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In the December 2011 issue of Intensive Care Medicine,
Papanikolaou and coworkers [1] reported their investi-
gation into the diagnostic performance of echocardi-
ography in predicting the outcome of weaning, and
especially the role of left ventricular (LV) diastolic
function in weaning failure. The main result is presented
in Fig. 2 of their study [1]. Among the 23 patients without
LV diastolic dysfunction before the spontaneous breath-
ing trial (SBT), eight failed to be weaned (35%), whereas
among the 20 patients with moderate to severe LV dia-
stolic dysfunction, 80% failed to be weaned. In patients
with mild diastolic dysfunction, 3/7 (57%) failed. Overall,
cardiogenic pulmonary edema was suspected to be the
cause of weaning failing in 65% of cases [1]. The origi-
nality of the study, which renders it especially interesting,
is that Papanikolaou and coworkers only included patients
with preserved LV systolic function. Caille et al. [2]

previously reported similar results in 117 unselected
patients. In many patients, however, LV diastolic dys-
function was associated with systolic dysfunction, which
is also strongly associated with weaning failure [2]. In the
study by Lamia et al. [3] increase in LV filling pressures
related to SBT detected by Doppler echocardiography
was very predictive of weaning failure, but the population
was highly selected, i.e., patients with already two failed
SBTs, and around 20% of patients had a decreased LV
ejection fraction.

The role of LV diastolic function in critically ill
patients is probably greatly underestimated by intensi-
vists, because it is ‘‘understudied’’. One of the reasons is
that in the past diastolic function was difficult to evalu-
ate at the bedside. With the development of critical
care echocardiography [4]—more compact machines,
improved 2D imaging, development of new indices of
cardiac function, and mainly the increase in intensivists’
skills in echocardiography—LV diastolic function can
now be easily evaluated at the bedside in the ICU. Nagueh
et al. [5] have recently published recommendations for the
evaluation of LV diastolic function using echocardiogra-
phy. They propose a practical and simple approach to the
grading of LV diastolic dysfunction, using pulsed Doppler
at the mitral valve and at the mitral annulus [5]. This
classification, used by Papanikolaou et al. defines mild
(grade I) dysfunction (impaired relaxation), moderate
(grade II) dysfunction (impaired relaxation with mild to
moderate elevation of LV filling pressures) and finally
severe (grade III) dysfunction [5]. Nagueh et al. [5] also
recommend performing Doppler echocardiography during
exercise, a diastolic stress test, in outpatients to unmask
relaxation impairment. In patients with undiagnosed
myocardial relaxation impairment, echocardiography
demonstrates an increase in LV filling pressure and a
decrease in the relaxation time during the test [6]. Inter-
estingly, weaning can be considered as an exercise with
an increase in respiratory load, in cardiac load and in
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oxygen demand. In the study by Caille et al. [2], as in the
study by Ait-Oufella et al. [7], LV relaxation was sig-
nificantly shortened during the SBT. What is remarkable
in the study by Papanikolaou et al. is not that grade II-III
patients failed to be weaned: this was expected since they
had marked elevation of filling pressures before SBT. No,
it is that grade I patients also failed in 57% of cases and
that the authors demonstrated the ability of Doppler
echocardiography to detect patients at high risk of
weaning failure with a simple evaluation of LV diastolic
function, as proposed [5].

LV diastolic function is related to myocardial relaxa-
tion, LV stiffness, and filling pressures. In the ICU, there
are many situations where one or more of these factors are
impaired, leading to LV diastolic dysfunction. This can be
related to the patient’s history (age, hypertension,…), to
the disease (cardiac ischemia, arrhythmia, heart failure,
pericardial disease, valvulopathy, sepsis, etc.) or to the
treatment (volume resuscitation, positive end-expiratory
pressure). Owan et al. [8] have reported how the preva-
lence of heart failure with a preserved ejection fraction
has increased over a 15-year period, representing now
almost 50% of cases. However, in the ICU, we lack data
from large studies regarding the incidence, characteristics,
and impact on prognosis of LV diastolic dysfunction.
Septic shock is a good illustration. Clinical studies have
suggested an improvement in LV compliance: major for
some [9], mild for others [10–12]. This may explain why
severe LV systolic dysfunction is not associated with high
filling pressures. But in experimental studies, as in the
study by Barraud et al. [13] who used LV pressure/

