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Background: Postextubation distress is detrimental to the prognosis of critically ill patients with successful spontaneous
breathing trial. The known risk factors of failed weaning are associated with the heart, lungs, and diaphragm.
The aim of this study was to explore the role of a combined model including indicators of heart, lung, and di-
aphragm ultrasound in predicting the weaning outcome.

Material/Methods: Patients’ clinical data and ultrasonic features of heart, lungs, and diaphragm were recorded. Patients were in-
cluded in either the failed weaning group (n=24) or the successful weaning group (n=81). The association of
potential variables with the risk of weaning failure was determined using multivariate logistic regression anal-
ysis. The accuracy of potential indicators for predicting the weaning outcome were evaluated and a multiindi-
cator combined model was established to improve the predictive accuracy.

Results: Brain natriuretic peptide (odds ratio [OR]=1.120, P=0.004), left-atrial pressure (LAP) (OR=1.333, P=0.005), lung
ultrasound score (LUS) (OR=1.736, P=0.001), and hemidiaphragm dysfunction (OR=3.942, P=0.014) were as-
sociated with an increased risk of weaning failure. However, all of these indicators could not accurately predict
the weaning outcome independently (all areas under the curve [AUCs] <0.9). The combination of LAP, LUS, and
hemidiaphragm dysfunction showed the highest AUC (AUC=0.919).

Conclusions: The combined model including LAP, LUS, and hemidiaphragm dysfunction were the most accurate method for
the prediction.
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Background

Mechanical ventilation is a necessary life support technol-
ogy for critically ill patients [1,2]. The weaning outcome af-
fects the morbidity and mortality of patients when their pri-
mary disease improves [3]. Therefore, accurate prediction of
the weaning outcome is of great importance. The spontane-
ous breathing trial (SBT) is a routinely used assessment be-
fore extubation [4]. However, Deab and Bellani [5] pointed out
that the predictive accuracy of the weaning outcome is limit-
ed by only relying on the result of SBT. Studies indicated that
the incidence of reintubation ranges between 3% and 30%
after a successful SBT [6,7]. Since the assessment of cardio-
pulmonary reserve is difficult by SBT, it is difficult to predict
the weaning failure due to cardiopulmonary decompensation.

When shifting from positive-pressure ventilation to sponta-
neous breathing, a series of changes (e.g. intrathoracic pres-
sure) in the body may cause heart, lung, and diaphragm dys-
functions, which may lead to a weaning failure [8,9]. Portable
ultrasound, because of its popularity, has been used to deter-
mine the risk factors of weaning failure [10-12]. The assess-
ment of left ventricular diastolic function can help identify a
potential weaning failure. Lung ultrasound can accurately pre-
dict respiratory distress after extubation by assessing lung aer-
ation loss. Previous studies have further demonstrated that the
combined echocardiography and lung ultrasound can improve
the predictive accuracy of weaning outcomes [13]. In addition,
for some patients with normal cardiorespiratory state but di-
aphragmatic dysfunction, the evaluation of the diaphragmat-
ic state can help accurately predict weaning outcomes [14].

However, the reasons for weaning failure are very complicated.
The known risk factors include dysfunction of the heart, lungs,
and diaphragm. The predicting accuracy of weaning outcomes
is limited by the assessment of a single organ [15,16]. Research
on ultrasonic assessment for multiple organs to increase the
predictive accuracy are limited. The present study establish-
es a multiindex combination model by logistic regression for
prediction of weaning outcomes. The aim of this study is to
identify its role in the weaning outcomes for patients receiv-
ing mechanical ventilation.

Material and Methods

Research participants

From July 2016 to June 2019 in the intensive care unit (ICU) of
our hospital, 105 patients ages >18 years (71 males and 34 fe-
males, ages 57.98+15.20 years) who were mechanically venti-
lated for >48 h with successful SBT and considered ready for
extubation were recruited. Patients were excluded if they had
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a diagnosis of central respiratory depression, severe arrhyth-
mia, history of diaphragmatic paralysis, or if they were venti-
lating through a tracheostomy. All patients and their families
signed informed consents. This study was approved by the
ethics committee of Ordos Central Hospital (no. 2016-083).

Clinical data collection

Clinical data including gender, age, body mass index, primary
disease, length of stay in ICU, duration of mechanical venti-
lation, acute physiology and chronic health evaluation Il, and
sequential organ failure assessment were collected.

