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AbstrACt 
Objective The aim of this systematic review was to 
assess the diaphragmatic dysfunction (DD) as a predictor 
of weaning outcome.
background Successful weaning depends on several 
factors: muscle strength, cardiac, respiratory and 
metabolic. Acquired weakness in mechanical ventilation 
is a growing important cause of weaning failure. With the 
development of ultrasonography, DD can be evaluated 
with ultrasound in weakness patients to predict weaning 
outcomes.
Methods The Cochrane Library, PubMed, Embase, Ovid 
Medline, WanFang Data and CNKI were systematically 
searched from the inception to September 2017. 
Ultrasound assessment of DD in adult mechanical 
ventilation patients was included. Two independent 
investigators assessed study quality in accordance with 
the Quality Assessment of Diagnostic Accuracy Studies-2 
tool. The primary outcome was diaphragmatic thickness 
and excursion in the weaning success and failure group. 
The secondary outcome was the influence of DD on 
weaning outcome.
results Eleven studies involving a total of 436 patients 
were included. There were eight studies comparing 
diaphragmatic excursion (DE), five comparing the 
diaphragmatic thickening fraction (DTF) and two 
comparing DD between groups with and without 
successful weaning. Overall, the DE or DTF had a pooled 
sensitivity of 0.85 (95% CI 0.77 to 0.91) and a pooled 
specificity of 0.74 (95% CI 0.66 to 0.80) for predicting 
weaning success. There was high heterogeneity among 
the included studies (I2=80%; p=0.0006). The rate of 
weaning failure was significantly increased in patients with 
DD (OR 8.82; 95% CI 3.51 to 22.13; p<0.00001).
Conclusions Both DE and DTF showed good diagnostic 
performance to predict weaning outcomes in spite of 
limitations included high heterogeneity among the studies. 
DD was found to be a predictor of weaning failure in 
critically ill patients.

IntrOduCtIOn
Weaning from mechanical ventilation (MV) 
is of paramount importance for patients with 
respiratory failure requiring MV. It is crucial 
because both premature discontinuation 
and delayed weaning are associated with 

increased morbidity and mortality as well as 
high medical costs.1–4 However, it remains 
a challenge to identify reliable predictors 
of weaning outcome and to determine 
the timing of the initiation of the weaning 
process.

Difficulty with weaning from MV is attribut-
able to many factors, such as acquired weak-
ness, malnutrition, nervous system disease, 
cardiac insufficiency, infection and other 
diseases.5–7 There is increasing awareness that 
diaphragm weakness is common in patients 
undergoing MV and is likely a contributing 
factor of weaning failure.8–10 In the past few 
years, diaphragmatic dysfunction (DD) has 
been recognised as a common aetiology of 
weaning failure.8 11–13

With the development of critical care ultra-
sonography, doctors can use ultrasound to 
dynamically assess the causes of respiratory 
failure and weaning failure, which including 
pulmonary or extrapulmonary factors. Nowa-
days bedside assessment of diaphragmatic 
movements, such as amplitude, force and 
velocity of contraction, special patterns of 
motion and changes in diaphragmatic thick-
ness during inspiration, has become readily 
available.11 It has been shown that the quan-
tity and quality of the diaphragm and skeletal 
muscle as assessed by ultrasound are related 

strengths and limitations of this study

 ► To our knowledge, this is the first review that sys-
tematically analyses the accuracy of diaphragm 
ultrasound for predicting weaning outcomes com-
bined with role of diaphragmatic dysfunction for 
predicting weaning failure.

 ► Value of diaphragmatic excursion and diaphragmat-
ic thickening fraction in different weaning outcome 
groups help to clinical application.