volume loops, an increase in LV stiffness has been
reported. Bouhemad et al. [12] have recently found iso-
lated LV relaxation impairment (grade I of the Nagueh
et al. classification) in patients with septic shock and
preserved LV ejection fraction. It was associated with
elevated troponin, suggesting a significant cardiac injury
[12]. How it impacts tolerance to fluids remains to be
elucidated.

In large clinical studies, cardiologists have extensively
pointed out the impact of LV diastolic dysfunction on
prognosis. For instance, increase in LV stiffness during
myocardial infarction is strongly associated with heart
failure and death [14]. In critically ill patients, small
studies are available and more have to be done. Decrease
in LV stiffness seems to improve prognosis in septic
shock [9]. In a study performed in 58 mechanically ven-
tilated patients without any history of heart failure and
with preserved LV ejection fraction, Ikonomidis et al.
[15] reported that patients with LV relaxation impairment,
detected by Doppler echocardiography, and increased
N-terminal-pro-brain natriuretic peptide have a lower
survival rate. Similar results were suggested by Sturgess
et al. [16] in septic shock.

In conclusion, the study by Papanikolaou et al. sends us
at least two messages. First, it says to intensivists that
during the weaning process Doppler echocardiography is
valuable in detecting patients at high risk for weaning
failure. Second, it (re)emphasizes the importance of
evaluating LV diastolic function in critically ill patients
upon admission to the ICU, during their stay, and maybe
also after discharge.
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Abstract Purpose: To investigate
the diagnostic performance of Dopp-
ler echocardiography (DE) in
predicting the outcome of weaning
from mechanical ventilation in
patients without overt cardiac disease.
Methods: Fifty critical care noncar-
diac patients who fulfilled
predetermined criteria for weaning
underwent DE before and at the end
of spontaneous breathing trial (pre-
SBT/end-SBT, respectively). ‘‘Con-
ventional’’ mitral inflow analysis and
‘‘advanced’’ DE parameters [tissue
Doppler imaging (TDI)-derived
mitral/tricuspid annular velocities and
color M-mode Doppler velocity of
propagation (Vp)] were used to assess
left ventricular (LV) diastolic func-
tion/filling pressures. Weaning was
considered successful if patients had
been extubated after successful SBT
and sustained spontaneous breathing
for more than 48 h. Results:
Twenty-eight patients (56%) failed
weaning: 23 patients failed SBT and 5
required reintubation within 48 h.
Weaning failure was associated with

the degree of LV diastolic dysfunc-
tion at pre-SBT (P = 0.01). Patients
who failed weaning presented evi-
dence of increased LV filling
pressures at pre-SBT, by demonstrat-
ing increased E/Em and E/Vp ratios
compared with patients with suc-
cessful outcome (P B 0.004); pre-
SBT values of lateral E/Em greater
than 7.8 and E/Vp greater than 1.51
predicted weaning failure with an
area under the curve, sensitivity (%),
and specificity (%) of 0.86, 79, and
100, and 0.74, 75, and 73, respec-
tively. Lateral E/Em was the only
factor independently associated with
weaning failure before SBT; OR
(95% CI) 5.62 (1.17–26.96),
P = 0.03. Conclusions: Our find-
ings suggest that LV diastolic
dysfunction is significantly associated
with weaning outcome in critically ill
patients with preserved LV systolic
function. An E/Em ratio greater than
7.8 may identify patients at high risk
of weaning failure.

