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Abstract

Background: Pressure support ventilation (PSV) is the prevalent weaning method. Proportional assist ventilation
(PAV) is an assisted ventilation mode, which is recently being applied to wean the patients from mechanical
ventilation. Whether PAV or PSV is superior for weaning remains unclear.

Methods: Eligible randomized controlled trials published before April 2020 were retrieved from databases. We
calculated the risk ratio (RR) and mean difference (MD) with 95% confidence intervals (Cls).

Results: Seven articles, involving 634 patients, met the selection criteria. Compared to PSV, PAV was associated with
a significantly higher rate of weaning success (fixed-effect RR 1.16; 95% CI 1.07-1.26; /> = 0.0%; trial sequential
analysis-adjusted Cl 1.03-1.30), and the trial sequential monitoring boundary for benefit was crossed. Compared to
PSV, PAV was associated with a lower proportion of patients requiring reintubation (RR 0.49; 95% Cl 0.28-0.87; P=
0%), a shorter ICU length of stay (MD — 1.58 (days), 95% CI — 2.68 to — 047; I*=0%), and a shorter mechanical
ventilation duration (MD — 4026 (hours); 95% Cl — 66.67 to — 13.84: > = 0%). There was no significant difference
between PAV and PSV with regard to mortality (RR 0.66; 95% CI 0.42-1.06; /* = 0%) or weaning duration (MD — 001
(hours); 95% Cl — 1.30-1.28; I* = 0%).

Conclusion: The results of the meta-analysis suggest that PAV is superior to PSV in terms of weaning success, and
the statistical power is confirmed using trial sequential analysis.
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Background

Acute respiratory failure and intubation is a common
scenario in critically ill patients. After intubation, the
primary treatment goal is liberation from the ventilator,
restoration of the patient’s ability to breathe independ-
ently and, further, removal of the endotracheal tube. The
spontaneous breathing trial (SBT), which assesses the
patient’s ability to breathe while receiving minimal or no
ventilator support, is used to wean patients from mech-
anical ventilation. Common methods include the T-
piece, which involves an immediate shift from full venti-
lator support to a period of breathing without ventilator
assistance, and a program of pressure support ventilation
(PSV), which gradually reduces the amount of ventilator
support. Delayed weaning may lead to complications,
such as ventilator-associated pneumonia, ventilator-
induced lung injury, or ventilator-induced diaphragmatic
dysfunction [1]. However, premature extubation may
cause reintubation, aspiration, or respiratory muscle fa-
tigue, leading to a higher rate of morbidity and mortality
[2]. Defining suitable candidates for weaning is of critical
importance in clinical practice.

Subira et al. stated that, compared to 2h of T-piece
ventilation, 30 min of PSV led to significantly higher suc-
cessful extubation rates [3]. However, patient-ventilator
asynchrony is a burden for patients with PSV. The asyn-
chrony may be caused by factors related to the patient,
the ventilator, or both, including patient characteristics,
depth of sedation, ventilator settings, and operational
principles [4]. Patient-ventilator asynchrony [5] increases
the patient’s work of breathing, resulting in respiratory
muscle fatigue. It worsens the extent of respiratory fail-
ure, prolonging the weaning time and length of intensive
care unit (ICU) stay [6].

Proportional assist ventilation (PAV) [7] is an assisted
ventilation mode which adjusts inspiratory pressure in
proportion to the flow and volume generated by the pa-
tient. It was designed as an assisted ventilation mode to
reduce the patient’s work of breathing and inspiratory
effort, increasing the harmony between the patient and
the machine. Proportional assist ventilation plus (PAV+)
automatically adjusts the flow assist and volume assist to
represent constant fractions of the measured resistance
and elasticity of the patient’s respiratory system instant-
aneously. Theoretically, PAV can reduce the chance of
respiratory muscle dysfunction and dys-synchrony
events and increase the weaning success rate. Numerous
recent studies have compared PAV to traditional PSV;
however, data on this topic are still limited. A meta-
analysis [8] supporting the clinical use of PAV was con-
ducted; however, analysis of weaning outcomes for PAV
is insufficient to make specific recommendations.

