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Abstract 

Background:  Diaphragmatic ultrasound has been increasingly used to evaluate diaphragm function. However, cur-
rent diaphragmatic ultrasound parameters provide indirect estimates of diaphragmatic contractile function, and the 
predictive value is controversial. Two-dimensional (2D) speckle tracking is an effective technology for measuring tis-
sue deformation and can be used to measure diaphragm longitudinal strain (DLS) to assess diaphragm function. The 
purpose of this study was to determine the feasibility and reproducibility of DLS quantification by 2D speckle tracking 
and to determine whether maximal DLS could be used to predict weaning outcomes.

Methods:  This study was performed in the intensive care unit of two teaching hospitals, and was divided into two 
studies. Study A was a prospective study to evaluate the feasibility, reliability, and repeatability of speckle tracking in 
assessing DLS in healthy subjects and mechanically ventilated patients. Study B was a multicentre retrospective study 
to assess the use of maximal DLS measured by speckle tracking in predicting weaning outcomes.

Results:  Twenty-five healthy subjects and twenty mechanically ventilated patients were enrolled in Study A. Dia-
phragmatic speckle tracking was easily accessible. The intra- and interoperator reliability were good to excellent 
under conditions of eupnoea, deep breathing, and mechanical ventilation. The intraclass correlation coefficient (ICC) 
ranged from 0.78 to 0.95. Ninety-six patients (fifty-nine patients were successfully weaned) were included in Study B. 
DLS exhibited a fair linear relationship with both the diaphragmatic thickening fraction (DTF) (R2 = 0.73, p < 0.0001) 
and diaphragmatic excursion (DE) (R2 = 0.61, p < 0.0001). For the prediction of successful weaning, the areas under 
the ROC curves of DLS, diaphragmatic thickening fraction DTF, RSBI, and DE were 0.794, 0.794, 0.723, and 0.728, 
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Background
Weaning from mechanical ventilation is one of the most 
common and difficult tasks for intensivists. Prema-
ture weaning may result in reintubation in up to 25% of 
patients [1, 2]. On the other hand, delayed extubation is 
associated with ventilator-induced diaphragmatic atro-
phy and ventilator-associated pneumonia and may lead 
to high morbidity and mortality, prolonged intensive care 
unit (ICU) length of stay, and increased health care costs 
[3–7]. Therefore, there is a need for a safe and effective 
method to aid in selecting the optimum timing to ter-
minate mechanical ventilation. Respiratory mechanic 
parameters, including the rapid shallow breathing index 
(RSBI: the ratio of respiratory frequency to tidal vol-
ume) and maximum inspiratory pressure (MIP) [8], are 
typically used to predict weaning; however, the predictive 
value of these parameters is controversial. A recent meta-
analysis showed that RSBI only had moderate sensitivity 
and poor specificity for predicting extubation success [9].

The diaphragm is the main inspiratory muscle and plays 
a major role in breathing [10]. Diaphragmatic dysfunc-
tion is a common cause of weaning failure in critically ill 
patients, as has been thoroughly documented [10–12]. 
Point-of-care diaphragmatic ultrasonography is the most 
popular method to assess the function of the diaphragm 
due to its portability, noninvasiveness, and ease of repro-
ducibility [8, 11, 12]. Diaphragmatic excursion (DE), 
diaphragmatic thickness at end-inspiration (DTei), end-
expiration (DTee), and diaphragmatic thickening frac-
tion (DTF) are the most commonly used diaphragmatic 
ultrasound parameters. Although recent studies have 
shown that diaphragm ultrasound exhibits better wean-
ing predictability than RSBI [13], current parameters 
remain insufficient. First, ultrasonic monitoring has high 
technical requirements, and the heterogeneity of tech-
nology will affect the judgement accuracy of physicians 
[14]. Second, parameters, such as DTF and DE, are indi-
rect estimates of diaphragmatic contractile function as 
they do not assess muscle "longitudinal" shortening, i.e., 
motion along the "plane" of muscle fibre [15].

Two-dimensional (2D) speckle tracking is an effective 
method of measuring tissue deformation (‘strain’) and 

is most commonly used to assess cardiac function [16]. 
In recent years, 2D speckle tracking has been used to 
measure strain in variable tissues to assess their func-
tion, such as the diaphragm [15, 17, 18], skeletal muscle 
[19, 20], pleura [21, 22], tendon [23], and carpal tunnel 
[24]. Two-dimensional speckle tracking is mostly used 
in healthy volunteers to evaluate its feasibility, reliabil-
ity, and repeatability in testing the function of tissues 
and organs at the moment; however, few studies have 
evaluated its clinical application value [15, 17, 18]. In 
particular, no study has been reported the use of 2D 
speckle tracking to assess the value of diaphragmatic 
function for predicting weaning.