Spontaneous breathing trail

Patients underwent a 30-min SBT when they met all the de-
fined criteria; rapid shallow breathing index (RSBI), respiratory
rate, heart rate, and tidal volume were recorded. Brain natri-
uretic peptide (BNP) was measured using a Cobas E601 im-
munoassay analyzer (Roche Diagnostics, Basel, Switzerland)
at the end of the SBT.

Ultrasound examination

GE vivid E9 (GE Healthcare, USA) and Resona 7, M9 (Mindray,
Shenzhen, China) ultrasound diagnostic instruments were
used in this study and the ultrasonic findings were recorded
by the sonographer well trained in point-of-care ultrasound
at the end of the SBT.

Echocardiography

All patients were evaluated in a left or supine position with
the probe in a standard parasternal long-axis with an apical
four- or two-chamber view. Left ventricular ejection fraction
(Figure 1A), the peak early (E) and peak atrial (4) velocity trans-
mitral flow from pulsed-wave Doppler (Figure 1B), deceleration
time of E wave (Figure 1C), and early diastolic mitral annulus
velocity (e’) based on tissue Doppler imaging (Figure 1D) were
measured. The E/A ratio, E/e’ ratio and left-atrial pressure (LAP)
were calculated on the basis of the measured indicators [17].

Lung ultrasound

Lung ultrasound was performed according to the operation
procedure of Soumer et al. [12] and lung ultrasound score
(LUS) was calculated thereafter according to the observed
worst ultrasound pattern: normal aeration, LUS=0; moderate
loss of lung aeration (multiple, well-defined B lines), LUS=1
(Figure 2A); severe loss of lung aeration (multiple coalescent B
lines), LUS=2 (Figure 2B); lung consolidation, LUS=3 (Figure 2C).
Finally, the LUS of each part was accumulated to obtain the
total LUS for each patient (maximum 36 points).
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Figure 1. Echocardiographic assessment of left ventricular systolic and diastolic function in patients with mechanical ventilation ready
for extubation. (A) Left ventricular ejection fraction (LVEF) measured for left ventricular systolic function; (B) peak early
(E) and peak atrial (A) velocity transmitral flow from pulsed-wave Doppler measured for left ventricular diastolic function;
(€) deceleration time of £ wave (DTE) measured for diastolic function; (D) early diastolic mitral annulus velocity (e’) based on
tissue Doppler imaging measured for the calculation of E/e’ ratio and left atrial pressure (LAP).

Diaphragmatic ultrasound

Patients were kept in a supine position as well for diaphrag-
matic ultrasound examination. The probe was placed lateral-
ly and perpendicularly on the lower intercostal spaces of the
lateral chest wall between mid- and posterior axillary lines
to observe the movement of left and right hemidiaphragm.
The M-mode scan line was as perpendicular to the diaphragm
image as possible (inclined angle not exceeding 20°). At least 3
consecutive respiratory cycles of the hemidiaphragm movement
were recorded in M mode after stable breathing. The move-
ments between the end of inspiration and the end of expira-
tion were measured and averaged. Normal function of the dia-
phragm was defined when a movement was >1 cm (Figure 3A).
Hemidiaphragmatic dysfunction was defined as when a uni-
lateral hemidiaphragm movement was <1.0 cm (Figure 3B).
Bilateral diaphragmatic dysfunction was defined as movement
of <1.0 cm in both hemidiaphragms [18].

Grouping criterion

After successfully passing the SBT, the treating intensivist re-
viewed the patient for final assessment and then extubat-
ed the patient. The treating intensivist was blinded to the ul-
trasound findings. After extubation, the patient’s respiratory,
oxygenation, consciousness, and vital signs were closely ob-
served. Failed extubation was defined as the requirement for
noninvasive positive-pressure ventilation (NPPV) or reintuba-
tion within 48 h. Patients with failed extubation were included
in the failed weaning group, whereas the remaining patients
were included in the successful weaning group.