Therefore, we conducted a more comprehensive meta-
analysis using state-of-the-art statistical methods. We

Page 2 of 10

applied trial sequential analysis (TSA) [9] to determine
whether the included studies are conclusive and prevent
premature conclusions from the meta-analysis. The aim
is to compare PAV and PSV as weaning methods to fa-
cilitate liberation from mechanical ventilation and pro-
vide recommendations for clinical practice.

Methods

We adhered to the Preferred Reporting Items for System-
atic Reviews and Meta Analyses (PRISMA) [10] guidelines
for performing systematic reviews and meta analyses of
randomized controlled trials (RCTs) (Additional file 1:
Table S1). This review protocol was prespecified in ad-
vance and registered with the Open Science Framework
platform (protocol available at https://osf.io/jfe53).

Data sources and searches

We searched PubMed, Embase, and the Cochrane Li-
brary to identify all relevant trials, by screening titles and
reviewing abstracts, with no filters or language restric-
tions. In order to ensure that no RCTs were missing,
conference abstracts and reference lists of included arti-
cles were reviewed. We searched for ongoing trials,
using Google Scholar and the US government clinical
trials database (www.ClinicalTrials.gov).

Two independent investigators (PHC and LJOY) con-
ducted a systematic search for RCTs published up until
April 2020, using the terms “Proportional Assisted Ven-
tilation,” “Pressure Support Ventilation,” “Ventilation
Weaning,” and “Spontaneous Breathing Trial” (Add-
itional file 1: Table S2).

» o«

Study selection

We selected RCTs that included adults (aged 18 years or
older) with respiratory failure from various causes who
had received invasive mechanical ventilation (MV) for
24 h or more and were undergoing weaning trials (using
PAV, PAV+, or PSV) for liberation from ventilation.
Studies published in English and Chinese language were
selected.

The exclusion criteria were as follows: trials investigat-
ing neonatal or pediatric patients (patients aged less than
18 years), trials that extubated patients directly to nonin-
vasive ventilation for weaning purposes, trials with no
active comparison group (i.e., placebo or no treatment),
and trials that compared the same ventilation mode but
had different parameters.

Data extraction and bias assessment

Two reviewers (HJ] and PHC) independently extracted
the data from all included articles. Data extraction was
performed to capture information on study-related,
participant-related, and treatment-related characteristics.
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Authors of studies eligible for inclusion in our review
were contacted if original data were missing.

The quality of the RCTs was appraised by HJJ and
PHC using the Cochrane Risk of Bias tool [11]. Assess-
ments of the risks of selection bias (random sequence
generation, allocation concealment), performance bias
(blinding of participants and personnel), detection bias
(blinding of outcome assessment), attrition bias (incom-
plete outcome data), reporting bias (selective reporting),
and other bias were appraised as high, unclear, and low
risk (Additional file 1: Fig. S1). Any disagreement was re-
solved via group discussions [12].

Outcome measures

We extracted data on one primary outcome and five sec-
ondary outcomes. The primary outcome was weaning
success, defined as the absence of the requirement for
invasive MV support, without reintubation, a cardiac ar-
rest event, or mortality within 48 h after extubation
(translaryngeal tube) or withdrawal (tracheostomy tube).
The secondary outcomes were as follows: the proportion
of patients requiring reintubation (defined as the patient
requiring reintubation within 48 h after extubation), in-
hospital mortality, ICU length of stay (the time from
randomization to ICU discharge), weaning duration (the
time from randomization to extubation), and ventilation
duration (the time from intubation to extubation).

Data synthesis and analysis

We analyzed the data as recommended in the Cochrane
Handbook for Systematic Reviews of Interventions [13].
We analyzed dichotomous variables [14], using the
Mantel-Haenszel method and DerSimonian-Laird esti-
mator, and calculated risk ratios (RRs) with 95% confi-
dence intervals (CIs). To measure continuous outcomes
[15], we employed the inverse variance method and
DerSimonian-Laird estimator, and calculated the mean
difference (MD) with 95% CIs. Administration of fixed-
effect or random-effects was interpreted with statistical
heterogeneity by authors. If an estimate of the between-
study variance, known as tau-squared, was low (or zero),
then we would choose fixed-effect model; otherwise, we
would choose random-effects. Heterogeneity was evalu-
ated using the I square (P) statistic [16] and Cochran’s
Q test [17]. Statistically significant heterogeneity was de-
fined as I* > 50% and Cochran’s Q test P<0.1. The pres-
ence of publication bias was assessed using funnel plots
and Egger’s test [18].