Based on the above background statement, our study 
aimed to evaluate the feasibility, reliability, and repeat-
ability of 2D speckle tracking in assessing diaphrag-
matic longitudinal strain (DLS) in healthy subjects 
and mechanically ventilated patients and to determine 
whether 2D speckle tracking quantification of DLS 
could be used to predict the outcome of weaning in 
mechanically ventilated patients compared to conven-
tional diaphragmatic ultrasound parameters.

Study design and methods
This study was performed in the intensive care unit 
(ICU) of two teaching hospitals: Wuhu Hospital, East 
China Normal University (Wuhu, China) and Zhong-
nan Hospital of Wuhan University (Wuhan, China). The 
ICU of Wuhu Hospital has 13 beds, whereas the ICU of 
Zhongnan Hospital has 66 beds. Both ICUs are man-
aged by full-time ICU doctors and nurses. The main 
study was divided into two studies (Study A and Study 
B). The characteristics of each study are depicted in 
Fig.  1. Protocols involving patients were approved by 
the Institutional Review Boards of both participating 
institutions and adhered to all relevant national rules, 
institutional policies, and the 2008 Helsinki Declara-
tion (2021117 and 202121). Written informed consent 
was obtained from each patient (or volunteer) or his or 
her authorized representatives.

respectively. The best cut-off value for predicting the weaning success of DLS was less than -21%, which had the high-
est sensitivity of 89.19% and specificity of 64.41%.

Conclusions:  Diaphragmatic strain quantification using speckle tracking is easy to obtain in healthy subjects and 
mechanically ventilated patients and has a high predictive value for mechanical weaning. However, this method 
offers no advantage over RSBI. Future research should assess its value as a predictor of weaning.

Trial registration:  This study was registered in the Chinese Clinical Trial Register (ChiCTR), ChiCTR2100049816. Regis-
tered 10 August 2021. http://​www.​chictr.​org.​cn/​showp​roj.​aspx?​proj=​131790

Keywords:  Speckle tracking, Diaphragm, Ultrasound, Strain, Weaning, Mechanical ventilation
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Subjects and study designs
Study A was a prospective observational programme 
devoted to evaluating the repeatability and value of meas-
uring diaphragmatic strain using 2D speckle tracking 
technology in healthy subjects and critically ill patients. 
The study period was from August 20th, 2021 to Octo-
ber 30th, 2021. Healthy adults over 18 years with normal 
exercise tolerance met the inclusion criteria (defined as 
being able to climb three flights of stairs with relative 
ease). Subjects with a history of prior neuromuscular dis-
ease, chronic lung disease (such as moderate to severe 
restrictive or obstructive pulmonary disease), and cardio-
pulmonary or abdominal surgery were excluded. Criti-
cally ill patients were considered eligible if they had been 
on invasive mechanical ventilation through endotracheal 
intubation for more than 24 h and had been on pressure 
support ventilation (PSV) with spontaneous breathing 
with pressure less than 15 cmH2O for at least 2  h. The 
decision to initiate PSV was made by the attending phy-
sician who was not involved in the study. Invisible right 
diaphragms with ultrasound, diaphragmatic paralysis, 
known neuromuscular diseases (such as Guillain‒Barré 
and myasthenia gravis), thoracic surgery, and poor image 
quality were all exclusion criteria. Data were excluded if 
the patient’s vital signs (such as respiratory rate and heart 
rate) fluctuated more than 10% with respiratory distress 
or if the patients were agitated or sweated during the 

measurement. Diaphragmatic conventional ultrasound 
indicators (DE, DTei, DTee, and DE) and maximal DLS 
during the inspiratory phase of the heathy subjects’ eup-
noea and deep breathing and critically ill patients (10-
min interval) were performed. The volunteers/patients 
were assessed by two operators (Q.X. and Y.Q.) after a 
10-min rest, and interoperator reproducible calculations 
were performed. The two operators were completely una-
ware of each other’s findings. To allow for reproducible 
intraoperator calculations, each operator obtained two 
sets of measurements 10  min apart. Each indicator was 
measured thrice and averaged (Additional file 1: Fig. S1).

