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Abstract
Aim  The aim of this systematic review and meta-analysis was to explore the effects of different pulmonary 
rehabilitation on respiratory function in mechanically ventilated patients and to determine the optimal type of 
intervention.

Method  A comprehensive search was conducted using PubMed, Embase, Web of Science, Joanna Briggs 
Institute(JBI), and the Cochrane Library from their inception until September 16th, 2024. The search targeted 
randomized controlled trials (RCTs) comparing pulmonary rehabilitation or usual care, for improving respiratory 
function in mechanically ventilated patients. We performed a meta-analysis utilizing Endnote X9 and R 4.3.1.

Results  Twelve articles were included for systematic review and ten articles were analyzed in the meta-analysis.
The primary outcomes such as Maximum inspiratory pressure(MIP)[n = 10 studies, sample size 216 (intervention) 
vs. 218 (control), MD = 7.45, 95% CI: 3.81 to 11.09], Maximum expiratory pressure(MEP)[n = 5 studies, sample size 
115 (intervention) vs. 112 (control), MD = 13.98, 95% CI:7.41 to 20.54], Rapid shallow breathing index(RSBI)[n = 4 
studies, sample size 96 (intervention) vs. 98 (control), MD = -33.85, 95% CI:-71.18 to 3.48] and Tidal volume(VT)[n = 4 
studies, sample size 96 (intervention) vs. 98 (control), MD = 74.64, 95% CI:21.7 to 127.57] shows that MIP, MEP and VT 
significantly improved after the pulmonary rehabilitation.The random-effects models were employed because of the 
modest degree of heterogeneity present.

Conclusion  Pulmonary rehabilitation showed mixed effects on significantly improved the MIP, MEP, VT and DT. 
Pulmonary rehabilitation by inspiratory muscle training could administer the best therapeutic effect, followed by 
neuromuscular electrical stimulation.

Clinical trial number  Not applicable.
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Mechanical ventilation(MV) is a life-saving therapy 
widely used in ICU patients to support oxygenation and 
ventilation [1]. However, its prolonged use is associ-
ated with complications such as pulmonary atelectasis, 
diaphragmatic dysfunction, and ventilator-associated 
pneumonia, resulting in decreased respiratory function, 
prolonged hospitalization as well as increased mortal-
ity [2]. Recently, there have been increasing number of 
studies showing that pulmonary rehabilitation(PR) can 
strengthen the patient’s muscles, stabilize or reduce pul-
monary symptoms so that alleviate the adverse effects of 
mechanical ventilation [3, 4]. 

Clinical Practice Guideline demonstrated that PR is an 
individualized, comprehensive intervention therapy to 
help mechanically ventilated patients weaning from the 
machine as early as possible, reduce the incidence of pul-
monary complications, and improve quality of life [5].An 
official American Thoracic Society and European Respi-
ratory Society stated that there is increased evidence for 
use and efficacy of a variety of forms of exercise training 
as part of PR, which include interval training, strength 
training, extremity exercise training, and transcutaneous 
neuromuscular electrical stimulation [6].Rehabilitation 
in ICU patients was considered contraindicated in more 
than 40% of ICU bed days, mainly due to sedation and 
renal replacement issues [7]. However, treatment modali-
ties, such as PR do not interfere with renal replacement 
or sedation [8]. Continuous passive motion prevents 
contractures in ICU patients and respiratory failure with 
prolonged inactivity [9].In acute critically ill individuals 
with respiratory failure, unable to move actively, reduc-
tions in muscle atrophy and critical illness neuropathy 
were observed when using NMES [10].

Maximum inspiratory pressure(MIP) and Maximum 
expiratory pressure(MEP) are non-invasive parameters 
used to assess respiratory muscle strength and appear to 
be distinct predictors of survival [11].While tidal volume 
(VT) is one of the unique lung volumes and most conve-
nient indicator to measure [12].Rapid shallow breathing 
index (RSBI), defined as the ratio of breathing frequency 
to average tidal volume in 1  min (breaths/min/L), has 
been shown to be one of the most accurate predictors 
of weaning outcome [13].Obviously, these indicators are 
valid and sensitive indicators to detect pulmonary func-
tion, but there are a lack of studies discussing how PR 
affects respiratory function in mechanically ventilated 
patients.