We conducted subgroup analysis by the types of differ-
ent proportional modes, PAV and PAV+, and examined
the differences in outcomes between these subgroups by
testing for interactions. We used a mixed-effects linear
meta-regression model [19] to evaluate the cause of het-
erogeneity for all outcomes, with variables including
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mean age, sex, MV baseline duration, and physiology
score. Sensitivity analyses were conducted by excluding
the trials with a high risk of bias.

All statistical analyses were performed using the
“metafor” [20] and “meta” packages of R software ver-
sion 3.6.1 [21]. A P value of < 0.05 was taken to indicate
statistical significance.

Quality assessment

The Grading of Recommendations Assessment, Devel-
opment, and Evaluation (GRADE) methodology [22] was
used to assess the certainty of evidence from the in-
cluded studies (GRADEpro, version 20; McMaster Uni-
versity, 2014).

Trial sequential analysis

Sparse data and repetitive testing of accumulating data
in meta-analyses can produce an increased risk of both
type 1 and type 2 errors [23, 24]. Therefore, TSA was
conducted to challenge the meta-analysis, in case the
data were too sparse to confirm the conclusions, and
avoid early overestimates by combining the estimated re-
quired information size with an adjusted threshold [25].
We constructed TSA boundaries, according to the
O’Brien-Fleming alpha-spending function, to assess
whether the P value was statistically significant enough
to show the anticipated effect or whether the analysis
should be terminated early [26].

A 5% (a=0.05; two-sided) total risk of type 1 error
and 80% statistical power were set. We assumed a rela-
tive risk reduction of 10% for the primary outcome of
weaning success. The event rate in the control group
was calculated from the mean of the event proportions
in the low-risk-of-bias trials. We provide the TSA-
adjusted 95% confidence intervals. Fixed-effect TSA was
performed using trial sequential analysis software (ver-
sion 0.9.5.10 Beta; Copenhagen Trial Unit, Copenhagen,
Denmark).

Results

We screened 379 article titles and abstracts from the
electronic databases, excluded 342 articles, and retrieved
37 articles for full-text assessment. The remaining seven
studies [4, 27-32] (6 two-arm studies, 1 three-arm
study) were included in our quantitative analysis. Figure 1
shows the flowchart of our literature search process to
obtain eligible trials.

The included studies evaluated 634 patients random-
ized to two interventions: 326 patients receiving PAV as
the weaning method and 308 receiving PSV. Summary
individual-study characteristics and study-level patient
characteristics from all included randomized trials are
reported in Table 1 and Additional file 1: Table S3. The
RCTs were published between 2008 and 2018. Five of
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Records identified through systematic
searching Total (n = 379)

Records excluded by duplication

\4

Records retrieved from literature review
(n=201)

\4

(n=178)

e
N

Records excluded by title and abstract
screen (n = 164)

- Neonatal or pediatric patients

Records retrieved from literature review
n=37)

\4

- Noninvasive ventilation

- Review articles, case control or

K Full-text articles excluded, with \

series, case reports, editorials,

letter to editors.

|

Studies accepted in quantitative analysis
(n=7)

Studies accepted in quantitative analysis
(Meta-analysis)
(n=17)

Fig. 1 Flow diagram of the identification process for eligible studies

\

\4

reasons (n = 30)
- No available full text
- Not English or Chinese language
- Outcomes of interests were not
reported

- Absence of an active comparison

/

group (i.e. no treatment)

& Processing trials

these trials [4, 27, 28, 31, 32] included patients who
were intubated due to a medical emergency, and two
[29, 30] evaluated patients requiring mechanical venti-
lator support due to a medical or surgical cause. All
patients received at least 24h of invasive ventilator
support. Three of the articles [27, 28, 32] did not re-
port the mean MV duration. Two [28, 32] recorded
no mean physiologic score.

Primary outcome: weaning success

Seven studies [4, 27—-32] with 634 patients were included
in the analysis. As the tau-squared was zero in current
meta-analysis, we applied fixed-effect model. The rate of
weaning success was significantly greater in patients
undergoing PAV compared to patients undergoing PSV

(fixed-effect, RR 1.16; 95% CI 1.07-1.26; I*=0.0%,
Cochran’s Q P value 0.72) (Fig. 2). The quality assess-
ment using the GRADE approach was moderate (Add-
itional file 1: Table S4).