 ► High heterogeneous and small study effect should 
be mentioned in the results interpretation.
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to muscle strength and function; therefore, ultrasound is 
an effective method for the early detection and evaluation 
of acquired weakness in the intensive care unit (ICU).13

There are two proposed diaphragm sonographic 
predictors: the diaphragmatic excursion (DE) and 
diaphragm thickening fraction (DTF). The patients with 
supine position, DE is measured by ultrasonic probe in 
the right midline of the axillary and left axillary posterior 
line, respectively. In the M-mode, the distance between 
the highest and lowest point of the diaphragm move-
ment is DE. DTF reflects variation in the thickness of the 
diaphragm during respiratory effort and is calculated 
as (thickness at end-inspiration-thickness at the end-ex-
piration)/thickness at the end of the expiration. In the 
area of 8–10 ribs, the probe is placed between the axillary 
frontline and the midline perpendicular to the chest wall, 
the diaphragm is displayed. The hypoechoic diaphragm is 
located between the hyperechoic pleura and peritoneum.

With the growing evidence showing that DD plays an 
important role in the weaning process, we decided to 
systematically review the literature to assess the accu-
racy of diaphragm ultrasound for predicting weaning 
outcomes in critically ill adults and the role of DD to 
weaning failure. To our knowledge, nobody had reviewed 
that systematically analyses DD assessed by ultrasound for 
predicting weaning failure before.

MethOds
search strategy
The electronic search of databases, including the 
Cochrane Library, PubMed, Embase, Ovid Medline, 
WanFang Data and CNKI, was performed by two inde-
pendent investigators from their inception to September 
2017, without language restrictions. The references of 
all retrieved articles were reviewed for potentially rele-
vant manuscripts. The search strategy involved the use 
of the following keywords: (‘diaphragm’ or ‘diaphragm 
dysfunction’) and (‘ultrasonography’ or ‘ultrasound’ or 
‘echography’) and (‘weaning MV’ or ‘extubation’) and 
(‘factor’ or ‘predict’), as presented in online supplemen-
tary file 1. The research string was developed to have the 
widest possible sensitivity, while the specificity was guaran-
teed by manual reviews of retrieved results as follows: one 
reviewer (YC) examined the titles and abstracts resulting 
from the electronic search to exclude articles that were 
obviously irrelevant. Two independent reviewers (ZQ and 
MY) examined the full text of the remaining studies. A 
third reviewer (YC) was employed to make the final deci-
sion when consensus could not be achieved.

Inclusion and exclusion criteria
Two authors independently identified and screened the 
search results for potentially eligible studies. Inclusion or 
exclusion of articles was determined by two independent 
investigators (ZQ and LL). Discrepancies were discussed 
and resolved by a third opinion (YC). The inclusion 
criteria were as follows: (1) Type of study: prospective 

or retrospective study involving human participants 
published in a peer-reviewed journal; (2) Population: 
subjected to invasive MV for at least 24 hours; (3) Inter-
vention: diaphragm thickness and excursion measured 
by ultrasound during weaning process or around sponta-
neous breathing trial (SBT) and (4) Predefined outcomes: 
The primary outcome was the accuracy of diaphragm 
ultrasound for predicting weaning outcomes in critically 
ill adults. Weaning failure was defined broadly as SBT 
failure or the need for reintubation, or non-invasive MV or 
death within 48 hours. Weaning success was defined as the 
absence of criteria for failure. The secondary outcome 
was the influence of DD on the weaning outcome. Diag-
nostic criteria of DD by ultrasound were not unified so 
far. In Ali’s study,12 DD was diagnosed when diaphrag-
matic thickness <0.2 cm (2 mm), a DTF inferior to 20% 
and or DE was <15 mm (<1.5 cm). In Kim’s study,11 DD 
was diagnosed by ultrasound if an DE <10 mm or a para-
doxical movement was observed.

The exclusion criteria were as follows: (1) Abstracts, 
letters, editorials, expert opinions, reviews and case 
reports; (2) articles without sufficient data for the calcu-
lation of ORs or relative risk with 95% CIs; (3) studies 
performed in settings other than critical care (ie, patients 
ventilated for elective surgery) and (4) maximal not mean 
DE as the ultrasound measurement.