Statistical methods

All data were processed using Statistical Product and Service
Solutions (Chicago, IL, USA) software (version 22.0) and plotted by R
package version 3.6.2 and MedCalc version 12 (MedCalc Software,
Ostend, Belgium). The categorical variables were expressed in n
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Figure 2. Lung ultrasound assessment in patients with mechanical ventilation ready for extubation. (A) For moderate loss of lung
aeration (multiple, well-defined B lines), lung ultrasound score (LUS)=1; (B) for severe loss of lung aeration (multiple
coalescent B lines), LUS=2; (C) for lung consolidation, LUS=3.
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Figure 3. Diaphragmatic ultrasound assessment in patients with mechanical ventilation ready for extubation. (A) For normal function
of the diaphragm (movement >1 cm); (B) for hemidiaphragmatic dysfunction (movement <1.0 cm).
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Table 1. Comparison of clinical and biochemical variables between the successful and failed weaning groups.

Variables

Successful weaning group (n=81)

Failed weaning group (n=24)

Age (years) 57.32+11.15 59.05+14.13 0.532
maeo s 53 (654% 18 (750% 0379
CeMiGgmd 2% (2528 255 (2428 0504
"""""""""""" Pulmonary disease 27 (33% 8 (33

Pimary  Cardiovascular disease % Qo6 8 (33%)

IS (N 0.984

(%)) Septic shock 11 (13.6%) 3 (12.5%)

Others 19 @5 5 (08%
lengthofstayinicu 10 (14 s 915 o185
 Duration of mechanical ventilation () 125  (90,180) 155 (100,225) 0023
CAPACKEN 0 @23 2 (7,24 o013
CsoRA 7 @ 8 1) 0154
RSBl (reath/min/) 348 (237,545 434 (31,688 0028
BNP(g/m) 183 (83,402 275 (142,993 0026

APACHE Il - acute physiology and chronic health evaluation Il; BMI — body mass index; BNP — brain natriuretic peptide; RSBI — rapid
shallow breathing index; SOFA — sequential organ failure assessment.

and%, and the chi-square test was used for comparison. The nu-
merical data were expressed as mean#standard deviation or medi-
an (interquartile range) when appropriate, and independent sam-
ple t tests or Mann-Whitney U tests were used for comparison.
The association of potential variables with the risk of weaning
failure was performed using multivariate logistic regression analy-
sis in which all variables with P<0.05 from the univariate analysis
were entered into the stepwise model. Receiver operating char-
acteristic (ROC) curves were established to evaluate the accura-
cy of potential indicators for predicting the weaning outcome.
A multiindicator combined model was established with logistic re-
gression to explore the predictive value in the weaning outcome.

Results

Comparison of clinical and biochemical variables

Of the 105 patients, 81 (77%) who were successfully extubat-
ed were included in the successful weaning group. Twenty-four
patients (23%) with failed extubation over the subsequent
48 h were included in the failed weaning group. Nine of the
24 patients were reintubated and the remaining 15 received
NPPV. The reasons for reintubation included expectoration
and poor airway protection (n=4), changes in consciousness
(n=2), and worsened primary cardiopulmonary disease (n=3).
The duration of mechanical ventilation, RSBI, and BNP in the
failed weaning group were longer and larger than in the suc-
cessful weaning group (P<0.05, Table 1).

Comparison of heart, lung, and diaphragm ultrasound
variables

The E/e€’ ratio, LAP, LUS, and proportion of hemidiaphragm dys-
function in the failed weaning group were larger than in the
successful weaning group (P<0.05, Table 2).

Multivariate logistic regression for risk of weaning failure

Multivariate logistic regression revealed that BNP (odds ratio
[OR]=1.120, P=0.004), LAP (OR=1.333, P=0.005), LUS (OR=1.736,
P=0.001), and hemidiaphragm dysfunction (OR=3.942, P=0.014)
were associated with an increased risk of weaning failure
(Figure 4).

Predictive accuracy of potential variables for the weaning
outcome

The weaning outcome could not be accurately predicted by BNP
(area under curve [AUC]=0.680, <0.9), despite its highest sensi-
tivity (100%). The AUCs of LAP and LUS were higher than that
of BNP, but they were also difficult for predicting the weaning
outcome independently (both AUCs <0.9). It was worth noting
that the specificity of hemidiaphragm dysfunction in predict-
ing weaning outcome (67.9%) was higher than those of BNP
(43.2%), LAP (53.09%), and LUS (50.62%), but the sensitivity
was lower (58.3%). Therefore, this study combined these po-
tential variables through logistic regression to take advantage
of their strength in predicting weaning outcome. It revealed
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Table 2. Comparison of heart, lung, and diaphragm ultrasound variables between the successful and failed weaning groups.

