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Abstract 

Background  Several bedside assessments are used to evaluate respiratory muscle function and to predict wean-
ing from mechanical ventilation in patients on the intensive care unit. It remains unclear which assessments perform 
best in predicting weaning success. The primary aim of this systematic review and meta-analysis was to summarize 
and compare the accuracy of the following assessments to predict weaning success: maximal inspiratory (PImax) 
and expiratory pressures, diaphragm thickening fraction and excursion (DTF and DE), end-expiratory (Tdiee) and end-
inspiratory (Tdiei) diaphragm thickness, airway occlusion pressure (P0.1), electrical activity of respiratory muscles, 
and volitional and non-volitional assessments of transdiaphragmatic and airway opening pressures.

Methods  Medline (via Pubmed), EMBASE, Web of Science, Cochrane Library and CINAHL were comprehensively 
searched from inception to 04/05/2023. Studies including adult mechanically ventilated patients reporting data 
on predictive accuracy were included. Hierarchical summary receiver operating characteristic (HSROC) models were 
used to estimate the SROC curves of each assessment method. Meta-regression was used to compare SROC curves. 
Sensitivity analyses were conducted by excluding studies with high risk of bias, as assessed with QUADAS-2. Direct 
comparisons were performed using studies comparing each pair of assessments within the same sample of patients.

Results  Ninety-four studies were identified of which 88 studies (n = 6296) reporting on either PImax, DTF, DE, Tdiee, 
Tdiei and P0.1 were included in the meta-analyses. The sensitivity to predict weaning success was 63% (95% CI 
47–77%) for PImax, 75% (95% CI 67–82%) for DE, 77% (95% CI 61–87%) for DTF, 74% (95% CI 40–93%) for P0.1, 69% 
(95% CI 13–97%) for Tdiei, 37% (95% CI 13–70%) for Tdiee, at fixed 80% specificity. Accuracy of DE and DTF to predict 
weaning success was significantly higher when compared to PImax (p = 0.04 and p < 0.01, respectively). Sensitivity 
and direct comparisons analyses showed that the accuracy of DTF to predict weaning success was significantly higher 
when compared to DE (p < 0.01).

Conclusions  DTF and DE are superior to PImax and DTF seems to have the highest accuracy among all included 
respiratory muscle assessments for predicting weaning success. Further studies aiming at identifying the optimal 
threshold of DTF to predict weaning success are warranted.

Trial registration: PROSPERO CRD42020209295, October 15, 2020.
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Introduction
Failure to wean from mechanical ventilation has a com-
plex multifactorial pathophysiology which may involve 
impairments of pulmonary, brain, cardiac, endocrine 
and respiratory muscle function [1]. Most of these fac-
tors are routinely evaluated in mechanically ventilated 
patients. While respiratory muscle dysfunction is highly 
prevalent in these patients [2–4] and is strongly associ-
ated with failing a spontaneous breathing trial (SBT), 
weaning failure and mortality [3–6], its assessment is 
not yet routinely performed in most intensive care unit 
(ICU) settings. Early detection of respiratory muscle dys-
function may enable clinicians to identify patients at risk 
of weaning failure and poor prognosis who may benefit 
from treatment strategies to preserve or improve respira-
tory muscle function [7].

Several bedside tools for a comprehensive assessment 
of diaphragm and non-diaphragmatic respiratory muscle 
function are available [8]. These tools measure distinct 
aspects of respiratory muscle function and vary in ease 
of use. The gold standard to assess diaphragm contractil-
ity is a non-volitional assessment in which twitch trans-
diaphragmatic pressures or (artificial) airway opening 
pressures are recorded during phrenic nerve stimulation 
[8]. In cooperative patients, assessments of the maximal 
voluntary transdiaphragmatic pressure can be performed 
[8]. These assessments however require both sophisti-
cated equipment and technical expertise and are there-
fore rarely performed in clinical settings [9]. Alternative, 
less invasive and more clinically accessible bedside res-
piratory muscle assessments are available. First, global 
respiratory muscle strength can be assessed by meas-
uring the maximal inspiratory (PImax) and expiratory 
pressures [8]. PImax is often used in research and clini-
cal context since reference values are available and the 
measurement is easy to perform [10]. Second, ultrasound 
imaging is increasingly used in research and in clinical 
settings as it is a non-invasive technique performed using 
devices that are readily available bedside in most inten-
sive care units. It can evaluate multiple aspects of res-
piratory muscle function such as thickness, contractility, 
and excursion of the diaphragm [8, 11]. Third, the airway 
occlusion pressure during the first 100 ms of inspiratory 
effort (P0.1) reflects the neural respiratory drive and its 
transmission to respiratory muscles [8, 12, 13]. P0.1 is 
frequently used during SBTs since it is a rapid assessment 
that can be easily performed with a mechanical ventila-
tor [14]. Fourth, electromyography of respiratory muscles 
assesses respiratory muscle activation [8, 9]. However, 

this assessment has been mostly used in research since 
reference values are lacking and technical expertise is 
necessary to perform the assessments and interpret the 
data.