Study B was a retrospective controlled study to assess 
the value of maximal DLS measured by 2D speckle 
tracking in predicting weaning in critically ill mechani-
cally ventilated patients. Weaned patients are routinely 
assessed with diaphragmatic ultrasound, which is typi-
cally performed 30  min after a spontaneous breath-
ing test (SBT) or before reventilation. We selected all 
patients with IMV for more than 24  h with diaphrag-
matic ultrasound measurements recorded and stored in 
the ultrasound device (Vivid7, GE, USA and Vivid S6, 
GE, USA) during their first SBT between January 2021 
and December 2021. The SBT criteria met all the indica-
tions for SBT (Additional file  2), which have been pub-
lished elsewhere [14, 25]. Diaphragmatic ultrasound 
images or videos stored in the ultrasound device include 

Fig. 1  Flow chart of each phase. SBT, spontaneous breathing trial; MV, mechanical ventilation; ICU, intensive care unit; NMBAs, neuromuscular 
blocking agents; PSV, pressure support ventilation
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DTF, DE, diaphragmatic thickness, and videos (> 6  s) of 
diaphragmatic motion measured with a linear probe. 
The exclusion criteria were as follows: (1) age < 18 years; 
(2) pregnancy; (3) pneumothorax, mediastinal emphy-
sema, or a history of chest surgery; (4) flail chest or com-
bined rib fractures; (5) neuromuscular disease, (6) poor 
image quality or ultrasound loops less than 6  s; and (7) 
diaphragm ultrasonography revealing paradoxical move-
ment of the unilateral diaphragm or history of diaphrag-
matic paralysis.

Age, sex, vital signs, disease severity score indica-
tors, duration of mechanical ventilation before wean-
ing, conventional diaphragmatic ultrasound parameters 
(DTF, DE), maximal DLS, and weaning outcomes served 
as study variables. Tolerating at least 48  h of spontane-
ous breathing was considered successful weaning from 
mechanical ventilation, including noninvasive mechani-
cal ventilation and high-flow oxygen therapy, and wean-
ing failure was defined as requiring reintubation within 
48 h or death within 7 days after extubation [12, 14, 26].

Measurements
Images were acquired using a commercial ultrasound 
machine (Vivid 7, GE, USA and Vivid S6, GE, USA) with 
a linear array transducer (Vivid S6: 4.0–13.0 MHz; Vivid 
7: 4.0–11.0 MHz). The subjects were positioned in a sem-
irecumbent position at 45 degrees, and all diaphragmatic 
ultrasounds were performed by Q.X. and Y.Q. In Study 
B, all diaphragmatic ultrasounds performed by specific 
investigators (Q.X. and Y.Q.) who were trained senior 
residents or attending physicians with extensive expe-
rience in critical care ultrasound were retrospectively 
selected. A diaphragm ultrasound video and the meas-
urement protocol of conventional diaphragmatic ultra-
sound indices are provided in the supplemental material 
(Additional file 2).

DLS measurement using a 2D speckle‑tracking analysis 
protocol
More than 6  s of video of diaphragm movement was 
collected under these optimum conditions for off-line 
speckle-tracking analysis using EchoPacs (GE Healthcare, 
Milwaukee, MI). After selecting the first respiratory cycle 
(inspiration–expiration) by visual observation of the dia-
phragmatic contraction-diastole, a speckle tracking filter 
was used. This filter is analysed using the apical dual-
chamber echocardiographic mode; the region of interest 
(ROI) consists of three diaphragmatic segments (yellow, 
blue, and green). The upper and lower limits of the ROI 
represent the pleura and outer peritoneum, respectively. 
The ROI must be visible throughout the respiratory cycle, 
and the ROI must be adjusted or redefined multiple times 
before accurate tracking can be achieved. After a visual 

assessment, three segments of the diaphragmatic track-
ing ROI were confirmed. Moving the yellow and green 
lines on the left (usually corresponding to the shutting 
of the aortic valve) to assess the maximum longitudinal 
strain difference between the lowest and highest points 
of the curve can modify the position at which the analy-
sis cycle begins. The analysis provided strain curves and 
maximum strain values for each diaphragm segment as 
well as the mean strain curves, and the maximum lon-
gitudinal strain values were recorded for all segments 
(Fig. 2 and Additional file 3: Video 1).