Currently, there are numerous studies focusing on 
pulmonary rehabilitation in ICU worldwide [14, 15],but 
there are some weak points such as inconsistency of 
interventions, lack of multidisciplinary cooperation and 
variable indicators, which have caused that optimal PR 
protocol remains uncertain. The aim of this systematic 
review and meta-analysis was to explore the effects of 

different PR on respiratory function in mechanically ven-
tilated patients and to determine the optimal rehabilita-
tion type.

Method
The present study was conducted in accordance with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines and registered on 
PROSPERO (CRD42021243331; 2021/4/17).

Study selection
The study selection criteria were based on the Popula-
tion, Intervention, Comparison, and Outcome (PICO) 
method. The PICO parameters for this article were as fol-
lows: Population, mechanical ventilation patients; Inter-
vention, Pulmonary rehabilitation, which mainly includes 
respiratory exercises such as effective coughing, lip-con-
traction breathing, respiratory training, neuromuscular 
electrical stimulation, upper and lower extremity exer-
cise training and physical therapy, and the experimental 
group may use one or more of the above measures [16]; 
Comparison, conventional treatment; Outcome, Pulmo-
nary function parameters (e.g., tidal volume, respiratory 
rate, and rapid shallow respiration index), respiratory 
muscle strength (determined by maximal inspiratory and 
expiratory pressures), diaphragm thickness, diaphragm 
excursion.

The following inclusion criteria were used for study 
selection: (1) The age of the participants was ≥ 18 years 
old, and the duration of mechanical ventilation in ICU 
was ≥ 24 h. (2)The interventions must compare the con-
trol groups with the implementation of PR with gen-
eral therapy, or both groups applied PR but with higher 
intensity or frequency in the intervention groups (3) The 
outcome measures were focused on respiratory func-
tion, such as MIP or VT. (4) Randomized controlled tri-
als (RCTs) in English published in peer-reviewed journals 
and the studies provided information on the interven-
tion protocol and dosage. Unpublished manuscripts and 
conference abstracts were not eligible for study selection. 
The exclusion criteria were duplicate publications and 
studies from which outcome data could not be extracted.

Data sources and searches
The concatenation of keywords and synonyms by “OR” 
and “AND” were searched in the following five data-
bases on September 16th, 2024: PubMed, Cochrane 
Library, EMBASE, Web of Science and Joanna Briggs 
Institute(JBI).The keywords included breathing exer-
cise, pulmonary rehabilitation, neuromuscular electri-
cal stimulation, NMES, respiratory training, mechanical 
ventilation, ICU, critically ill patients, intensive care unit.
Medical Subject Headings (MeSH) terms, free words 
and Boolean operators were used to search for relevant 
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studies.Additionally, the reference lists of retrieved stud-
ies were also screened to identify additional relevant arti-
cles. The original authors were contacted by email when 
necessary data were missing.The detailed search strategy 
is shown in Supplementary Material Table 2.

The data search were performed using Endnote 
X9.Two reviewers (XYX and DDZ) independently 
screened the titles and abstracts of the collected arti-
cles.Disagreements were decided by questioning a third 
researcher(SZC). Subsequently, full-text reading was 
conducted for rescreening. In addition, reference lists of 
the included literature and previously published reviews 
were searched manually.

Quality assessment
We used the risk-of-bias2 (RoB2), a revised Cochrane 
RoB tool to assess the quality of the study design and 
extent of potential bias [17]. Two reviewers (XYX., 
DDZ.) resolved disagreements through discussion, and 
a third reviewer (SZC) adjudicated.The assessment items 
included bias arising from the randomization process, 
bias due to deviations from intended interventions, bias 
due to missing outcome data, bias in the measurement of 
outcome, and bias in the selection of the reported result.
High, low, and some concerns was determined through 
formulated signaling questions in each domain.

Grading of recommendations Assessment, Development, 
and evaluation Approach
Two researchers(XYX.,DDZ.) independently assessed 
the quality of evidence and strength of recommenda-
tion, while a third reviewer (SZ C.) judged disagreement.
The CoE evaluation was based on the Grading of Recom-
mendations Assessment, Development, and Evaluation 
(GRADE) tool.