Previous meta-analyses evaluating PImax, diaphragm 
ultrasound assessment or P0.1 described the associations 
between the respiratory muscle assessment and rates of 
mortality and/or weaning outcomes [15–18], but none 
compared their predictive accuracy. Comparing these 
assessments provide guidance to clinicians for making a 
well substantiated choice between available respiratory 
muscle assessment methods during the weaning process.

Since there is no general agreement on an assessment 
for predicting weaning outcomes, it is also difficult to 
determine what the minimal acceptable difference in 
accuracy between assessments should be. For the first 
time, this study provides data on comparative accuracy 
between respiratory muscle assessments.

The aim of this systematic review and meta-analysis 
was therefore to estimate and compare the accuracy of 
bedside respiratory muscle assessments to predict wean-
ing outcomes, focusing on assessment methods evaluated 
in previous meta-analyses or recommended in a recent 
international statement to be used in the ICU setting [8].

Methods
Design and search strategy
This study protocol has been registered (PROSPERO, 
ID: CRD42020209295) and was conducted in accord-
ance with the Cochrane handbook for systematic reviews 
of diagnostic test accuracy [19, 20] and the Preferred 
Reporting Items for Systematic Reviews and Meta-Anal-
yses of Diagnostic Test Accuracy Studies (PRISMA-DTA) 
statement [21]. In collaboration with an expert on sys-
tematic reviews from the KU Leuven Biomedical library, 
a comprehensive search strategy was constructed includ-
ing three concepts: intensive care unit, respiratory mus-
cles, and the assessment methods of interest: maximal 
respiratory pressures, ultrasound, airway occlusion pres-
sure, twitch airway opening pressure, electromyography, 
transdiaphragmatic pressure and twitch transdiaphrag-
matic pressure.

Studies published in English from database inception 
until 04/05/2023 in Medline (via Pubmed), EMBASE, 
Web of Science, Cochrane Library and CINAHL data-
bases were searched for these concepts, synonyms, 
and MeSH terms in title and abstract (See Additional 
file  1: Table  S1 for the search string). Reference lists 

Keywords  Predictive accuracy, Respiratory muscle assessments, Mechanical ventilator weaning, Intensive care unit



Page 3 of 17Poddighe et al. Critical Care           (2024) 28:70 	

of included studies and published systematic reviews 
were additionally searched.

Given the focus on respiratory muscle assessments, 
we did not consider indices aggregating results from 
multiple assessments of functions other than respira-
tory muscle function.

Study selection and data extraction
Deduplication, screening, and data extraction were 
performed with Covidence software (Covidence sys-
tematic review software, Veritas Health Innovation, 
Melbourne, Australia).

Title and abstract screening were performed by two 
independent reviewers for each study (YQC, TG, DRC, 
MRS, DP, MVH). MVH and DP resolved any conflicts. 
Remaining issues were resolved following discussion 
with senior researchers RG and DL. Peer-reviewed 
studies written in English were included when fulfill-
ing all inclusion criteria: patients ≥ 18  years, accuracy 
to predict weaning outcomes reported and not fulfilled 
an exclusion criterion: animal studies, no full text 
available, non-peer reviewed, non-original research 
studies, case reports and interventional studies. The 
target condition was weaning success. We accepted 
all the various definitions of weaning from mechani-
cal ventilation as employed in the included studies. 
Data extraction was performed by YQC, DP, DRC and 
MVH.

In case more than one threshold were evaluated for 
an assessment and that assessment was conducted 
while patients were supported with different mechani-
cal ventilation settings, the threshold associated with 
mechanical ventilation settings closest to unsupported 
spontaneous breathing was retained.

If multiple studies reported on the same patients, 
multiple inclusions of the same patients were avoided 
by including the studies providing data on the larg-
est sample. In case the confusion matrix (2 by 2 table) 
was not reported, it was computed from the provided 
values of sensitivity, specificity and the occurrence 
(prevalence) of patients presenting with and with-
out the target condition. Studies for which the confu-
sion matrix was reported are marked in the tables of 
characteristics.

Any missing data or information was requested from 
the corresponding authors by e-mail. If no response, 
two reminders were sent, or other authors of the team 
were contacted. In case raw data were obtained and no 
threshold was specified in the study, the median thresh-
old of the other included studies reporting on the same 
assessment and target condition was used to compute 
the confusion matrix.

Methodological quality
The methodological quality of studies included in the 
meta-analysis was assessed with the Quality Assessment 
of Diagnostic Accuracy Studies (QUADAS-2) tool [22] 
and evaluated by DP, DRC and MVH. A pilot was per-
formed before assessing all studies in which reviewers 
developed and agreed on review-specific rating guid-
ance (Additional file  1: Table  S2). Each study was inde-
pendently evaluated by two reviewers, and conflicts were 
resolved by the third. Remaining issues were resolved fol-
lowing discussion with senior researchers RG and DL.

Statistical analyses
Results of individual studies reporting on predictive 
accuracy were summarized for weaning success with for-
est plots of sensitivity and specificity. Therefore, when 
studies reported on weaning failure, the confusion matrix 
of test accuracy was reversed. Meta-analyses were per-
formed if at least 4 studies evaluating the accuracy of 
the same assessment to predict weaning success could 
be included [19, 20]. Predictive accuracy for each assess-
ment was summarized as sensitivity at fixed 80% specific-
ity with corresponding 95% confidence intervals [20, 23].