Statistical analyses
Continuous variables were summarized as either means 
and standard deviations or medians and interquartile 
ranges (IQRs) according to the type of data distribution 
(normal or skewed). The Kolmogorov‒Smirnov test was 
used to determine the normality of a variable’s distribu-
tion. Frequencies and percentages were used to describe 
categorical variables. Pearson’s correlation coefficient 
was used to assess the correlation between conventional 
diaphragmatic ultrasound variables and diaphragmatic 
strain, and a t test was used for direct comparison. The 
correlation coefficient was interpreted as follows: 0.00–
0.30 indicates a negligible correlation, 0.30–0.50 low, 
0.50–0.70 moderate, 070–0.90 high and 0.90–1.00 very 
high [27]. Intraclass correlation coefficients (ICCs) and 
Bland‒Altman plots were used to analyse the intra- and 
interoperator reliability of the DLS. ICCs are classified 
as indicating poor, moderate, good or excellent reliabil-
ity [28]. The DLS differences between sexes were com-
pared using the Mann‒Whitney test. Based on previously 
published research, the sample size for this exploratory 
investigation was predicted to be 25 healthy volunteers 
and 20 critically ill mechanically ventilated patients [29, 
30]. For Study B, receiver operating characteristic curves 
(ROC) were used to evaluate the performance of predict-
ing weaning outcome. The optimal threshold for each 
index was determined as the value associated with the 
best Youden index. A nonparametric method was used 
to compare the area under the receiver operating char-
acteristic curve (AUC) of different weaning parameters 
[31]. There was no data loss or follow-up loss. In all cases, 
P values < 0.05 were considered statistically significant, 
and a two-tailed test was used to test the hypothesis. All 
statistics were performed using SPSS 22.0 for Windows 
(IBM Corporation, Armonk, NY, USA) and MedCalc 
Windows (MedCalc Software bvba 13, Ostend, Belgium).

Results
The feasibility for DLS in study A
Thirty-two volunteers and thirty-seven mechanical ven-
tilated patients were assessed for eligibility in Study A. 
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Twenty-four patients were excluded (Fig.  1). Patients’ 
baseline characteristics are summarized in Tables 1 and 
2. Our protocol specifies that 3 ultrasound cycleloops 
will be acquired for each measurement. In total, 840 
loops were obtained upon completion of cineloop acqui-
sition (Figure S1). However, 93 cineloops were excluded. 
In 56 cineloops, the diaphragm was covered by the lungs 

throughout the respiratory cycle, 29 cineloops were 
excluded due to insufficient tracking of the ROI through-
out the respiratory cycle, and 8 cineloops were incom-
plete. Therefore, analysis was ultimately possible in 88.9% 
(747/840) of ultrasound cineloops.

DLS in study A
The DLS (%) values in the diaphragmatic zone of apposi-
tion in healthy subjects (in eupnoea and deep breathing) 
and mechanically ventilated patients were −15 (12.75 to 
17.25), −42.0 (−35.0 to 50.25), and −16 (−10.5 to 34.0), 
respectively. No differences in sex were noted between 
healthy subjects and mechanically ventilated patients 
(P > 0.05) (Fig. 3A–C).

ICC for DLS in study A
In healthy volunteers with eupnoea, intraoperator reli-
ability was good in the first operator with an ICC of 0.86 
(95% CI 0.63; 0.95) and good in the second operator with 
an ICC of 0.87 (95% CI 0.74; 0.94]. Interoperator reli-
ability was good, with an ICC of 0.87 (95% CI 0.73; 0.94) 

Fig. 2  Typical profiles of diaphragm longitudinal strain quantification by sparkle tracking in eupnea and deep breathing. A: In eupnea, the 
maximum diaphragm longitudinal strain value of each segment of the region of interest. Furthermore, the curves represent the strain over time 
of each segment during diaphragmatic contraction (one respiration cycle). The white squares represent the maximum longitudinal strain values 
(white arrow). The strain values vary during the time due to diaphragmatic contraction induced by breathing. B: Maximal diaphragm longitudinal 
strain value of each segment of the region of interest in deep breathing. And, the curves are representing strain over time of each segment for 
diaphragmatic contraction. The white squares represent the maximum longitudinal strain values (white arrow). The strain values change over time 
as a result of diaphragmatic contraction caused by breathing. In this example, the maximal diaphragm longitudinal strain value in eupnea (A) and 
deep breathing(B) was -40% and -21%, respectively. The more negative value means the higher degree of deformation (contraction)

Table 1  Characteristics and in healthy subjects

Characters Results (n = 25)

Age (years) 48.92 ± 16.29

Male (%) 14 (70%)

Height (cm) 170.2 ± 8.32

Weight (kg) 63.36 ± 10.65

Body mass index (kg/m2) 21.79 ± 2.79

Hypertension (%) 3 (12.0)

Diabetes (%) 1 (4.0)

Chronic pulmonary disease (%) 2 (8.0)
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(Fig. 4A, Additional file 1: Table S1). During deep breath-
ing, the intraoperator reliability of the first and second 
operators was good with ICCs of 0.84 (95% CI 0.66; 0.92) 
and 0.80 (95% CI 0.59; 0.90), respectively. Interoperator 
reliability was good with an ICC of 0.78 (95% CI 0.57; 
0.90) (Fig. 4B, Additional file 1: Table S1). In mechanically 
ventilated patients, intraoperator reliability was excellent 
in the first and second operators with ICCs of 0.95 (95% 
CI 0.87; 0.98) and 0.92 (95% CI 0.82; 0.97), respectively. 
Interoperator reliability was excellent with an ICC of 0.94 
(95% CI 0.85; 0.97) (Fig. 4C, Additional file 1: Table S1).