Patient and public involvement
DD assessed by ultrasound helped to predict weaning 
outcome. But in clinical practice, we decided to weaning 
outcome or extubation based on SBT mostly. Patients 
were informed priorities, experience and preferences of 
the measurement. Patients were involved in the recruit-
ment to and conduct of the study.

data extraction
Two reviewers (ZQ and MY) extracted the data inde-
pendently using a predefined data extraction form. 
Disagreements were resolved by a third opinion (YC). 
The data extracted included the study ID (the first 
author’s name and publication year), country, study 
design, setting, DE and DTF in the weaning success and 
failure groups, true positives, true negatives, as well as 
false positives and false negatives of ultrasound parame-
ters in predicting weaning failure. We also checked the 
online supplementary files and contacted the authors for 
more detailed information, if necessary.

Quality assessment and publication bias
The Quality Assessment of Diagnostic Accuracy Studies-2 
(QUADAS-2) tool was employed to assess the risk of bias 
of diagnostic accuracy studies. The tool consisted of four 
domains of risk of bias, including patient selection, index 
test, reference standard and flow and timing.14 Publica-
tion bias was assessed by using a funnel plot, and plot 
asymmetry was considered to be suggestive of publication 
bias.
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statistical analysis
The statistical analysis was performed using the Meta 
View statistical program within the Review Manager 
software (Rev Man V.5.3.4) using the Mantel-Haenszel 
random-and-fixed-effects model as well as Stata software 
(V.12.0) to compute the pooled sensitivity and specificity. 
Statistical heterogeneity across trials was assessed using 
Cochrane’s χ2 test and the inconsistency test proposed 
by Higgins and Thompson.10 15 Heterogeneity was signif-
icant when p<0.05 and/or I2>50%, and the random-ef-
fect model was used; if not, the fixed-effect model 
was applied. The data were also used to plot summary 
receiver operating characteristic (SROC) to establish  
the true positivity and false positivity (1—specificity) of 
each study. The closer the curve is to the upper left-hand 
corner, with the exact area under the curve (AUC) of 
the SROC curve plot, the better the overall accuracy of 
the test. In addition, subgroup analyses were performed 
to identify and explain the potential heterogeneity of 
the studies.

results
literature search results
We initially identified 1019 citations from the databases 
and 8 citations from conferences. A total of 361 studies 
were obtained after removing duplicates. Of these, 343 
articles were discarded after reviewing the abstracts. The 
full texts of the remaining 18 articles were examined in 
detail (figure 1). Seven articles did not provide valid data 
and were excluded (online supplementary file 2).

Characteristics of the studies
The main characteristics of the individual studies are 
summarised in table 1. Of the 11 studies, 1 was retro-
spective and 10 were prospective in design. Ultrasound 
operator is nature blind to weaning outcome because of 
timeliness. They were all published between 2004 and 
2017. The sample sizes ranged between 27 and 63. Five 
studies included patients from a medical ICU. Three 
studies involved mixed ICU patients. Two studies included 
respiratory ICU patients. One study included patients 
received tracheostomy in a high-dependency unit. Most 

Figure 1 Selection of studies included in this meta-analysis.
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of the observational studies showed a low risk of bias as 
assessed by the QUADAS-2 tool (figure 2). Visual anal-
ysis of the funnel plot was not suggestive of publication 
bias (figure 3).

diagnostic performance of de and dtF to predict weaning 
success
To predict weaning outcome from MV in medical or mixed 
ICU patients, either DE or DTF measurements performed 
during weaning process or around SBT were employed 
as the test index. Both indices showed good diagnostic 
performance to predict weaning outcomes (table 2). In 
Hu’s study, cut-off value to predicting successful weaning 
was mean DE >11 mm, with the sensitivity and specificity 
were 92% and 100%, particularly.