The hierarchical summary receiver operating charac-
teristic (HSROC) model was used to estimate the SROC 
curves of each assessment, while accounting for dif-
ferent thresholds used across studies [19, 20]. HSROC 
meta-regression models were used to compare SROC 
curves between assessments included in the meta-anal-
ysis. Three meta-regression models were fitted: Model 
1: “Varied,” which included covariates to allow accuracy, 
threshold and shape to vary for each SROC curve under 
comparison; Model 2: “Fixed shape,” where the covariate 
term for shape was removed, to assume that the SROC 
curves under comparison have the same shapes; Model 
3: “Fixed accuracy,” where the covariate term for accu-
racy was removed to assume that the SROC curves under 
comparison have the same accuracy [20].

Potential sources of heterogeneity were investigated 
with meta-regression analyses. These included the con-
dition during which the assessment was performed [i.e., 
SBT or during mechanical ventilation] and the threshold. 
Thresholds were categorized depending on the median 
threshold of the included studies for the respective 
assessment, as low or high when lower or higher than the 
median threshold, respectively.

Sensitivity analyses were performed: (1) after exclud-
ing studies with potential high risk of bias or applica-
bility concerns for at least one of the domains of the 
QUADAS-2 tool [22], and (2) after excluding studies that 
conducted assessments early after start of mechanical 
ventilation and not during the weaning process.
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Direct comparisons between assessments were per-
formed for studies which compared each pair of assess-
ments within the same sample of patients.

Relative diagnostic odds ratio (RDOR) was computed 
for each comparison between assessments (SAS macro 
MetaDAS). RDOR is the ratio of diagnostic odds ratios 
(DORs) of the compared assessments, which are sum-
mary indicators of the accuracy of each assessment [20]. 
An RDOR greater than 1 indicates a better performance 
of the first assessment compared to the second one.

SAS OnDemand for Academics (SAS Institute Inc. 
2021) was used to perform the meta-analyses (SAS 
macro MetaDAS, by fitting the HSROC model [23]) 
and HSROC meta-regression analyses (using Proc 
NLMIXED in SAS [23]) to compare summary curves. 
Forest and SROC plots were created with Review man-
ager (Review Manager, RevMan, [Computer program] 
Version 5.4, Copenhagen: The Nordic Cochrane Centre, 
The Cochrane Collaboration, 2020).

Results
Study selection and characteristics.
The search identified 13 909 unique studies, retaining 1 
830 studies for full text screening (Fig.  1). Ninety-four 
studies were included in the systematic review of which 
88 studies reporting on accuracy of the assessments of 
interest to predict weaning outcomes were included in 
the meta-analyses (Fig. 1).

Studies included in the meta-analysis were published 
between 1987 and 2023. The studies were most fre-
quently conducted in Asia (34%), followed by Europe 
(25%), Africa (22%), North America (12%), South Amer-
ica (7%) and Oceania (1%). In total, 6296 patients were 
included in the present meta-analyses.

Studies reporting on accuracy to predict weaning out-
comes and included in the meta-analysis involved assess-
ment of PImax (n = 18 studies) [24–41], diaphragm 
ultrasound assessments with diaphragm excursion (DE, 
n = 53 studies) [6, 26, 30, 31, 35, 37, 39–85], diaphragm 
thickening fraction (DTF, n = 48 studies) [38, 40, 43–56, 
62, 65–67, 69, 71–73, 75–77, 79, 81–84, 86–101] and 
end-expiratory (Tdiee, n = 11 studies) [45, 48, 53–55, 66, 
73, 89, 90, 99, 100], end-inspiratory diaphragm thick-
ness (Tdiei, n = 8 studies) [48, 53–55, 66, 73, 89, 100] and 
P0.1 (n = 15 studies) [25, 27, 29, 36, 73, 81, 102–110] (See 
Additional file 1: Table S3 for study characteristics). Dif-
ferent weaning outcome definitions were used across 
studies (Additional file 1: Table S3).

Less than 4 studies reported on accuracy to predict 
weaning outcomes for maximal expiratory pressure [28, 
32], parasternal intercostal thickening fraction [101, 
111], thickness of the abdominal muscles [47], electro-
myography of the diaphragm [112, 113], phrenic nerve 

stimulation [114, 115] and transdiaphragmatic pressure 
[116]. Therefore the data on these assessments were not 
considered in the meta-analysis in case the studies were 
already included in the meta-analysis for other assess-
ments [28, 32, 47, 101]. Conversely, the studies exclu-
sively focusing on these assessments were excluded from 
the meta-analysis [111–116].

The characteristics of these studies and their sensitivity 
and specificity are presented in Additional file 1: Table S4 
and Fig. S1.

Methodological quality
Overview of risk of bias and applicability concerns is pro-
vided in Fig.  2. Most frequent source of potential high 
risk of bias involved patient selection, due to non-con-
secutive patient recruitment. Methodological quality per 
study and assessment method are provided in Additional 
file 1: Figs. S2–S4.