Data extraction
The data and results from the included studies were 
extracted by using a standardized spreadsheet of Excel 
(Microsoft Excel 2016; Microsoft Corp., Redmond, WA, 
USA) that documented basic information regarding the 
study (e.g., first author, year of publication, country), 
characteristics of participants (e.g.,sample size, partici-
pants’ type, setting), type of intervention (e.g., pulmonary 
rehabilitation type, time, frequency, intensity, duration), 
type of control group and outcome (e.g., MIP, MEP, VT, 
REBI, RR, diaphragm thickness, diaphragm excursion).
Outcomes reported as continuous variables were pre-
sented as means ± standard deviations. If only the median 
and interquartile range were reported, they were con-
verted to mean and standard deviation using appropriate 
statistical formulas [18].All data were extracted indepen-
dently by two reviewers (XYX and DDZ). When results 

were missing or not fully reported, efforts were made to 
contact the contributing authors to retrieve missing data.

Data synthesis and analyses
The statistical analyses were performed using R 4.3.1. 
Heterogeneity among studies was examined with Chi-
squared test and statistics. When P < 0.01 andI2 > 50%, 
the statistics indicated high heterogeneity, and a ran-
dom-effects model would be chosen; otherwise, a fixed-
effects model was adopted.In our review, the outcomes 
were continuous variables so as Mean differences (MDs) 
with 95% CIs were used. Guided by Cochrane Statistical 
Methods Group (2022) recommendations: <40% signifies 
low, 30–60% moderate,50–90% substantial, and 75–100% 
considerable heterogeneity, considering p-values and 
confidence interval.Egger test was used to detect publica-
tion bias when studies were larger than 10, with P < 0.05 
indicating the presence of bias.

Post hoc analysis
We performed subgroup analyses with type duration, set-
ting, participations, and MV-duration as subsets by using 
R 4.3.1.Sensitivity analysis was also performed using the 
same software. The analysis was based on available data 
from the included studies, and the methods used are con-
sistent with the overall approach outlined previously.

Results
Study recruitment
A total of 1920 records were obtained by searching five 
databases and manual search, of which 606 duplicated 
records by the Endnote X9 software were excluded. After 
screening the titles and abstracts, a total of 38 records 
were entered into the full-text screening. Two reviewers 
(YXX and DDZ) independently evaluated the full texts for 
eligibility and excluded 26 irrelevant records(population 
not matched = 8,outcome not matched = 16,not RCT = 2). 
Finally, 12 articles reporting 10 studies met our inclu-
sion criteria and were included in this review [19–30].The 
specific PRISMA flow diagram is shown in Fig. 1.

Characteristics of included studies
Twelve RCTs including 547 participants in total were 
published between 2005 and 2024. Six studies were 
conducted in Asia regions (China) and Six in non-Asia 
regions (Brazil, Egypt). Eleven(91.67%) studies were two-
arm parallel RCTs, while one study was a three-arm clini-
cal trial [26]. However, considering the exercise type and 
study objective, we only included data from one selected 
intervention and control group in this three-arm study.
Studies were held in different settings, with five studies 
being implemented in ICU [19, 23, 24, 28, 30], four in 
respiratory care center(RCC) [21, 22, 25, 27],two in surgi-
cal ICUs [20, 26], and one in neurosurgical department 
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[29].The types of participants varied from the different 
studies, six studies with the most frequently included 
prolonged mechanical ventilation(PMV) [20–23, 25, 28].
The included participants had varying mechanical venti-
lation duration, with the shortest being 24 h [26, 29] and 
the longest being 63 days [27]. None of the included stud-
ies reported related adverse events. The detailed sum-
mary characteristics of the included RCTs are shown in 
Table 1.