Secondary outcomes (Table 2)

Compared with PSV, PAV was associated with a lower
proportion of patients requiring reintubation (6 studies
[4, 27-31], n =484 patients, fixed-effect, RR 0.49; 95%
CI 0.28-0.87; I*=0%, Cochran’s Q P value 0.81), a
shorter ICU length of stay (5 studies [27-31], n = 276 pa-
tients, fixed-effect, MD - 1.58 (days); 95% CI - 2.68 to -
0.47; I =0%, Cochran’s Q P value 0.76), and a shorter
total duration of ventilation (3 studies [27, 28, 30], n =133
patients, fixed-effect, MD - 40.26 (hours); 95% CI - 66.67
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PAV PSV

Study Event Total Event Total Weaning Success RR 95%-Cl Weight
Xirouchaki 2008 96 108 78 100 —.— 1.14 [1.01;1.29] 35.2%
Sasikumar 2013 12 13 7 10 — 1.32 [0.85;2.04] 3.4%
Elganady 2014 27 30 20 30 —=—— 135 [1.02;1.79] 8.7%
Teixeira 2015 42 48 38 46 —il— 1.06 [0.89; 1.26] 16.9%
Bosma 2016 20 27 12 23 — 1.42 [0.90; 2.23] 5.6%
Botha 2018 23 25 19 24 ——*— 1.16 [0.92;1.47] 8.4%
Salama 2018 55 75 50 75 ——Ii— 1.10 [0.89; 1.36] 21.7%
Fixed effect model 326 308 - 1.16 [1.07; 1.26] 100.0%
Heterogeneity: /> = 0%, %2 = 3.65 (p = 0.72) ' '

0.5 1 2
Fig. 2 Meta-analysis of weaning success. PAV, proportional assisted ventilation; PSV, pressure support ventilation; RR, risk ratio; Cl,
confidence interval

to — 13.84; I* = 0%, Cochran’s Q P value 0.56). There was
no significant difference between PAV and PSV in terms
of mortality (5 studies [4, 28-31], n =461 patients, fixed-
effect, RR 0.66; 95% CI 0.42-1.06; I* = 0%, Cochran’s Q P
value 0.56) or weaning duration (3 studies [27, 30, 31],
n =123 patients, fixed-effect, MD - 0.01 (hours); 95% CI
- 1.30-1.28; I* = 0%, Cochran’s Q P value 0.57).

Meta-regression, subgroup analyses, sensitivity analyses,
and publication bias

The meta-regression analysis examined the relationship
between the following four variables: mean age, sex,
baseline duration of MV, physiology score, and all of the
outcomes (Additional file 1: Table S5). The meta-
regression analysis showed no difference in interactions
of all outcomes with overall variables.

A subgroup analysis was conducted of the different
types of PAV. In the subgroup of patients undergoing
PAV+, we found a greater chance of weaning success
with low heterogeneity (fixed-effect, RR 1.14; 95% CI
1.05-1.24; I* =0%). A similar trend was seen in the sub-
group of patients undergoing PAV (fixed-effect, RR 1.35;
95% CI 1.02-1.79; I* = not applicable as there was only
one included study) (Additional file 1: Fig. S2).

Table 2 Meta-analysis of secondary outcomes

We also performed a sensitivity analysis, removing
high risk of bias studies, and the results did not change
substantially (Additional file 1: Fig. S3). There was no
publication bias by applying the funnel plots and Egger’s
test (Additional file 1: Fig. S4). However, it should be
interpreted with caution, because too few studies were
included in our meta-analysis for assessing publication
bias [33, 34].

Trial sequential analysis

Figure 3 shows the TSA of the primary outcome, wean-
ing success. In this TSA, the required information size
was calculated allowing for an overall type 1 error of 5%,
a type 2 error of 20%, and assuming a control event pro-
portion of 0.72, a relative risk reduction of 10% for the
effect size, and a model variance based estimate of diver-
sity. The estimates for the control event proportion and
diversity were taken from the included trials, as de-
scribed in the “Methods” section.