Keywords Doppler
echocardiography ! Left ventricular
diastolic dysfunction ! Spontaneous
breathing trial ! Weaning outcome
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Introduction

Weaning from mechanical ventilation (MV) is important
for critical care patients. Prolonged MV is associated with
increased morbidity, cost of care, and mortality in the
intensive care unit (ICU) [1]. Several diagnostic tools and
treatment algorithms have been suggested in order to
predict successful liberation from the ventilator, such as
clinical characteristics, respiratory functional indices, and
laboratory parameters [1–3]. However, successful wean-
ing still remains a challenging issue.

Hemodynamic alterations and cardiac dysfunction
may play a critical role in weaning outcome [4]. After
removal of positive-pressure ventilation, negative intra-
thoracic pressures and sympathetic overstimulation [5]
may increase cardiac workload [6] and left ventricular
(LV) afterload [7, 8], thus impairing LV compliance;
weaning-induced myocardial ischemia [9, 10] or RV
dysfunction [11] may also cause LV diastolic dysfunction
in weaning. These phenomena, together with increased
venous return [7, 8], may increase LV filling pressures
and provoke pulmonary edema. Previous investigations
pointed out that LV diastolic dysfunction may be a major
drawback in weaning [12–14], but study populations
included patients with known heart disease and/or con-
comitant LV systolic dysfunction, who are theoretically at
high risk of weaning failure related to pulmonary venous
congestion [13, 14]. Yet, the role of LV diastolic dys-
function in the clinical setting of ICU is less clear.

In the present study, we hypothesized that LV diastolic
dysfunction may be an important aspect of weaning failure
even in ICU patients with preserved LV systolic function
without known cardiac pathology. We prospectively evalu-
ated LV diastolic function before and during spontaneous
breathing trial (SBT), by performing Doppler echocardiog-
raphy (DE) in a population who fulfilled predetermined
criteria for weaning. In addition, we sought to evaluate the
diagnostic performance of DE indices, especially those of
LV diastolic function, in predicting weaning outcome.

Patients and methods

In the present prospective study, consecutive sampling
was used to recruit patients hospitalized in the General
State Hospital of Athens between 2008 and 2009. Patients
were included if they had been under MV for more than
72 h and fulfilled predetermined criteria to undergo their
first T-tube SBT [1]: (a) clear improvement or resolution
of the underlying condition for which the patient had been
intubated; (b) alertness, ability to communicate, no fur-
ther need for sedation; (c) core temperature no greater
than 39"C; (d) hemoglobin concentration greater than
7 g/dL; (e) pressure support MV; (f) hemodynamic sta-
bility (heart rate no greater than 120/min, systolic blood

pressure between 90 and 160 mmHg), no need for vaso-
active drugs; (g) ventilatory stability [fraction of inspired
oxygen (FiO2) no greater than 0.4, arterial partial pressure
of oxygen (PaO2) greater than 60 mmHg, PaO2/FiO2 at
least 150, positive end-expiratory pressure no greater than
5 cmH2O]; (h) adequate pulmonary function (respiratory
rate no greater than 35/min, tidal volume greater than 5 mL/
kg, no significant respiratory acidosis, adequate cough, not
excessive tracheobronchial secretions). Exclusion criteria
included (a) pre-existing or ensuing (during the period of
MV) cardiac pathology (coronary artery disease, severe
valvulopathy, cardiomyopathy), (b) atrial fibrillation or
other arrhythmias, (c) abnormal LV ejection fraction (less
than 0.50) or regional wall motion abnormalities [15],
(d) severe neuromuscular disorders. The study was
approved by the institutional ethics committee. Next of kin
provided written, informed consent for all subjects. Clinical
management decisions were taken by the attending physi-
cians whereas all cases were discussed daily in multi-
disciplinary meeting.

Initially, conventional transthoracic 2D echocardio-
graphic examination was performed to assess global LV/
RV function [15]. Patients underwent baseline clinical
assessment for evaluation of hemodynamic-respiratory
parameters, arterial blood gasses, rapid shallow breathing
index (RSBI) [16], and pressure–frequency product (PFP)
[17], and DE evaluation followed, while patients were in
pressure support ventilation (pre-SBT measurements).
MV was discontinued and the patient started breathing
spontaneously for 30 min through a T-tube circuit [1].
Follow-up DE (end-SBT) measurements in patients who
succeeded in the trial were collected 30 min after SBT
initiation; in those who failed the procedure, measure-
ments were obtained before reconnection to the ventilator.