DLS and weaning parameters in study B
A total of 269 patients with diaphragmatic ultrasound 
records were chosen, and 96 of these patients participated 
in Study B (Fig. 2). Patient characteristics are presented 
in Table 3. Among the 96 patients, 59 (61.46%) patients 
successfully weaned from mechanical ventilation, and 

the remaining 37 (38.54%) patients failed to be weaned 
from mechanical ventilation. Compared to the success-
fully weaned group, the 28-day mortality of patients who 
failed to be weaned was significantly higher (43.2% vs. 
13.6%, P = 0.002), and the percentage of high-flow nasal 
cannula administration (43.2% vs. 16.9%, P = 0.01) was 
significantly higher. No significant difference in noninva-
sive positive pressure ventilation administration (21.6% 
vs. 8.5%, P = 0.127) was noted between the success and 
failure groups (Table 3).

DLS (%), DTF (%), and DE displayed statistically sig-
nificant differences between the success and failure 
groups: DLS (%) [success group –25.00 (−34 to −16), 
failure group –13.00 (−18.00 to −7.00); P < 0.001], DTF 
(%) [success group 25.40 (21.18 to 32.84), failure group 
20.82 (17.05 to 25.86); P < 0.001], and DE (mm) [suc-
cess group 14.50 (11.55 to 19.50), failure 10.80 (8.20 to 
13.30); P < 0.001]. In contrast, DTee (mm) and DTei (mm) 
were not significantly different between groups [suc-
cess group 2.80 (2.20 to 3.40), failure group 2.70 (2.40 to 
3.20); P = 0.827] and [success group 3.60 (2.80 to 4.10), 
failure group 3.30 (2.80 to 3.90); P = 0.564], respectively 
(Fig. 3DE–H).

DLS demonstrated a fair linear relationship with DTF 
(Pearson R2 = 0.73, P < 0.0001) and DE (Pearson R2 = 0.61, 
P < 0.0001). However, a weak or no relationship existed 
between DLS and diaphragmatic thickness (DTee, 
R2 = 0.01, P = 0.3336; DTei, R2 = 0.07, P = 0.0071). Simi-
larly, a weak or no correlation was noted between DTF 
and diaphragmatic thickness (DTee, R2 = 0.002, P = 0.647; 
DTei, R2 = 0.07, P = 0.0113) (Fig. 5).

The AUCs of DLS, RBSI, DTF and DE for the predic-
tion of successful weaning were 0.794, 0.794, 0.0.723 and 
0.728, respectively. The best cut-off values of DLS, DTF, 
and DE for predicting weaning success were less than 
-21% (sensitivity 89.19%, specificity 64.41%), greater 
than 83 (sensitivity 59.46%, specificity 88.14%), greater 
than 27.39% (sensitivity 94.59%, specificity 38.98%), and 
greater than 11.2 (sensitivity 56.76%, specificity 79.66%), 
respectively (Fig. 6). DLS exhibits a high predictive value 
for mechanical weaning. However, DLS offers no advan-
tage over RSBI (Table 4).

Discussion
To our knowledge, this is the first study to focus on the 
ability of DLS to predict weaning outcome in patients 
with mechanical ventilation. The results demonstrated 
that DLS evaluation using 2D speckle tracking with a lin-
ear array transducer was feasible and reproducible, and a 
DLS of less than -21% had good performance for predict-
ing successful weaning (AUC = 0.794).

At present, 2D measurements, such as DTF, DE, and 
diaphragmatic thickness, are widely used to assess 

Table 2  Critical ill mechanical ventilator patient characters

Data are presented as median with interquartile range or mean ± standard 
deviation (SD) or frequencies with percentages. APACHE II Acute Physiology, Age, 
Chronic Health Evaluation II; PaO2 Partial arterial oxygen pressure; FiO2 Fraction 
of inspired oxygen; ARDS Acute Respiratory Distress Syndrome; AECOPD Acute 
exacerbation of chronic obstructive pulmonary disease; PaCO2 Arterial partial 
pressure of carbon dioxide

Characters Results (n = 20)

Baseline

Age (years) 57.40 ± 16.43

Male (%) 14 (70%)