Accuracy of respiratory muscle assessments
Figures 3 and 4 provide the values of sensitivity and spec-
ificity of individual studies. At a fixed value of 80% for 
specificity to predict weaning failure, the estimated val-
ues of sensitivity were 63% (95% CI 47–77%) for PImax, 
75% (95% CI 67–82%) for DE, 77% (95% CI 61–87%) 
for DTF, 74% (95% CI 40–93%) for P0.1, 69% (95% CI 
13–97%) for Tdiei, 37% (95% CI 13–70%) for Tdiee. Com-
parison of these tests showed that the accuracy for pre-
dicting weaning success was statistically significantly 
higher for DE versus PImax (p = 0.04) and for DTF versus 
PImax (p < 0.01) (Table 1). The curves estimated with the 
HSROC model for each assessment method are provided 
in Additional file  1: Fig. S5. The results on one-to-one 
comparisons of SROC curves included in the meta-anal-
yses, are presented in Table 1.

Heterogeneity analyses
The condition of the assessments (i.e., during mechanical 
ventilation or during an SBT) and the chosen threshold 
were t identified as a source of heterogeneity for PImax, 
DE, DTF, P0.1 (Additional file 1: Tables S5, S6).

Sensitivity analyses
Sensitivity analyses were performed based on a total of 44 
studies after exclusion of studies with high potential risk 
of bias from the meta-analyses. The count included stud-
ies that reported results for multiple assessments only 
once. At a fixed value of 80% for specificity to predict 
weaning failure, the estimated values of sensitivity were 
61% (95% CI 44–75%) for PImax, 78% (95% CI 63–88%) 
for DTF and 76% (95% CI 64–85%) for DE. SROC curves 
of PImax (n = 7 studies) [26, 27, 29, 30, 33, 36, 38], DTF 
(n = 23 studies) [38, 47–52, 62, 65, 67, 69, 71–73, 75, 88, 
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89, 93, 94, 96, 98, 101], DE(n = 23 studies) [6, 26, 30, 42, 
47–52, 60, 62, 64, 65, 67–75] and P0.1 (n = 11 studies) 
[29, 36, 73, 102–106, 108–110], Tdiee (n = 4 studies) [48, 
73, 89, 100] and Tdiei (n = 4 studies) [48, 73, 89, 100] were 

estimated (Additional file  1: Fig. S6 and Table  S7). The 
one-to-one comparisons showed that accuracy for pre-
dicting weaning success was significantly higher for DTF 
versus DE (Additional file 1: Table S8).

Fig. 1  Flowchart of the studies (n) included in the systematic review and meta-analysis. Several studies included in the meta-analysis reported 
on accuracy of more than one assessment to predict weaning outcomes
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Fig. 2  Risk of bias and applicability concerns for weaning success per assessment method. Risk of bias analyses and applicability concerns have 
been performed with QUADAS 2 tool for predicting weaning success by assessing the maximal inspiratory pressure (panel A), airway occlusion 
pressure, P0.1 (panel B), diaphragm excursion (panel C), diaphragm thickening fraction (panel D), diaphragm end-expiratory thickness (panel E) 
or diaphragm end inspiratory thickness (panel F)
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Results of SROC comparisons after exclusion of studies 
that conducted assessments early after start of mechani-
cal ventilation [53, 98] and not during the weaning 
process did not substantially differ from the results pre-
sented in Table 1 (Additional file 1: Table S9).

Direct comparisons
At least 4 direct comparative studies reporting on accu-
racy to predict weaning success were found for the fol-
lowing pairs of assessments: DE versus PImax (n = 8 
studies) [30, 31, 35, 37, 39–41], DE versus DTF (n = 28 
studies) [40, 43–45, 47–52, 54, 56, 62, 65–67, 69, 71–73, 
75, 77, 79, 81–84, 117], DE versus Tdiee (n = 5 studies) [45, 
48, 54, 66, 73], DE versus Tdiei (n = 4 studies) [48, 54, 66, 
73], DTF versus Tdiee (n = 11 studies) [45, 48, 53–55, 66, 
73, 89, 90, 99, 100], DTF versus Tdiei (n = 8 studies) [48, 
54, 55, 66, 73, 89, 100] and P0.1 versus PImax (n = 4 stud-
ies) [25, 27, 29, 36]. The SROC curves estimated based on 
direct comparative studies are presented in Additional 
file 1: Fig. S7 (DE vs. DTF) and in Additional file 1: Fig. 
S8 (DE vs. PImax, DE vs. Tdiee, DE vs. Tdiei, Tdiee vs. DTF, 
Tdiei vs. DTF and P0.1 vs. PImax).

At a fixed value of 80% for specificity to predict wean-
ing failure, the estimated values of sensitivity were 88% 
(95% CI 78–93%) for DTF and 79% (95% CI 68–87%) for 
DE. The results of the one-to-one comparisons of SROC 
curves of the identified paired of assessments showed 
that predictive accuracy was higher for DTF versus DE 
(p < 0.01, Table 2).