SBT

SBT failure was defined if at least one of the following signs
appeared during the trial [1]: (a) objective indices of failure:
tachypnea at least 35 breaths/min, use of accessory respira-
tory muscles, tachycardia at least 140 beats/min, systolic
arterial pressure greater than 200 or less than 80 mmHg,
hypoxemia—oxygen saturation no greater than 90%, aci-
dosis, arrhythmia; (b) subjective indices: diaphoresis,
agitation, depressed mental status, clinical signs of distress.
SBT without the presence of the above signs was considered
successful and patients were extubated. The decision to
initiate or terminate SBT was taken by the attending physi-
cian according to the criteria previously detailed. Continuous
electrocardiographic monitoring (3-channel recorder using
leads I, II, and V2) was used for the detection of ST-segment
deviations indicating myocardial ischemia, as suggested
[10]; weaning-induced acute cardiac dysfunction–pulmon-
ary edema was evaluated as previously suggested [13, 18].
Noninvasive ventilation (NIV) was not used as per protocol
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to assist patients and to avoid reintubation. Attending phy-
sicians were not aware of DE findings.

Weaning outcomes

Weaning success was defined as the ability of patients to
pass the SBT and to remain on spontaneous ventilation
more than 48 h from extubation [1].

Doppler echocardiographic study

Doppler echocardiography was performed from the apical
4-chamber view with an ultrasound device (Philips, XD11
XE, Andover, MA, USA), equipped with the tissue
Doppler imaging program and a phased array multifre-
quency transducer. Doppler signals were recorded along
with the electrocardiogram and respiratory cycle wave-
form at a sweep speed of 100 mm/s and were stored
digitally in the hardware for later analysis. Off-line
analysis was carried out by an experienced cardiologist
blinded to patients’ identity and clinical status. The
average of three end-expiratory cycles was used [19] (see
also online data supplement).

Mitral inflow pulsed-wave Doppler signals [peak veloc-
ities of early (E) and late (A) LV diastolic filling, E-wave
deceleration time (DTE)], tissue Doppler imaging (TDI)-
derived peak systolic (Sm)/early diastolic (Em)/late diastolic
(Am) velocities at the lateral/septal mitral annulus and lateral
tricuspid annulus, and color M-mode Doppler velocity of
propagation (Vp) were obtained from the apical 4-chamber
view, as suggested [19]. Analysis was also performed for
‘‘conventional’’ (E/A ratio) and ‘‘advanced’’ (E/Em, E/Vp)
DE indices of LV filling pressures [19].

LV diastolic function was graded by means of DE, as
suggested [19]. Accordingly, our patients were classified
as having (1) normal diastolic function, (2) grade I (mild)
diastolic dysfunction, or (3) grade II–III (moderate to
severe) diastolic dysfunction.

Duration of ultrasound studies was 3 ± 0.3 min. The
interobserver reproducibility of Doppler and TDI parameters
was evaluated by two observers in 20 randomly selected
patients (Table 1). Mean (±standard error, SE)% absolute
difference between evaluation of DE parameters was overall
2.8 ± 0.3.

Data analysis

Descriptive statistics were used to summarize the baseline
characteristics and the results were expressed as
mean ± SE. The t test or v2 (or Fisher’s test) was applied for
comparisons between groups. Correlations between vari-
ables were assessed appropriately either by Pearson’s r2 or
by Spearman’s rho. Receiver operating characteristic (ROC)
curve analysis was performed to evaluate the diagnostic
performance of clinical/Doppler parameters in identifying
patients who failed SBT and/or weaning. The area under the
curve (AUC) and the respective 95% confidence interval
(95% CI) was estimated according to Hanley and McNeil
[20]. The AUC curves were compared using the method
described by DeLong et al. [21]. Multiple logistic regression
analysis was used to examine the effect of multiple clinical/
echocardiographic risk factors in weaning failure. A P value
less than 0.05 was considered statistically significant. The
statistical package SPSS 13.0 (Chicago, IL, USA) was used.
ROC analyses were performed using subroutines in Compaq
Visual Fortran 90 with the IMSL library (Edition 6.6.0, 000.
Polyhedron Software Ltd., Witney, UK).