Meta-analysis of de or dtF to predict weaning success
The DE or DTF to predict weaning success in each indi-
vidual study is shown in figure 4. Overall, in 284 patients 
totally, the DE or DTF had a pooled sensitivity of 0.85 

(95% CI 0.77 to 0.91) and a pooled specificity of 0.74 
(95% CI 0.66 to 0.80) for predicting weaning success. The 
SROC curve is shown in figure 5.

de in different weaning outcome groups
Eight articles involving 289 patients were included in this 
meta-analysis. DE was significantly associated with weaning 
success, with an increased excursion when compared with 
patients who had weaning failure (mean difference, 4.28; 
95% CI 3.62 to 4.94; p<0.00001). However, there was high 
heterogeneity among the component studies (I2=87%; 
p<0.00001, random-effects model) (figure 6).

dtF in different weaning outcome groups
The DTF was measured in five studies (all of them 
cohort studies). The pooled results showed that DTF 
in the weaning success group was significantly greater 
than that in the failure group (mean difference, 20.13; 
95% CI16.90 to 23.36; p<0.00001). However, there was 
remarkable heterogeneity among the studies (I2=80%; 
p=0.0006) (figure 7).

dd in weaning failure
Two studies compared the rate of weaning failure in the 
DD and the normal groups. The rate of weaning failure 
was significantly higher in the DD group (OR 8.82; 95% CI 
3.51 to 22.13; p<0.00001). There was high heterogeneity 
among the studies (I2=84%; p<0.00001; figure 8).

dIsCussIOn
In the past few years, diaphragm activity could not be 
accurately assessed at the bedside. Methods to assess 
diaphragmatic function often have a low sensitivity and 
specificity as in the case of chest X-rays, or they are inva-
sive and difficult to obtain at the bedside as in the case 
of the gold-standard twitch magnetic phrenic nerve stim-
ulation or measurement of transdiaphragmatic pressure 
with oesophageal and gastric balloons.16 Ultrasound has 
played an important role in the evaluation of diaphrag-
matic function, since it is non-invasive and readily avail-
able as well as allows repeated measurements.

Moreover, DE and DTF are two proposed diaphragm 
sonographic predictors. Our data show that the DE or 
DTF had a pooled sensitivity of 0.85 (95% CI 0.77 to 
0.91) and a pooled specificity of 0.74 (95% CI 0.66 to 
0.80) for predicting weaning success. In a recent system-
atic review, Llamas-Álvarez et al,17 based on 19 studies, 
showed that DE, pooled sensitivity was 75% (95% CI 65% 
to 85%); pooled specificity, 75% (95% CI 60% to 85%) 
and DOR, 10 (95% CI 4 to 24). Based on bivariate metare-
gression analysis, a significantly higher specificity for DTF 
and higher sensitivity for DE was detected in studies with 
applicability concerns. Earlier this year, Zambon et al18 
reviewed usefulness of diaphragmatic ultrasound in ICU 
patients, which showed a good performance as weaning 
indexes. Compared with these previous studies, our new 
meta-analysis based on more widely studies especially 

Figure 2 Assessment of risk of bias of studies: QUADAS-2 
tool. QUADAS-2, Quality Assessment of Diagnostic Accuracy 
Studies-2.

Figure 3 Funnel plot comparison of diaphragmatic 
excursion between different weaning outcomes by MD. MD, 
mean difference.
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from China, where ultrasound had developed fast in ICU, 
showed DE or DTF had a more sensitivity and equivalent 
specificity for predicting weaning outcomes. Beyond this, 
our review purposely compared the rate of weaning failure 
in the DD and the normal groups. To our knowledge, this 
is the first review that systematically analyses DD assessed 
by ultrasound for predicting weaning failure.