Discussion
Main findings
This systematic review and meta-analysis aimed to esti-
mate and compare the accuracy of multiple bedside 
respiratory muscle assessments to predict weaning out-
comes in critically ill patients. The estimated values 
of sensitivity were 63% for PImax, 75% for DE, 77% for 
DTF, 74% P0.1, 69% for Tdiei, and 37% for Tdiee at 80% 
specificity for predicting weaning success. DTF and DE 
performed significantly better than PImax, with DTF 
showing the highest accuracy in direct comparative stud-
ies. Our findings indicate that among the evaluated bed-
side respiratory muscle assessments, DTF is the most 

accurate tool to identify mechanically ventilated patients 
who may be successfully weaned.

Accuracy of respiratory muscle assessment methods 
to predict weaning outcomes
Our findings confirm the results of previous studies when 
considering all the studies included in our meta-analysis 
for DTF, DE and PImax to predict weaning outcomes [15, 
16, 18, 118]. In fact, when visually inspecting the esti-
mated SROC curves in previous meta-analyses [15, 16, 
18], values of sensitivity to predict weaning success at a 
fixed value of 80% specificity were between 70 and 80% 
for DE and DTF and close to 60% for PImax.

Importantly, our study provides new valuable informa-
tion on accuracy differences between respiratory muscle 
assessment methods to predict weaning success: 1) DTF 
and DE are more accurate than PImax; 2) DTF has higher 
accuracy than DE when excluding studies with poten-
tial high risk of bias or considering direct comparative 
studies.

DTF and DE showed higher accuracy to predict wean-
ing success compared to PImax when considering all the 
studies in the meta-analysis. However, these differences 
were no longer statistically significant in sensitivity analy-
ses despite the unchanged magnitude of difference in 
sensitivity at 80% specificity (sensitivity ranging from 75 
to 78% for DTF and DE and from 61 to 63% for PImax). 
Additionally, no study directly compared DTF with 
PImax and the SROC curves estimated based on only 
eight direct comparative studies of DE versus PImax 
showed minimal sensitivity differences at 80% specificity. 
These findings are likely due to result variability and the 
limited number of studies reporting on PImax or directly 
comparing PImax with DTF and DE. The use of differ-
ent assessment protocols, such as a 20–30  s occlusion 
method [119] or a single complete expiration followed 
by a forceful inspiration against a closed valve [120] likely 
contributed to the variability in predictive accuracy of 
PImax.

Hence, it remains plausible that DE and DTF would 
have shown a higher accuracy than PImax in sensitiv-
ity and direct comparison analyses if a larger number of 

Fig. 3  Accuracy of respiratory muscle assessment methods for predicting weaning success—part 1 of 2. Figure depicts the individual 
sensitivity and specificity of each study on the respiratory assessment method of interest for predicting weaning success. Condition: Indicates 
whether the assessment was performed while the patients was mechanically ventilated (MV) or during spontaneous breathing/spontaneous 
breathing trial (SBT). If no or insufficient data was provided on the condition it is marked as not reported (NR). Risk of bias: Studies that were 
identified as having a high risk of bias on one of the domains of the QUADAS 2 tool were indicated as high risk of bias (High). Studies which had 
no domain in which a potential high risk of bias was identified were indicated as low risk of bias (Low). Abbreviations: TP True positive, FP False 
positive, FN False negative, TN True negative, n Sample size of the study, SBT Spontaneous breathing trial, MV Mechanical ventilation, NR Not 
reported, CI Confidence interval

(See figure on next page.)
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Fig. 3  (See legend on previous page.)



Page 9 of 17Poddighe et al. Critical Care           (2024) 28:70 	

studies similar to the number used in the overall meta-
analysis had been available.

The superiority of DTF over DE may be explained by 
the influence of mechanical ventilation support, patient’s 
positioning, and variation in thoracic and abdominal 
pressures on the interpretation of DE [18, 121].

Although P0.1 is frequently used during SBTs due to 
its rapid assessment using a mechanical ventilator, pub-
lished data on its predictive accuracy are few and widely 
variable. The variability of predictive accuracy of P0.1 
may be due to variations in P0.1 formulas across mechan-
ical ventilator brands [12, 14] or to the use of an external 
device for measurement.

The paucity of data also hindered the summarization 
and interpretation of predictive accuracy of Tdiei and 
Tdiee.

Strengths and weaknesses
To our knowledge, this is the largest systematic review 
and meta-analysis to summarize and the first to formally 
compare accuracy of several bedside respiratory muscle 
assessments to predict weaning success in critically ill 
patients using indirect and direct comparative studies 
and sensitivity analyses excluding studies with potentially 
high risk of bias. Through a comprehensive search string 
across diverse databases and the retrieval of missing data 
from authors, we obtained a maximum of published data.

Our study has limitations. Direct comparisons, which 
are considered as more reliable and less likely to be 
biased compared to indirect comparisons [20, 122], could 
not be performed for all the assessment methods of inter-
est. Another limitation is that no estimation of predic-
tive accuracy could be carried out for all the assessment 
methods of interest for our review due to limited avail-
able data. Moreover, deriving the confusion matrix of 
studies for which we received individual (raw) patient 
data by using the median threshold from other included 
studies reporting on the same assessment method could 
potentially introduce bias. However, we deemed this 
approach logical in the absence of a consensus on thresh-
old values to predict weaning outcomes.