TSA of weaning success showed that the effect size of
634 did not exceed the required information size of
1074 patients. The TSA-adjusted confidence interval was
RR 1.16 (95% CI 1.03, 1.30). When the accumulated data
were less than the required information size, the cumu-
lative z-curve needed to cross the monitoring boundaries

Comparison Trials (n) ~ Secondary outcomes Summary estimate with 95% Cl P (%)  Cochran’s Q P value
PAV versus PSV for weaning from 6 (484) Reintubation RR, 0.49 [0.28; 0.87]* 0 0.81
mechanical ventilation in adults & 0y portaliy RR, 066 [0.42; 1.06] 0 056

5 (276) ICU length of stay (days) MD, —1.58 [- 2.68; — 0.47]* 0 0.76

3(122) Duration of weaning (hours) MD, —0.01 [-1.30; 1.28] 0 0.57

3(133) Duration of ventilation (hours)  MD, —40.26 [- 66.67; —13.84]* 0 0.56

1. Values of RR less than 1 indicates a reduction in risk for the events with the PAV group

2. Summary estimate presents the result of fixed-effect meta-analysis
*Statistically significant
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Cumulative
Z-Score

PSV
Favours
(%)

!
5

Required information size = 1074

Area of benefit

Conventional boundary for benefit (Dark red line)
1 Futility bg‘i“da‘y

- =

Accrued information size Futility area

Futility area Number of

patients
(Linear scaled)

significance, suggesting conclusive and robust results in favor of PAV

rm
4 - . ino boundary for b
> 3 o 1 monitoring
< 2 -5 A7y sequentid
-t g Trial § o
= " & Area of harm
‘-“"‘"
-7 .‘,.e’ Pool effect = 1.16, 95 % CI = 1.03-1.30, p = 0.0004
e Heterogeneity cochran Q = 3.65, p = 0.724, Inconsistence = 0%, Diversity = 0%
-8l

Fig. 3 Trial sequential analysis of weaning success. The x-axis represents the accrued versus required information size of patients. The y-axis
represents the z values, representing the accumulating statistical information. The blue line (z-curve) represents the cumulative Z value, and each
square represents an individual trial. The small red lines at the top and bottom left-hand corners, trial sequential boundaries for benefit or harm,
represent the threshold for statistical significance in TSA. The horizontal dark red lines represent the threshold for significance in conventional
meta-analysis, at 1.96 of the Z value, corresponding to 0.05 of the P value. The red line in a triangle shape represents the futility boundaries and
futility area in TSA. In this figure, TSA of the primary outcome, weaning success, showed that the Z-curve has not yet reached the required
information size, but crosses the conventional boundary and the trial sequential monitoring boundary curve for benefit with statistical

to declare either significance or futility. The cumulative
z-curve crossed the conventional boundary and the trial
sequential monitoring boundary for benefit in favor of
PAV, suggesting conclusive, robust results. Therefore,
TSA confirmed our meta-analysis providing convincing
statistical evidence. The TSA results of all secondary
outcomes demonstrated inconclusive results with sparse
data, which are described in Additional file 1: Fig. S5.

Discussion

This meta-analysis compared the efficacy of PAV and
PSV as weaning methods in mechanically ventilated pa-
tients. Patients undergoing PAV demonstrated a higher
chance of weaning success compared to patients under-
going PSV. These results were shown to be sufficient
and conclusive using TSA. Our results also revealed a
lower reintubation rate and a shorter ICU length of stay
in patients undergoing PAV compared to patients
undergoing PSV.

Patient-ventilator ~ dys-synchrony is a common
phenomenon in mechanically ventilated patients. Dys-
synchronies, such as insufficiency, work of breathing,
and double triggering, have negative effects on pa-
tients’ respiratory systems, which lead to delayed
weaning off MV. The patient’s timing of inspiration
and expiration does not always meet the ventilator
trigger, causing respiratory muscle fatigue and ham-
pering the patient from successful weaning [35]. PAV
was proposed as a powerful means of improving
patient-ventilator interaction and was designed to ad-
just inspiratory pressure proportionally to the pa-
tient’s inspiratory demand. PAV generates pressure in
proportion to the patients’ instantaneous breathing ef-
fort, providing timely adjustment, thereby improving
the patient-ventilator relationship [6]. Through redu-
cing patients’ work of breathing and saving their
physical energy, they can wean more efficiently,
thereby improving the weaning success rate and
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reducing the length of ICU and hospital stay [8]. This
study investigated the efficacy of PAV as a weaning mode,
compared to PSV. We found that ventilated patients
undergoing PAV had a higher weaning success rate and a
shorter ICU stay. Nevertheless, the lack of simple and
reliable software to estimate the patient-ventilator rela-
tionship in PAV in complex and dynamic clinical environ-
ments remains an obstacle to overcome.