Successful weaning group

Failed weaning group

Variables (n=81) (n=24) P value
LVEF (%) 58.93+8.83 54.934+9.94 0.061
E/A ratio 1.35+0.33 1.27+0.34 0.303
EMOEICIOHERIE 2y 7.4 (6.1,10.2) 10.5 (8.4,17.5) 0.019
indicators e T
DTE 185 (160, 220) 177 (130, 260) 0.658
LAP 124 (7.2, 16.8) 15.9 (10.8, 21.3) 0.017
LUS 11 (7, 14) 15 (11, 21) 0.027
Normal function 55 (67.9%) 10 (41.7%)
Diaphragmatic Hemidiaphragm dysfunction 26 (32.1%) 14 (58.3%)
. 0.020
GO () I
Bilateral diaphragmatic 0 0

dysfunction

A — peak atrial velocity transmitral flow; DTE — deceleration time of E wave; E — the peak early velocity transmitral flow; e’ — early
diastolic mitral annulus velocity; LAP — left-atrial pressure; LUS — lung ultrasound score; LVEF — left ventricular ejection fraction;
APACHE Il - acute physiology and chronic health evaluation Il; BMI — body mass index; BNP — brain natriuretic peptide; ICU — Intensive
Care Unit; RSBI - rapid shallow breathing index; SOFA — sequential organ failure assessment

0dds ratio plot

Variables Subgroup 0dds ratio (95% Cl) P value
Duration of mechanical ventilation i 1.257 (0.685-1.940) 0.073
RSBI H—— 1.673(0.821-3.408) 0.193
BNP o 1.120(1.063-1.239) 0.004
E/e' ratio H~ 1.203 (0.822-1.452) 0.078
LAP ] 1333 (1.146-1.551) 0.005
LUS i 1.736 (1.335-2.379) 0.001
Diaphragmatic function Normal function Reference

Hemidiaphagram dysfunction F———— 3.942(1.482-19.923) 0.014

I 1 1
0.10 1.0 5.0 20.0

Figure 4. Multivariate logistic regression for the risk of weaning failure. Brain natriuretic peptide (BNP), left-atrial pressure (LAP), lung
ultrasound score (LUS), and hemidiaphragm dysfunction were associated with an increased risk of weaning failure.

that the combination of LAP, LUS, and hemidiaphragm dys-
function showed the highest AUC (AUC=0.919), with sensitivi-
ty and specificity of 91.7% and 82.7%, respectively. The fitting
equation was logit (P)=—21.303+0.245xLAP+1.046xLUS+3.009
xhemidiaphragm dysfunction (Table 3, Figure 5).

Discussion

Role of clinical indicators in predicting weaning outcomes

The present study showed that compared with the failed wean-
ing group, the duration of mechanical ventilation was longer

and the RSBI and BNP were larger in the successful wean-
ing group. The duration of mechanical ventilation is usually
related to the incidence of ventilator-related complications.
Prolonged mechanical ventilation can easily lead to ventilator
dependence, even weaning failure [19].

The oxygen consumption of the myocardial and respirato-
ry muscle will gradually increase during SBT, which may lead
to heart and lung dysfunction [20]. BNP and RSBI are known
markers for myocardial and respiratory muscle function dur-
ing SBT to assess the feasibility of weaning [21]. However,
the multivariate analysis in this study suggested that only BNP
in the clinical indicators was associated with an increased risk
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Table 3. Predictive accuracy of potential variables for the weaning outcome.

Variables 95% Cl Cut-off point Sensitivity (%) Specificity (%)
BNP 0.680* 0.581-0.767 170.6 100.0 43.2
W oz 0671-0842 ns o7 531
ws oz 0690-0856 g9 958 s06
Hemidiaphragm dysfunction - - - 3 79
Combined model 0019 08500963 026 o7 827

95% Cl — 95% confidence interval; AUC — area under curve; BNP — brain natriuretic peptide; LAP — left-atrial pressure; LUS — lung

ultrasound score; compared with the combined model, * P<0.0.