The use of different thresholds across the included 
studies introduces limitations to this work. Despite using 

the HSROC model as recommended by the Cochrane 
Handbook [19, 20], this approach did not allow for deter-
mining the most optimal threshold to predict weaning 
success for each assessment method.

Furthermore, most of the studies selected thresholds 
post-hoc relying on assessments at a single point in time 
and using the Youden index (i.e., sensitivity + specific-
ity − 1), leading to potential overestimation of the sen-
sitivity and specificity of the assessment method [123] 
and timing of testing may influence the capability of an 
assessment method to predict weaning outcomes.

Finally, patient heterogeneity may have also influenced 
the prediction characteristics of the assessment methods 
considered in this study.

Implications for clinical practice
A spontaneous breathing trial is a recommended for 
assessing whether a patient’s readiness for mechani-
cal ventilator weaning [124]. Previous studies reported 
a 10 to 20% weaning failure rate among patients who 
passed  the trial [125]. Respiratory muscle assessment 
methods are promising tools to further assist clinician at 
the bedside during the weaning process.

This meta-analysis supports the use of DE and DTF 
over PImax to predict weaning outcomes in mechanically 
ventilated patients. Further sensitivity analyses suggest 
that DTF may outperform DE.

PImax and P0.1 are accessible tools in the hands of 
clinicians, but the results of this meta-analysis and the 
greater variability in their sensitivity to predict weaning 
success compared to DTF and DE, are not currently sup-
porting their use to predict weaning success.

In contrast to PImax and P0.1, the need for specific 
training to learn diaphragm ultrasonography has been 
recently highlighted [126]. Although DTF measure-
ments may have a slower learning curve than DE [126], 
there is indication that clinicians previously lacking 
experience can produce accurate measurements when 
compared to measurements performed by experts 
and that a good intra-rater and inter-rater agreement 
among assessors can be achieved after a relatively brief 
training [96, 127]. Moreover, ICU allied healthcare 
professionals can also easily acquire the skills required 

(See figure on next page.)
Fig. 4  Accuracy of respiratory muscle assessment methods for predicting weaning success—part 2 of 2. Figure depicts the individual 
sensitivity and specificity of each study on the respiratory assessment method of interest for predicting weaning success. Condition: Indicates 
whether the assessment was performed while the patients was mechanically ventilated (MV) or during spontaneous breathing/spontaneous 
breathing trial (SBT). If no or insufficient data was provided on the condition it is marked as not reported (NR). Risk of bias: Studies that were 
identified as having a high risk of bias on one of the domains of the QUADAS 2 tool were indicated as high risk of bias (High). Studies which had 
no domain in which a potential high risk of bias was identified were indicated as low risk of bias (Low). Abbreviations: TP True positive, FP False 
positive, FN False negative, TN True negative, n Sample size of the study, SBT Spontaneous breathing trial, MV Mechanical ventilation, NR Not 
reported, CI Confidence interval
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Fig. 4  (See legend on previous page.)
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for diaphragm ultrasonography assessment. Among 
them, respiratory physiotherapists are becoming very 
involved in the applications of thoracic ultrasound 
(including diaphragm) imaging in their clinical practice 
[128–131]. They can certainly support physicians dur-
ing the weaning process by performing DE and DTF 
measurements, which can be rapidly performed even 
in uncooperative patients without causing discomfort 
or prolonging the weaning process. Additionally, DTF 
assessments have moderate reproducibility [132].

Subsequently, we encourage integrating DTF assess-
ments during SBTs after specific training [126] and 
following the recently published recommendations 

on methodology for diaphragm ultrasonography 
[126]. However, despite the potential of DTF to guide 
the weaning process, to date only one single center 
study observed that incorporating DTF information 
in patients with a DTF > 30% significantly reduced the 
time to extubation [95]. Therefore more future pro-
spective studies are needed to investigate its impact on 
clinical decision making and improvement of weaning 
outcomes.

Finally, most included studies used thresholds rang-
ing from 25 to 33% for DTF (Fig.  4). We recommend 
using that range of thresholds for DTF in clinical prac-
tice to predict weaning outcomes.