Characteristics of the interventions
In our review, four included studies evaluated inspiratory 
muscle training(IMT) only [19, 20, 23, 29] ,two separate 
studies have utilized extremity muscle training(EMT) 
[22, 24], neuromuscular electrical stimulation(NMES) 

[25, 26] and combined interventions [21, 30],while the 
remaining study evaluated the effects of chest physio-
therapy [28] and abdominal sandbags training [27]. The 
frequency, intensity and duration of PR varied across the 
studies, with intervention duration ranging from 5days 
to 90 days, and the most common(58.33%)frequency 
was twice a day [19, 20, 23, 24, 27, 29, 30]. Because of the 
different types of interventions, the intensity cannot be 
summarized or comparison directly. All studies report 
the monitoring of intervention and treatment of con-
trol group.Two articles [26, 28] lacked primary outcome 
data after contacting the authors therefore they were 
included in the systematic review but excluded in the 
meta-analysis.

Fig. 1  PRISMA flow diagram
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Risk of bias and quality assessment
Overall, five studies were rated as having some concerns 
[20, 24, 26, 27, 29] ,two studies were at high risk of bias 
[21, 22], and five studies were rated as low risk [19, 23, 25, 
28, 30].Most of bias caused by deviations from intended 
interventions.Detailed risk of bias assessment for each 
study is shown in Supplementary Fig. 1.

Meta-analysis outcomes
Primary outcomes
Among these analyses, The primary outcomes such as 
MIP[n = 10 studies, sample size 216 (intervention) vs. 
218 (control), MD = 7.45, 95% CI: 3.81 to 11.09,I2 = 74%], 
MEP[n = 5 studies, sample size 115 (intervention) vs. 
112 (control), MD = 13.98, 95% CI:7.41 to 20.54,I2 = 52%], 
RSBI[n = 4 studies, sample size 96 (intervention) vs. 98 
(control), MD = -33.85, 95% CI:-71.18 to 3.48,I2 = 80%] 
and VT[n = 4 studies, sample size 96 (intervention) vs. 
98 (control), MD = 74.64, 95% CI:21.7 to 127.57,I2 = 60%] 
shows that MIP, MEP and VT significantly improved 
after the pulmonary rehabilitation, yet RSBI have no sig-
nificance, this may be due to the heterogeneity as well as 
the small number of included studies.The random-effects 
models were employed because of the modest degree of 
heterogeneity present.The results of the meta-analyses 
are presented in Fig. 2.

Secondary outcome
The meta-analyses results are presented in Supplemen-
tary Fig.  2.Respiratory rate(RR)[n = 3 studies, sample 
size 58 (intervention)vs 59 (control), MD = -1.82, 95% 
CI:-6.4 to 2.76,I2 = 70%], Diaphragm thickness(DT)[n = 2 
studies, sample size 40 (intervention)vs 38 (control), 
MD = 0.51, 95% CI:0.19 to 0.83,I2 = 1%] and Diaphragm 
Motion(DM))[n = 2 studies, sample size 40 (intervention)
vs 38 (control), MD = -0.06, 95% CI:-0.27 to 0.14,I2 = 0%] 
were secondary outcome indicators in which only DT 
reached statistical significance, in contrast DM and RR 
seemed no different after rehabilitation. RR shown to be 
heterogeneous, while VT and VD had low heterogeneity.

Publication bias
The results of the test are shown in Supplementary Table 
3,Egger’s test provided no evidence of publication bias (p 
value of MIP = 0.6835).

Sensitivity analysis
Sensitivity analysis is shown in Supplementary Fig.  3. 
The combined results of MIP, MEP and VT remained 
statistically different after sequential exclusion.However 
RSBI and VT only become consistently after elimination 
1 article [27],and their conclusion remained unchanged, 
possibly related to only this study utilized the abdomi-
nal sandbag training method. After the majority of the 

literature was excluded, the combined results of the 
remaining studies did not differ significantly, demonstrat-
ing the robustness of the results of the meta-analysis.