Sensitivity (%)

20 [ —— Combined model
— BNP
— LAP
_______ LUS
0 ] | | ] ]
0 20 40 60 80 100

1-Specificity (%)

Figure 5. Accuracy of potential variables in predicting the
weaning outcome by receiver operating characteristic
(ROQ) curves.

of weaning failure. It is reasonable to assume that the detec-
tion of BNP is more stable compared with RSBI and duration
of mechanical ventilation, which are easily affected in the clin-
ical setting [22,23].

Role of echocardiography in predicting weaning outcome

Left ventricular diastolic and systolic function is closely relat-
ed to cardiogenic weaning difficulty, and the diastolic dysfunc-
tion is dominant [24,25]. Our study showed that the LAP es-
timated by E/e’ ratio was a good indicator of left ventricular
diastolic function, and the multivariate analysis showed that
LAP was an independent influencing factor of weaning failure.
The possible reason may be that patients with raised LAP may
be more likely to develop pulmonary venous congestion as
the hemodynamic stress associated with weaning increases.
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Role of lung ultrasound in predicting weaning outcomes

During the weaning process, pulmonary inflammation and car-
diac insufficiency may cause an aeration loss and even lead to
weaning failure. Lung ultrasound can noninvasively assess the
location and extent of aeration loss, thereby helping to diagnose
respiratory disorders [26]. In this study, we used LUS to quantify
the degree of aeration loss after extubation. It revealed that LUS
was an independent influencing factor of weaning failure, and
it was a reliable indicator for the quantitative evaluation of re-
spiratory function during weaning. It implied that patients with
high LUS were not suitable for weaning from mechanical ventila-
tion. Soummer et al. [12] further pointed out that after SBT, mon-
itoring changes in the LUS can be used to adjust the treatment
strategy in time and to decide whether to perform extubation.

Role of diaphragm ultrasound in predicting weaning
outcomes

Diaphragm atrophy or dysfunction can be observed after me-
chanical ventilation for 24 h [27]. Diaphragm ultrasound can be
used to evaluate diaphragm function by measuring diaphragm
movement. Boussuges et al. [18] proposed that the cutoff value
for diaphragm movement in healthy people be 1 cm for men and
0.9 cm for women. Therefore, in this study, diaphragm movement
<1 cm was defined as hemidiaphragm dysfunction. By compar-
ing diaphragm function between the two groups, hemidiaphragm
dysfunction was shown to be significantly associated with an in-
creased risk of weaning failure. The estimated OR of failure was
approximately 3 times higher for patients with hemidiaphragm
dysfunction than for those with normal function. Therefore, mon-
itoring the diaphragm function by ultrasound can help to de-
tect diaphragm dysfunction earlier and aid in decision making
for extubation.

Combined model for predicting weaning outcomes

The ROC curves in this study showed that the indicators of car-
diopulmonary function (BNP, LAP, and LUS) were more sensitive,
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whereas the specificity of the diaphragm function was better in
predicting the weaning outcome. All of these indicators could
not accurately predict the weaning outcome independently (all
AUCs <0.9). Therefore, we combined these indicators utilizing
their advantages in predicting outcomes based on the logistic
regression model to improve the predictive accuracy. The re-
sults showed that the AUC of the combined model increased
significantly (>0.9), with sensitivity and specificity of 91.67%
and 82.72%, respectively. It implied that the combined mod-
el including the indicators of heart, lungs, and diaphragm was
more accurate in the prediction of weaning outcomes than the
individual indicators. In the clinical setting, physicians can cal-
culate the probability of successful weaning using the com-
bined prediction model and perform subsequent management.

Limitation and perspective

The reliability of the combined prediction model depends on the
sample volume included in the model. The volume in our study is
limited and the results need to be verified in a larger study. With
the further development of big data and artificial intelligence, more
mathematical models are being introduced in clinical settings
to improve the diagnosis and management of various diseases.
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Our plans are to carry out a multicenter cooperative study with
a larger volume to fit a more reliable combined prediction mod-
el to reduce the morbidity and mortality of critically ill patients.

Conclusions

The ultrasonic features of heart, lungs, and diaphragm provided
critical information about cardiopulmonary and diagram func-
tion during a SBT. Failed extubation was more prevalent if in-
creased BNP, LAP, LUS, and hemidiaphragm dysfunction were
present. We are hopeful that the combined prediction model
will help physicians optimize cardiac and respiratory function
before weaning patients from ventilation.
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