Table 1  Comparisons of SROC curves to predict WS between respiratory muscle assessments

To compare SROC curves, the following HSROC models were compared: Model 1 (“Varied”, V) which includes covariates to allow accuracy, threshold and shape to vary 
by assessment; Model 2 (“Fixed shape”, FS) from which the covariate term for shape was removed, to assume that the SROC curves under comparison have the same 
shapes; Model 3 (“Fixed accuracy”, FA) from which also the covariate term for accuracy was removed to assume that the SROC curves under comparison have the same 
accuracy. A significant p value for Model 2 versus 1 denotes that the shapes of the SROC curves under comparison are different; a significant p value for Model 3 versus 
2 comparison denotes that the overall accuracies of the assessments under comparison are different. ¥ = in case of a significant p value for Model 2 versus 1, which 
denotes that the shapes of the SROC curves under comparison are different, further comparisons of Model 3 versus 2 was not performed. Significance level: p < 0.05. 
Values of RDOR were calculated as relative diagnostic odds ratio of the first assessment compared to the second, as indicated by the order specified in the “Assessment 
comparison” column. A value of the RDOR higher or lower than 1 indicate that the first assessment has higher or lower accuracy than the second one. Confidence 
intervals of RDOR not containing 1 indicate significant higher or lower accuracy. Comparisons were not possible for Tdiee and Tdiei due to irregular shape of the 
SROC curves. Significant p-values (p<0.05) and RDOR 95%CI are highlighted in bold. Abbreviations: CI Confidence interval, DE Diaphragm excursion, DTF Diaphragm 
thickening fraction, PImax Maximal inspiratory pressure, P0.1 Airway occlusion pressure, Tdiee Diaphragm thickness at end-expiration, df  Degrees of freedom which 
are equal to the difference in the number of parameters between the models that are compared, RDOR Relative diagnostic odds ratio, WS Weaning success. Bold value 
indicates statistically significant values

Assessment 
comparison

Studies
(n)

Patients
(n)

 − 2Log Likelihood values of the fitted 
models

Likelihood ratio assessments RDOR (95% CI)

Varied model 
(V)

Fixed 
shape 
model (FS)

Fixed 
accuracy 
model (FA)

Model 
comparison

Chi-
square 
(df = 1)

p value

DE versus PImax 53 3638 857.9 858.2 862.3 FS versus V 0.3 0.58 2.11 (1.14–3.93)
18 1107 FA versus FS 4.1 0.04

DTF versus Pimax 48 3471 798.9 799.3 811.6 FS versus V 0.4 0.53 4.70 (1.71–12.96)
18 1107 FA versus FS 12.3  < 0.01

DE versus DTF 53 3638 1280.7 1306.7 1306.7 FS versus V 26  < 0.01 ¥

48 3471 FA versus FS ¥ ¥

DE versus Tdiee 53 3638 757.4 765.3 769.6 FS versus V 7.9  < 0.01 ¥

11 617 FA versus FS ¥ ¥

DTF versus Tdiee 48 3471 774.1 774.1 775.6 FS versus V 0 1 1.46 (0.85–2.50)

11 617 FA versus FS 1.5 0.22

Pimax versus Tdiee 18 1107 336.3 338.8 340 FS versus V 2.5 0.11 1.85 (0.64–5.37)

11 617 FA versus FS 1.2 0.27

Pimax versus P0.1 18 1107 380.6 382.5 383.4 FS versus V 1.9 0.17 0.68 (0.30–1.54)

15 1225 FA versus FS 0.9 0.34

DE versus P0.1 53 3638 782.9 787.1 787.1 FS versus V 4.2 0.04 ¥

15 1225 FA versus FS ¥ ¥

DTF versus P0.1 48 3471 746.6 748.4 749 FS versus V 1.8 0.18 1.49 (0.50–4.44)

15 1225 FA versus FS 0.6 0.44

P0.1 versus Tdiee 15 1225 312 312.1 312.7 FS versus V 0.1 0.75 1.87 (0.51–6.81)

11 617 FA versus FS 0.6 0.44
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Implications for research
Additional high-quality test accuracy studies comparing 
predefined thresholds and multiple respiratory muscle 
assessments within the same patient sample are needed 
to find optimal threshold values for predicting weaning 
outcomes, thus increasing their clinical usefulness and 
routine applicability. More homogeneity of weaning defi-
nitions can facilitate the interpretation and applicability 
of studies reporting on predictive accuracy of respiratory 
muscle assessment methods. A recent promising wean-
ing definition is available and may be used to account for 
tracheostomized patients in future studies [133]. Nota-
bly, although P0.1 is a very fast and easy tool to use, data 
on its accuracy to predict weaning outcomes are lacking, 
warranting future research to further establish its accu-
racy and the optimal cut-off.

Methodology of ultrasound assessments varied in 
mode, probe type, probe and patient positioning and 
breathing condition. Clear reporting and uniformity in 
the methodology based on recent recommendations 
[126] will ensure reproducibility of predictive accuracy in 
research and clinical practice.

Exploring comparative accuracy of different combi-
nations of multiple assessments of respiratory muscles 
would be important to determine the most accurate com-
bination for predicting weaning outcomes. DE and DTF 
are promising assessments and accuracy may improve 
when their evaluation is combined which can be done 
efficiently using the same equipment.

Finally, successful weaning depends on various factors 
beyond respiratory muscle function, such as cardiac and 
respiratory failure, cognitive and endocrine dysfunc-
tion [1]. Machine learning, incorporating all these facets 
may be a powerful tool to predict weaning success [134] 
and diaphragm thickening fraction is a parameter that 
deserves inclusion in models for future evaluations [134].