APACHE II score 15.0 ± 4.73

Temperature (℃) 37.01 ± 0.64

Heart rate (bpm) 97.35 ± 17.79

Respiratory rate (bpm) 17 [16–19]

Systolic pressure (mmHg) 127.4 ± 19.86

Diastolic pressure (mmHg) 70.45 ± 8.67

Support pressure (cmH2O) 15.50 [14.75—17.00]

Positive end expiratory pressure (cmH2O) 5.50 [5.00—6.25]

PaO2 / FiO2 ratio (mmHg) 262.00 [179.50—328.15]

Comorbidity

Hypertension (%) 4 (20.0)

Diabetes (%) 2 (10.0)

Chronic pulmonary disease (%) 3 (15.0)

Malignant solid tumor (%) 1 (5.0)

Chronic kidney disease (%) 2 (10.0)

Others (%) 2 (10.0)

Etiology of mechanical ventilation

Postsurgical respiratory failure 3 (15.0)

Sepsis 7 (35.0)

ARDS 4 (20.0)

AECOPD 2 (10.0)

Trauma 1 (5.0)

Others 3 (15.0)
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diaphragmatic function. However, the accuracy of 
2D measurements in predicting successful weaning is 
highly controversial [14, 32–34]. For instance, 2D meas-
urements can only assess the deformation of the dia-
phragmatic musculature in the transverse direction; 
longitudinal measures of the contraction direction can-
not be obtained. Several studies have been conducted 
to explore speckle tracking as a promising approach to 
evaluating diaphragmatic contractility in healthy subjects 
[15, 18, 29, 35, 36]; however, few studies have reported 
the use of speckle tracking to assess diaphragmatic con-
tractility among mechanically ventilated patients. Fritsch 
and colleagues reported the feasibility of diaphragmatic 
speckle tracking in a cohort of 20 patients after an aor-
tocoronary bypass graft procedure [29]. This finding was 
in accordance with our study. We found that speckle 
tracking ultrasonography has high feasibility and repeat-
ability in both healthy subjects and critically ill patients 
on mechanical vent elation, which further strengthens 

the evidence for the implementation of speckle tracking, 
especially for patients on mechanical ventilation.

In addition to the feasibility and repeatability, the abil-
ity of diaphragmatic speckle tracking technology to 
reflect diaphragmatic contraction function should also 
be considered. Oppersma and colleagues used diaphrag-
matic electric activity and transdiaphragmatic pres-
sures to compare the ability of different diaphragmatic 
ultrasound technologies to estimate diaphragmatic con-
traction and found that speckle tracking is superior to 
conventional parameters [36]. Fritsch and colleagues 
also suggested that speckle tracking ultrasonography was 
able to depict alterations in diaphragmatic function bet-
ter than conventional ultrasonographic measurements 
[29]. In our research, significant differences in DLS val-
ues were noted patients with eupnoea, deep inspiration, 
and mechanical ventilation, and these differences were 
consistent with the physiological and pathophysiological 
changes in the diaphragm. These findings also indicated 

Fig. 3  Box plots of maximal diaphragm longitudinal strain value (A) and gender difference in healthy volunteers during eupnea (B) or deep 
breathing (C). Maximum diaphragm longitudinal strain box plots (D), diaphragm thickening fraction (E), diaphragm excursion (F), diaphragmatic 
thickness at end-inspiration (G), diaphragmatic thickness at end-expiration (H) in weaning success and failure groups
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that speckle tracking ultrasonography could effectively 
reflect diaphragmatic contraction function.

The accuracy of ultrasonography may be affected by 
many factors, such as the skills and experience of opera-
tors, the incident angle of the ultrasound beam, and 
imaging quality. The diaphragm is a thin muscle with an 
average thickness of only 1.7–2 mm (mm) in healthy sub-
jects when measured in the zone of apposition [37], and 
the diaphragm may be even thinner during mechanical 
ventilation [11, 32, 38]. Therefore, it is difficult to accu-
rately measure the thickness of the diaphragm using 
ultrasound [30]. Goligher and colleagues confirmed that 

great error existed in the measurement of diaphragmatic 
ultrasound data [32]. For example, DTF is often used to 
reflect diaphragmatic function, but the accuracy of this 
methodology is controversial. The inaccuracy is more 
pronounced when the boundaries between the visceral 
pleura and peritoneum and diaphragm fibres are not 
well defined. This condition is particularly common in 
patients with diaphragmatic atrophy, which is often asso-
ciated with mechanical ventilation of critically ill patients 
[26, 38, 39]. On the other hand, DTF in healthy individu-
als ranged from 24.5 to 53.2%  during normal breath-
ing and was as high as 131% during forced inspiration; 