Subgroup analysis
The result of the subgroup analysis is presented in sup-
plementary Table 4.According to the characteristics of 
included studies, we performed subgroup analyses for 
each of the primary outcomes, which showed that the 
source of MIP heterogeneity was likely to be interven-
tion type and MV duration.This is consistent with the 
theory that MIP declines with the reduction of diaphrag-
matic contractility in the early stages of MV, and further 
reduction is caused by hyperinflation of the lungs as well 
as reduced inspiratory muscle strength [31].The results 
of MEP were provisionally non-significant.Therefore, 
we suggest that IMT for patients with MV ≥ 48  h is the 
optimal method of PR, while the rest of the results have 
provided hypotheses for further studies that could poten-
tially confirm the efficacy of the specific measures.How-
ever, subgroup analysis concerning different intervention 
frequency, intensity and duration could not be under-
taken due to insufficient data as well as non-harmonized 
units.

GRADE evidence quality evaluation
The quality of evidence for all outcomes was scored 
using the GRADE method and was characterized by a 
high degree of heterogeneity between studies due to the 
absence of blinding, inadequate allocation concealment, 
and small number of study subjects.MIP, MEP and RR 
were moderate-quality evidence, VT, DT, and DM were 
low-quality evidence, while RSBI were very low-quality 
evidence. Detailed evidence quality evaluation is summa-
rized in Supplementary Table 5.

Discussion
This systematic review and meta-analysis highlighted the 
benefits of PR on respiratory function in mechanically 
ventilated patients, which could significantly improve 
MIP, MEP, VT, diaphragm thickness and diaphragm 
motion.However, there was little difference in the RSBI 
and very uncertain evidence on RR.Furthermore, our 
findings demonstrated that PR by IMT could administer 
the best therapeutic effect, followed by NMES.Training 
could be applies using an inspiratory threshold device 
with the frequency of twice a day, 7 days a week, while 
initial intensity load of 30% of the MIP, increasing daily 
by 10%.Moreover, these measures were more effective in 
patients who have been mechanically ventilated in the 
ICU for more than 48  h.Regarding the duration of the 
intervention, the effect of the 7-day program was not 
significantly different from the 42-day option.Only one 
study [30] investigated the effect of NMES combined 
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with IMT on the Oxygen indicator(OI).This indicates that 
further RCTs are necessary to obtain more data.

Although MV is lifesaving, ventilator-associated 
events still presented certain impairments in lung func-
tion and even higher mortality ( [32].Compared to other 
outcomes, MIP, MEP, VT, RSBI, etc. are directly visible 
indicators that can clearly reflect the changes in respira-
tory function, increasing the ICU team’s awareness and 

acceptance of PR. In accordance with the GOLD guide-
line [33], the outcomes of pulmonary function tests can 
assess patient’s airway obstruction as well as limitation, 
which include MIP and MEP, at the same time VT, RR 
and RSBI values can indicate respiratory recovery which 
are often used as a reference for extubation tests. It has 
been reported ( [34, 35] that prognostic degree is directly 
proportional to diaphragm thickness and diaphragm 

Fig. 2  Pairwise meta-analysis of direct comparisons. A. Forest plot of MIP. B. Forest plot of MEP. C. Forest plot of RSBI. D. Forest plot of VT

 



Page 8 of 10Xingyu et al. BMC Pulmonary Medicine            (2025) 25:4 

motion. The diaphragm is the main respiratory muscle, 
and mechanical ventilated suffer from diaphragm fatigue 
or weakness, leading to respiratory function undergoing 
attenuation.Our findings proved that PR methods such as 
IMT and NMES can significantly improve the mentioned 
indexes, so as to enhance the respiratory muscle level, 
accelerate the time of weaning, and improve the patients’ 
quality of life.

Regarding intervention type, our meta-analysis indi-
cated that PR was evenly beneficial for respiratory func-
tion, including greater spirometry and shorter ventilator 
duration, which is in largely accordance with previous 
findings ( [36, 37].However, these studies focused on pre-
vention or reversal of weaning failure and other clinical 
outcomes. It remains unknown which is the best inter-
vention among the various protocols.Clinical application 
still be blocked due to the high heterogeneity of the inter-
vention. In our study, we found that IMT improved MIP 
and MEP yet had no significant effect on RSBI or VT.This 
is probably related to the fact that IMT is difficult to 
monitor and control to meet the rigorous criteria. A 
meta-analysis showed that although NMES appears to be 
a straightforward and safe modality for critically ill, when 
combined with physical therapy (PT), it significantly 
improved the extubation success rate and showed a bet-
ter ranking over PT or NMES alone ( [38]. Our results 
also showed that though NMES had influence on MEP 
and VT, it was statistically difference on MIP only when 
combined NMES with IMT, therefore NMES combined 
with other training may be a superior rehabilitation strat-
egy. Abdominal sandbag training had a remarkable effect 
on all outcome indicators, but there was a few studies 
and sample sizes that could be supported as evidence 
so that further confirmation is needed. There are fewer 
studies integrating two or more measures, and present 
results pointed to a non-significant effect of comprehen-
sive PR.As increasing evidence confirms the benefits of 
PR, exploring a comprehensive PR measure is necessary.