Conclusions
Among several bedside respiratory muscle assessments, 
diaphragm thickening fraction and excursion have higher 
accuracy compared to maximal inspiratory pressure to 
predict weaning success. Predictive accuracy seems to 
be the highest when diaphragm thickening fraction is 
assessed. This assessment has a great potential to assist 
clinicians during weaning. It can be applied by clinicians 
lacking experience after specific training, even in non-
cooperative patients, without causing discomfort.

Future research should validate the use of ultrasound 
assessments when incorporated in clinical decision-
making around weaning and explore the accuracy of 
combining ultrasound with other respiratory muscle 
assessments. In addition, identifying the optimal thresh-
old for diaphragm thickening fraction to predict wean-
ing success would be of great clinical and research value. 
Lastly, it is worthy to investigate the potential of combin-
ing several bedside respiratory muscle assessments or of 
multifactorial models to predict weaning outcomes.

Table 2  Comparisons of SROC curves for prediction of WS based on direct comparative studies

Direct comparisons were made only using data from studies which compared each pair of assessments on the same patients. To compare SROC curves, the following 
HSROC models were compared: Model 1 (“Varied”, V) which includes covariates to allow accuracy, threshold and shape to vary by assessment; Model 2 (“Fixed shape”, 
FS) from which the covariate term for shape was removed, to assume that the SROC curves under comparison have the same shapes; Model 3 (“Fixed accuracy”, 
FA) from which also the covariate term for accuracy was removed to assume that the SROC curves under comparison have the same accuracy. Significance level: 
p < 0.05. Values of RDOR were calculated as relative diagnostic odds ratio of the first assessment compared to the second, as indicated by the order specified in the 
“Assessment comparison” column. A value of the RDOR higher or lower than 1 indicates that the first assessment has higher or lower accuracy than the second one. 
Confidence intervals of RDOR not containing 1 indicate significant higher or lower accuracy. Comparisons of the SROC curves were not performed for DTF versus Tdiee 
and DTF versus Tdiei because of the irregular shape of one of the curves and for DE versus Tdiei because model FS could not be fitted. Significant p-values (p<0.05) and 
RDOR 95%CI are highlighted in bold. Abbreviations: CI Confidence interval, DE Diaphragm excursion, DTF Diaphragm thickening fraction, PImax Maximal inspiratory 
pressure, P0.1 Airway occlusion pressure, Tdiee Diaphragm thickness at end-expiration, df Degrees of freedom which are equal to the difference in the number of 
parameters between the models that are compared, WS Weaning success. Bold value indicates statistically significant values

Assessment 
comparison

Studies
(n)

Patients
(n)

 − 2Log Likelihood value of the fitted models Likelihood ratio assessments RDOR (95% CI)

Varied model 
(V)

Fixed 
shape 
model (FS)

Fixed 
accuracy 
model (FA)

Model 
comparison

Chi-
square 
(df = 1)

p value

DE versus PImax 8 377 190.4 193.5 194.8 FS versus V 3.1 0.08 1.51 (0.39–5.84)

8 377 FA versus FS 1.3 0.25

DTF versus DE 28 2081 649.3 650.9 664.5 FS versus V 1.6 0.20 1.84 (1.25–2.70)

28 2081 FA versus FS 13.6  < 0.01
DE versus Tdiee 5 258 110.4 111.3 111.3 FS versus V 0.9 0.34 0.74 (0.14–3.80)

5 258 FA versus FS 0 1

Pimax versus P0.1 4 265 83 84.3 84.7 FS versus V 1.3 0.25 0.59 (0.02–18.80)

4 265 FA versus FS 0.4 0.53
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Abbreviations
AECOPD	� Acute exacerbation chronic obstructive pulmonary disease
ARF	� Acute respiratory failure
ATS	� American Thoracic Society
CCU​	� Coronary care unit
COPD	� Chronic obstructive pulmonary disease
CPAP	� Continuous positive airway pressure
DE	� Diaphragm excursion
DTF	� Diaphragm thickening fraction
DOR	� Diagnostic odds ratio
EICU	� Emergency intensive care unit
ERS	� European Respiratory Society
FRC	� Functional residual capacity
HSROC	� Hierarchical Summary Receiver Operating Characteristic
ICU	� Intensive care unit
MICU	� Medical intensive care unit
MV	� Mechanically ventilated/mechanical ventilation
NICU	� Neurointensive care unit
NIV	� Non-invasive ventilation
NIPPV	� Non-invasive positive pressure ventilation
NR	� Not reported
P0.1	� Airway occlusion pressure
PEEP	� Positive end-expiratory pressure
PImax	� Maximal inspiratory pressure
PRISMA-DTA	� Preferred Reporting Items for Systematic Reviews and Meta-

analyses of Diagnostic Accuracy Studies
PS	� Pressure support
PSV	� Pressure support ventilation
RDOR	� Relative diagnostic odds ratio
QUADAS-2	� Quality Assessment of Diagnostic Accuracy Studies
RICU	� Respiratory intensive care unit
RV	� Residual volume
SICU	� Surgical intensive care unit
SB	� Spontaneous breathing
SBT	� Spontaneous breathing trial
Tdiee	� End-expiratory diaphragm thickness
Tdiei	� End-inspiratory diaphragm thickness
TLC	� Total lung capacity
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