Fig. 4  Bland–Altman plot of the difference in maximal diaphragm longitudinal strain value between operators in healthy subjects and critical ill 
mechanical ventilation patients. Under eupnea (A) and deep breathing (B) in healthy subjects, and in critical ill mechanical ventilation patients (C)
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this large-scale fluctuation also increases the difficulty 
in obtaining accurate measurements. A recent study 
showed that speckle tracking technology can effectively 
measure tissue strain, which can be accurately measured 

to 1% [23]. Our study also showed that speckle track-
ing quantified diaphragmatic strain with good to excel-
lent intra- and interoperator ICC under conditions of 
eupnoea, deep breathing, and mechanical ventilation, 

Table 3  Demographics, laboratory test, type of ICU admission, comorbidity, etiology of mechanical ventilation, and treatment in the 
examined patients

Data are presented as median with interquartile range or frequencies with percentages. APACHE II Acute Physiology, Age, Chronic Health Evaluation II; PaO2 Partial 
arterial oxygen pressure; FiO2 Fraction of inspired oxygen; ARDS Acute Respiratory Distress Syndrome; AECOPD Acute exacerbation of chronic obstructive pulmonary 
disease; NMBAs Neuromuscular blocking agents; SBT Spontaneous breathing trial; NPPV Non-invasive positive pressure ventilation

Characters Success group (n = 59) Failure group (n =37) p-Value

Baseline

Age (years) 64.00 [54.50–74.00] 67.00 [58.00–77.00] 0.515

Male (%) 35 (59.3) 25 (67.6) 0.551

APACHE II score 20.00 [18.00–25.00] 18.00 [13.00–21.00] 0.002

Temperature (℃) 37.00 [36.65–37.30] 37.00 [36.60–37.30] 0.979

Heart rate (bpm) 96 [83–112] 96 [82–115] 0.827

Respiratory rate (bpm) 18 [16–19] 22 [17–26] 0.001

Systolic pressure (mmHg) 131 [123–141] 130 [117–139] 0.331

Diastolic pressure (mmHg) 69 [64–72] 69 [65–71] 0.656

PaO2 / FiO2 ratio (mmHg) 252.50 [212.85–280.70] 241.40 [216.70–280.20] 0.665

Support pressure on SBT (cmH2O) 7.00 [6.00–8.00] 7.00 [6.00–8.00] 0.83

Positive end expiratory pressure (cmH2O) 5.00 [5.00–5.00] 5.00 [5.00–5.00] 0.76

Ventilator days before SBT (days) 4.00 [3.00–5.50] 8.00 [6.00–9.00]  < 0.001

Type of ICU admission (%) 0.988

Medical 29 (49.2) 18 (48.6)

Elective surgical 18 (30.5) 11 (29.7)

Urgent surgical 12 (20.3) 8 (21.6)

Comorbidity

Hypertension (%) 19(32.2%) 12 (32.4%)  > 0.999

Diabetes (%) 9 (15.3) 6 (16.2)  > 0.999

Chronic pulmonary disease (%) 8 (13.6) 5 (13.5)  > 0.999

Chronic heart failure (%) 7 (11.9) 4 (10.8)  > 0.999

Malignant solid tumor (%) 7 (11.9) 4 (10.8)  > 0.999

Chronic kidney disease (%) 6 (10.2) 3 (8.1)  > 0.999

Others (%) 4 (6.8) 2 (5.4)  > 0.999

Etiology of mechanical ventilation  > 0.999

Postsurgical respiratory failure 8 (13.6) 4 (10.8)

Sepsis 18 (30.5) 11 (29.7)

ARDS 9 (15.3) 6 (16.2)

AECOPD 9 (15.3) 6 (16.2)

Acute left heart failure 6 (10.2) 4 (10.8)

Trauma 2 (3.4) 1 (2.7)

Others 8 (13.6) 4 (10.8)

Outcomes

Failed SBT – 30 (81.1) NA

Reintubation in 48 h – 4 (10.8) NA

Death within 7 days of extubation – 3 (8.1) NA

NPPV 5 (8.5) 8 (21.6) 0.127

High-flow oxygen therapy 10 (16.9) 16 (43.2) 0.01

28-day mortality 8 (13.6) 16 (43.2) 0.002
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suggesting that the speckle tracking technique exhibits 
high accuracy in quantifying DLS.