In our review, we found that DE and DTF were 
significantly associated with the weaning outcome, with 
increased DE and DTF in the weaning success group. 
Both DE and DTF measurements performed during a 
SBT in mechanically ventilated patients showed good 
performance as weaning indices. In this study, seven out 
of the eight studies reported significantly higher DE in 
the weaning success group as compared with the failure 
group.12 13 19–23 The respiratory muscle capacity and load 

imbalance also contribute to extubation failure.24 25 The 
diaphragm plays a pivotal role in establishment of the 
respiratory muscle endurance and is considered as the 
main respiratory muscle as it generates approximately 
70% of the total tidal volume during inspiration in healthy 
persons.26 Diaphragmatic movement is a final result 
of diaphragmatic strength as well as intrathoracic and 
intra-abdominal pressure. Evaluation of the DE by ultra-
sonography, therefore, may be an important tool to eval-
uate the respiratory endurance of a patient. However, one 
study27 has reported that DE was not statistically different 
between the success and failure groups (15.8±5.2 mm 
vs 18.4±10.2 mm, p>0.05), but ΔDE (30 min to 10 min 
during SBT) was higher in the failure group than in the 
success group (1.07±0.64 mm vs 3.33±3.17 mm, p<0.05). 
The difference may be attributable to the timing of the 

Table 2 Diagnostic performance of DE and DTF

Author (year) Patient category Measures
Best cut-off to identity 
DD Accuracy

Jiang et al19 2004 Medical ICU patients DE (liver/spleen 
displacement)

11 mm Sensitivity of 84.4%, 
specificity of 82.6%

Kim et al11 2011 Medical ICU patients DE 14 mm (right) and 12 mm 
(left)

Sensitivity of 60%, 
specificity of 76%,
AUC=0.68

DiNino et al35 2014 Mixed ICU patients Tdi and DTF 30% Sensitivity of 88%, 
specificity of 71%,
AUC=0.79

Ferrari et al30 2014 MV patients received 
tracheostomy in high-
dependency unit

DTF 36% Sensitivity of 82%, 
specificity of 88%

Ali and Mohamad12 2017 Mixed ICU patients Mean DE and DTF MDE of 15 mm Sensitivity of 88.7%, 
specificity of 84.3%

DTF of 30% Sensitivity of 97.3%, 
specificity of 85.2%

Gong and Zhang27 2016 Mixed ICU patients ΔDE (30 min to 10 min 
during SBT)

1.75 mm Sensitivity of 95.5%, 
specificity of 86.4%
AUC=0.94

Hu et al20 2016 Medical ICU patients Mean DE and DTF MDE of 11 mm Sensitivity of 92%, 
specificity of 100%

DTF of 24% Sensitivity of 76%, 
specificity of 79%

Spadaro et al21 2016 Mixed ICU patients Diaphragmatic 
displacement

14 mm Sensitivity of 88.2%, 
specificity of 61.8%,
AUC=0.82

Farghaly and 
Hasan22 2017

Respiratory ICU 
patients

DE and DTF DE 10.5 mm Sensitivity of 87.5%, 
specificity of 71.2%,
AUC=0.879

DTF 34.5% Sensitivity of 90%, 
specificity of 64.3%,
AUC=0.708

DE of 10.5 mm and Tdi 
at the end of inspiration 
of 21 mm

Sensitivity of 64.9%, 
specificity of 100%

AUC, area under the curve; DD, diaphragmatic dysfunction; DE, diaphragmatic excursion; DTF, diaphragmatic thickening fraction; ICU, 
intensive care unit; MDE, mean diaphragmatic excursion; MV, mechanical ventilation; Tdi, thickness of diaphragm.
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measurements. While Gong and Zhang27 measured DE 
at 0, 10, and 30 min after the initiation of SBT, others 
measured it during MV12 or after SBT.22 One study28 
exclude in our system review because of using maximal 
not mean DE as the ultrasound measurement, mean 
values of maximal DE were significantly higher in patients 
who succeeded at their first weaning attempt (4.1±2.1 vs 
3±1.8 cm, p=0.04). Using a threshold of MDE ≤2.7 cm, the 
sensitivity and specificity of diaphragmatic ultrasound in 
predicting weaning failure were 59% (39%–77%) and 
71% (57%–82%) with an AUC at 0.65 (0.51–0.78). There 
was no significant difference between MDE values and 
Medical Research Council scores for predicting weaning 
failure (p=0.73).

