measure of cost, was evaluated in two
studies [45,49], showing inaccurate results due to the small number of included patients. Future
studies should investigate ‘cost outcome’ to assist decision-makers in providing an assertive
plan for closed-loop oxygen titration device implementation for clinical and research uses.

Patients admitted to the ICU are frequently exposed to different procedures, such as physi-
cal therapy and rehabilitation interventions (e.g., airway clearance, suctioning, and position-
ing), which can promote respiratory and hemodynamic changes according to their clinical
condition. In addition, lung dynamics are directly affected by the patient’s clinical presenta-
tion. Thus, it can require frequent parameter adjustments during invasive or noninvasive ven-
tilation support to maintain the predefined target of SpO,, increasing the workload of
healthcare professionals. Closed-loop devices cannot replace healthcare professionals as they
cannot handle complex clinical changes in oxygen adjustments. However, they can ease the
workload of professionals by automating oxygen adjustments and freeing up time for patient
care. These devices do not eliminate the need for clinical discussions and adjustments, espe-
cially for significant changes. They require alarms and data visualization for informed deci-
sion-making. While their safety is not clearly defined, they offer a potential way to reduce
bedside tasks; however, more research on adverse events is needed due to oxygen-related risks.
The identification and reporting processes of adverse events can be challenging. Researchers
may consider the inclusion of adverse events as an outcome, reporting additional details of the
definition, occurrence, and classification of events.

Strengths and limitations

This review has strengths that have helped reduce potential bias in the review process, such as
a thorough literature search, rigorous and well-established methods to minimize bias, includ-
ing multiple reviewers to independently screen abstracts, review studies, extract data, assess
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the risk of bias and the certainty of evidence outlined by the Cochrane Collaboration [30]. In
addition, primary study authors were contacted to provide additional information, data, or
clarifications when needed. For crossover randomized controlled trials (RCTs), we also con-
tacted authors to request data from the first phase of interventions to describe baseline charac-
teristics and results separately from patients randomized to each stage. We, therefore, believe
that it is unlikely that we missed any relevant trials. Thus, this systematic review and meta-
analysis provided important insights. Additional studies investigating the use of closed-loop
oxygen systems through the entire duration of oxygen support should be developed to improve
the findings for certainty of evidence.

However, this review has some limitations. First, due to the short intervention period in
most studies it was difficult to establish a direct relationship between the device and the
patient’s length of stay, mortality and time for oxygen weaning. It is important to emphasize
that most studies in this meta-analysis featured brief intervention periods, ranging from only a
few hours to 24 hours. This limitation diminishes the generalizability of the results to patients
necessitating prolonged oxygen therapy, typically those in the most critical condition. Second,
despite our considerable efforts to mitigate publication bias, we were unable to reliably assess
it through the funnel plot due to the limited number of available studies. Third, there was
insufficient information about the randomization process of some studies, so we recom-
mended the use of reliable methods (e.g., computer-generated random numbers) and detailed
reporting to ensure homogeneity between groups. Fourth, the washout period between inter-
ventions of crossover RCT's was short and heterogeneous, and the possibility of the carry-over
effect cannot be ruled out. Although the devices provide the same substance (oxygen), the type
of device can influence the patient’s stability. Fifth, the findings of the invasive mechanical ven-
tilation subgroup should be interpreted with caution. Automatic mechanical ventilation
modes adjust a group of ventilation settings such as tidal volume, respiratory rate, FiO,, and
positive end-expiratory pressure. Thus, the findings of this review regarding the percentage of
time spent in the SpO, target cannot be solely attributed to the oxygen titration. Additionally,
the number of adjustments in ventilation parameters may also have influenced healthcare
workload outcomes.

In summary, while closed-loop oxygen titration systems probably increase the percentage
of time spent within desired SpO, ranges and reduce healthcare workload and costs, their
safety remains uncertain. Adverse events are likely underreported in existing studies. More-
over, the extent to which these systems enhance efficiency, such as by reducing the duration of
oxygen weaning, and even more importantly, by affecting length of stay and mortality rates,
remains unclear. This uncertainty primarily stems from the limited duration of the interven-
tion in the scarce, and small existing studies. Future research should focus on evaluating effec-
tiveness, safety, and efficacy over longer periods, and prioritize patient-centered endpoints.
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