As of January 2022, hundreds of studies have been 
conducted to determine whether diaphragmatic ultra-
sound predicts successful weaning. However, the main 
parameters, such as RSBI, DTF, DE, and diaphragmatic 

thickness, were not ideal for predicting successful wean-
ing, and even high-quality multicentre studies have 
shown that these parameters cannot predict outcome 
after weaning [8, 9, 14]. In this study, we found that dia-
phragmatic strain represents an important indicator for 
assessing diaphragmatic contraction function. However, 
compared to RSBI, it is not more effective in predict-
ing weaning success potentially because diaphragmatic 
dysfunction is merely one of several factors influencing 
weaning success. Furthermore, there are other causes of 

Fig. 5  Graphical representation of correlation among various diaphragm assessment methods. A Maximal diaphragm longitudinal strain vs. 
diaphragm thickening fraction (R2 = 0.73, P < 0.0001), B Diaphragm thickening fraction vs. diaphragmatic thickness at end inspiration (R2 = 0.07, 
P < 0.0113), C Diaphragm thickening fraction vs. diaphragmatic thickness at end expiration (R2 = 0.002, P = 0.647), D Maximal diaphragm 
longitudinal strain vs. diaphragmatic thickness at end inspiration (R2 = 0.07, P = 0.0071), E Maximal diaphragm longitudinal strain vs. diaphragmatic 
thickness at end expiration (R2 = 0.01, P = 0.3336), F Maximal diaphragm longitudinal strain vs. diaphragm excursion (R2 = 0.61, P < 0.0001)

Fig. 6  ROC curves of RSBI (blue line), DE (green line), DTF (red line), 
and DLS (orange line) for the prediction of successful weaning. RSBI: 
Rapid shallow breathing index (the ratio of respiratory frequency 
to tidal volume); DLS, maximal diaphragm longitudinal strain; DTF, 
diaphragm thickening fraction; DE, diaphragm excursion

Table 4  Comparison of AUC-ROC curves of the four indices to 
predict spontaneous breathing trial failure

AUC​ Area under the receiver operating characteristic curve

Characters Z P-value

Maximum diaphragm longitudinal strain vs.

Diaphragm thickening fraction 2.09 0.0368
Diaphragm excursion 1.31 0.1889

Rapid shallow breathing index 0.00  > 0.9999

Diaphragm thickening fraction vs.

Diaphragm excursion 0.07 0.9421

Rapid shallow breathing index 1.06 0.2881

Diaphragm excursion vs.

Rapid shallow breathing index 0.85 0.3959
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diaphragmatic dysfunction, including intrinsic muscle 
weakness, residual sedation, or simply a lack of necessary 
ventilatory effort [14, 35]. Therefore, no effective param-
eter or method, including diaphragmatic ultrasound, is 
currently available for the accurate prediction of wean-
ing [14, 33]. It is hypothesized that it will be difficult to 
obtain high sensitivity and specificity for any diaphrag-
matic ultrasound index in future studies.

There are several limitations to our study. First, we 
only analysed the right diaphragm to reduce volunteer 
pressure and effort. Second, no invasive gold standard 
measurements, such as transdiaphramatical pressure or 
diaphragm electrical activity, were performed. However, 
a recent study found a connection between these param-
eters and speckle tracking [36]. Third, current speckle 
tracking techniques, which are primarily used for myo-
cardial analyses, may experience difficulties in accurately 
tracking each specific greyscale pixel (known as ‘kernels’) 
possibly due to differences in muscle echoes. Therefore, 
the ROI must be adjusted or redefined multiple times 
before accurate tracking can be achieved. This issue was 
also noted in a prior study [18]. As a result, it is critical 
to create or update software that is specifically designed 
for analysing diaphragmatic tissue. As an added feature, 
an online analysis tool can increase the method’s usabil-
ity. Fourth, our initial aim was to explore whether speckle 
tracking ultrasonography could accurately assess dia-
phragm function. However, before the research started, 
Fritsch SJ et  al. published similar research, demonstrat-
ing that speckle tracking ultrasonography depicts altera-
tions in diaphragmatic function after surgery better than 
2D ultrasonographic measurements [29]. Therefore, 
we modified the protocol. In mechanically ventilated 
patients, only the feasibility and reliability of the use of 
speckle tracking to measure the longitudinal strain of 
the diaphragm was evaluated. Fifth, transverse strain 
is worth measuring. However, analysis using the apical 
dual-chamber echocardiographic mode was unable to 
measure lateral and radial strain due to diaphragm thick-
ness, and an ROI of at least 1–2  cm was required for 
analysis. However, with the advancement of technology, 
transverse strain of the diaphragm may represent another 
direction of our future research.

Conclusions
Diaphragmatic longitudinal strain quantification using 
speckle tracking is easily achievable in both healthy sub-
jects and mechanically ventilated patients and has a high 
predictive value for weaning success. However, it has no 
advantage over RSBI. Future research should assess its 
value as a predictor of weaning.
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