Regarding intervention duration, there is a lack of con-
sensus since the protocol would change with disease cat-
egory.For instance, neurocritical patients had a shorter 
duration of rehabilitation (5 days) ( [30],Although our 
meta-analysis showed PR trended to improve respira-
tory function regardless of the intervention duration, the 
protocol with short periods (< 7days) was rarely used in 
our included studies.More research is required in future 
to prove what the optimal duration of intervention is.In 
the clinic, the ICU team needs to constantly consider 
whether the treatment dose is sufficient or not.There-
fore, calculating the type and frequency of intervention 
may be appropriate to quantify. A cohort study imple-
mented this concept. They used a quantitative activity 
score (MQS) that combined the intensity and duration of 
rehabilitation then noted that high doses of activity were 

independent predictors of patients’ functional ability 
([39]. However, relevant data are too scarce to synthesize. 
We recommend utilizing a scale to quantify PR in forth-
coming studies.In addition, a clinical trial, in which both 
intervention and usual care groups had a long periods of 
PR, indicated that an increase in intervention was not 
associated with a better function ([40].The findings were 
similar to our meta-analysis that performing intervention 
until ICU discharge may not have a favorable impact on 
patient functioning even decreased MIP.The excessive 
treatment may exceed the tolerance and become a bur-
den on ICU patients. Clinical staff should consider the 
optimal dose of PR for mechanical ventilator rather than 
lengthen the treatment duration meaninglessly.

In summary, some types of PR could enhance pulmo-
nary function, improve the quality of life, which is con-
sistent with the findings of a number of studies ( [41–43].

Limitation
There were several limitations to this study: (1)Only 
10 studies including 504 individuals were eligible to 
be included in the meta analysis, publication bias and 
small sample sizes caused a substantial amount of bias.
(2) Among the included articles with a low-to-moder-
ate quality, the major risk of bias was a lack of blinding 
and deviations from intended intervention. Thus, more 
high-quality RCTs with larger sample sizes in this field 
are essential. (3) Considering the diversity of respira-
tion-related outcome indicators and the small number 
of included studies, only the studies reporting the MIP, 
MEP, RESBI and VT were included in the meta-analysis 
to ensure the reliability of the study and comparison. (4) 
Analyses of moderator variables on the effects of pulmo-
nary rehabilitation programs (e.g., age, sex, sample size, 
comorbidities, and sedation level) were not performed.
Meanwhile there were lack of reporting on adverse 
events.Lesser clinical therapeutic factors could be iden-
tified for the treatment plan. (5) Although we used the 
random-effects model for pooling, the high heterogene-
ity of intervention duration might not be neglected and 
should be considered in clinical practice. (6) During the 
meta-analysis, There was 1 study that directly provide 
author-calculated mean difference and we did not receive 
a response from the authors after contact via email ( [27]. 
In this study, We used the data from the article directly 
instead of calculating it through the harmonized formula; 
however, some data extraction bias remains inevitable.(7)
The exclusion of non-English studies, which might have 
introduced selection bias.

Conclusion
This meta-analysis compared the figures of MIP, MEP, 
RSBI, VT, RR, DM and DT with various PR methods in 
MV patients.Different types have different benefits while 
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IMT might be the most recommended method, following 
by the NMES. Moreover, depending on clinical resources 
and the tolerance of patients, the duration of MV should 
reach greater than or equal to 24 h. The study results may 
serve as an empirical basis for devising intervention plans 
to develop pulmonary rehabilitation in clinical units.
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