PAV may offer several physiological benefits, including
reduction of ineffective efforts, and improved quality of
sleep [36], arterial blood gas tension [6], and patient-
ventilator interaction [37]. Previous studies demonstrated
that PAV could reduce the sedative medication dose be-
cause of better patient-ventilator interaction [30]. Using a
lower dose of sedative medication is associated with
shorter MV duration. In one meta-analysis performed by
Kataoka et al. [38], the use of proportional mode was sig-
nificantly associated with reduced patient-ventilator dys-
synchrony, the rate of weaning failure, and the duration of
mechanical ventilation compared with PSV. However,
Kataoka et al. did not compare the mortality rate between
proportional mode and PSV. While Kataoka et al. [38]
compared proportional mode with PSV, we focused on
the comparison between PAV and PSV. Three more stud-
ies were included in our meta-analysis. We also performed
trial sequential analysis to reduce both type 1 and type 2
errors, avoiding overestimates, and consolidating our re-
sult. In another meta-analysis [8], the evidence supporting
clinical use of PAV as a weaning modality was assessed.
The authors found that PAV resulted in an insignificant
reduction in weaning time and had no effect on mortality
reduction or reintubation rate compared to PSV. In our
analysis, PAV did not reduce the weaning time or the
mortality rate but was associated with a significantly de-
creased reintubation rate, which was inconsistent with the
previous study’s results [8].

PAV had a lower but insignificantly reduced risk of
mortality (RR 0.66; 95% CI 0.42-1.06; I? = 0%) compared
to PSV. In this study, the mortality rates in patients
undergoing PAV and PSV were 10.0% and 15.1%, re-
spectively. Therefore, this finding may due to a limited
number of cases (n =461) with relatively low mortality.
Furthermore, mechanical ventilation is provided not
only for respiratory reasons but also for unstable and co-
matose patients. Organ failure represents the main cause
of death in a general ICU population. PAV can reduce
the duration of ventilation but may not change the se-
verity of the underlying diseases in patients on mechan-
ical ventilation. Future large-scale studies or analyses are
needed to confirm this result. A recent expert consensus
guideline [39] highlights the growing recognition that
initial SBT with pressure augmentation may increase
extubation success and reduce ICU mortality. TSA par-
tially confirmed this benefit, and the findings of our
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analysis may provide a direction for future studies to in-
vestigate the beneficial effects of PAV.

The results of this meta-analysis might be elucidated
in light of its strengths and limitations. When the data
were insufficient to reduce the risk of misinterpreting
random error [40], TSA provided more information
around imprecision and added a new dimension to yield
firm conclusions. With this strict approach, the benefit
of using PAV to improve weaning success remained sta-
tistically significant, even though the required informa-
tion size had not yet been met. Furthermore, the
GRADE methodology was conducted to qualify the evi-
dence of the results through critical appraisal of the in-
cluded studies.

Clinical heterogeneity exists in our included studies.
Critically ill patients with cardiogenic or respiratory dys-
function, neurological diseases, and traumatic settings
were enrolled in this study. These confounding factors
should be considered cautiously when interpreting our
results. Another limitation was that not every outcome
of interest was recorded in each of the included RCTs,
and insufficient data hinder comprehensive subgroup
analysis. Furthermore, PAV and PSV are different re-
spiratory modes. Blinding participants and personnel
may not have been possible, increasing the risk of bias.
Lastly, TSA of secondary outcomes showed inconclusive
results, meaning that the risk of spurious findings re-
mains. More high-quality randomized control should be
conducted to provide reasonably firm evidence of a con-
ferred benefit for patients.

Conclusions

In conclusion, our meta-analysis of the current evidence
suggests using PAV, as a weaning method, improves the
weaning success rate, compared to PSV. The evaluation
of the reintubation rate, mortality rate, length of stay in
ICU, duration of MV, and weaning duration generally fa-
vors using PAV. Further investigation is needed to better
understand the effect of proportional ventilation on
these outcomes.
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