The diaphragm thickness evaluated by M-mode ultra-
sound is non-invasive and reproducible, which is useful 

to evaluate muscle function and its contribution to the 
respiratory workload.29 Because of the individual vari-
ability in the thickness of the diaphragm, DTF is consid-
ered to be a more reliable parameter for the evaluation 
of diaphragmatic function. In our systematic review, five 
studies reported a significantly higher DTF in the weaning 
success group, compared with the failure group.12 13 20 22 30 
However, there was significant heterogeneity among the 
component studies.

DD is common in mechanically ventilated patients at 
an early stage during their ICU stay8 and is responsible 
for delayed weaning as well as increased days of MV and 
mortality.31 32 Although diagnostic criteria of DD by ultra-
sound were not unified so far, in pressure support venti-
lation,33 DTF and DE were respectively very strongly and 
moderately correlated to endotracheal pressure after 
phrenic nerve stimulation, which was regarded as gold 
standard to DD (r=0.87, p<0.001 and 0.45, p=0.001). In our 
meta-analysis, two studies compared the rate of weaning 
failure in the DD group and the normal group, despite 
some differences in the definition of DD. In one study,11 
DD was defined as an excursion of less than 10 mm or a 
paradoxical movement. The other12 defined DD as a DTF 
of less than 20% and/or a DE of less than 15 mm. However, 
no matter how DD was defined, it was consistent that DD 
was associated with an increased risk of weaning failure.

There were some limitations in the current study that 
must be acknowledged. First, the high level of heteroge-
neity in the study, which were when the ultrasound test 
was performed and the ununified definition of weaning 
failure. The component studies in this meta-analysis had 
been performed by researchers independently, thus, there 
were differences in the study population and interven-
tions. The heterogeneity in the component studies was 
addressed with random-effects models. Second, The diag-
nostic criteria of DD by ultrasound were not unified so far. 
So in clinical practice, we should pay more attention to DE 
and DTF, not only emphasise in diagnostic criteria itself. 
Third, the number of studies included in this meta-analysis 
was small, especially for DTF and DD. An increased number 

Figure 4 Diaphragmatic excursion (DE) or diaphragmatic thickening fraction (DTF) to predict weaning success. 

Figure 5 Summary of the receiver operating characteristic 
curve plotting sensitivity against specificity.
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of high-quality studies need to be carried out in the future. 
Fourth, this study generally included small trials, which was 
subject to the ‘small study effect’.34 Small trials are more 
likely to report larger beneficial effects than large trials 
in critical care medicine. Caution should be practised in 
the interpretation of meta-analyses involving small trials. 
Finally, this study demonstrated evidence of publication 
bias, which may be attributable to the fact that studies with 
negative results are less likely to be published.

COnClusIOns
In conclusion, diaphragmatic ultrasound may identify 
patients at risk of weaning failure. DD has been found to 
be a predictor of weaning failure in ICU patients. However, 
more studies are needed to standard the diagnostic criteria 
of DD with ultrasound and moreover, the diagnostic perfor-
mance of DD to predict weaning outcome.

Contributors YC and ZQ contributed to review concept and design. ZQ and 
MY screened all search results and extracted the data independently using a 
predefined data extraction form. Inclusion or exclusion of articles was determined 
by ZQ and LL. ZQ and MY conducted the analysis and synthesis. YC was employed 
to make the final decision when consensus could not be achieved. LL contributed to 
ultrasonography interpretation. ZQ prepared the manuscript, and all authors revised 
it critically for important intellectual content and approved the final manuscript.

Funding The authors declared no specific grant for this research from any funding 
agency in the public, commercial or not-for-profit sectors. 

Competing interests The authors declared no competing interests. 

Patient consent Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

data sharing statement No additional data are available.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

Figure 6 Mean difference of diaphragmatic excursion between the weaning failure and weaning success groups. IV, inverse 
variance. 

Figure 7 The diaphragmatic thickening fraction mean difference between the weaning failure and weaning success 
groups. IV, inverse variance.

Figure 8 Weaning failure between the diaphragmatic dysfunction and normal groups. M-H, Mantel-Haenszel.
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