Results

Fifty patients participated in the study (Table 2). Twenty-
six patients had severe neuro-critical illness on admission
[traumatic brain injury (n = 17), intracranial hemorrhage
(n = 4), scheduled neurosurgery (n = 5)]. Twenty-one

Table 1 Interobserver reproducibility of various Doppler and TDI parameters in 20 randomly selected patients

Observer 1 Observer 2 Absolute difference
[mean (SE)] (%)

P

E (cm/s) 81.7 (3.7) 81.9 (3.8) 1.2 (0.25) 0.592
DTE (ms) 194.8 (9) 194.5 (8.95) 3.75 (0.48) 0.725
Lateral Sm, (cm/s) 12.2 (0.75) 12.15 (0.73) 0.45 (0.17) 0.804
Lateral Em, (cm/s) 13.2 (1.2) 13.2 (1.1) 0.4 (0.13) 1.0
Lateral E/Em 7.37 (0.9) 7.36 (0.88) 0.35 (0.12) 0.995
Vp (cm/s) 65.5 (4.47) 65.05 (4.36) 2.45 (0.53) 0.564
E/Vp 1.35 (0.1) 1.36 (0.1) 0.065 (0.015) 0.743

Data are expressed as mean (SE). Differences between the two
observers were tested by paired t test (a 2-tailed P value less than
0.05 was considered to be significant)
TDI tissue Doppler imaging; SE standard error; E pulsed-Doppler
transmitral inflow early diastolic velocity; DTE E-wave

deceleration time; Sm and Em TDI-derived peak systolic and early
diastolic velocities at the lateral aspect of the mitral annulus,
respectively; Vp color M-mode Doppler velocity of propagation
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patients had a history of chronic obstructive pulmonary
disease (COPD). Prehospital data for GOLD classification
[22] were available for 12 COPD patients: stage II
(n = 9); stage III–IV (n = 3).

Overall, 28 (56%) out of 50 patients failed weaning
(Fig. 1): 23 (46%) failed SBT and 5 passed SBT but
required reintubation within 48 h. Fifteen out of 23
patients who failed SBT (65%) presented clinical signs

suggestive of pulmonary edema (PE) [13, 18], such as
rales, wheezes, bronchospasm, diaphoresis, adrenergic
overstimulation; four of them exhibited reversible ische-
mic ST-segment deviations on SBT. Four patients failed
SBT primarily due to hypoxemia-respiratory acidosis and
four others due to consciousness level disorders. Reasons
for reintubation within 48 h were respiratory failure
(n = 3; two of them presented signs compatible with PE),
decreased consciousness–inability to protect airway
(n = 2). NIV was used only in three out of five patients
who were reintubated within 48 h after initially successful
SBT. Forty-three patients (86%) required inotropes/va-
sopressors upon admission; none needed such agents
during the 48-h weaning period. None of our patients was
pretreated with diuretics 8 h before SBT; four patients
received furosemide in the 48 h preceding the trial.

Eleven of the 28 patients were extubated 11 ± 3.3
days after SBT; eight patients were discharged from
ICU with tracheostomy. All 22 patients who succeeded
weaning were discharged from ICU. Overall, ICU mor-
tality was 18% (9/50).

LV function assessed by Doppler echocardiography

Baseline DE-estimated diastolic function is shown in Fig. 2.
Twenty-three (46%) patients presented normal function,
seven (14%) demonstrated mild (grade I) and 20 (40%)
moderate to severe (grade II–III) diastolic dysfunction.
Patients with diastolic dysfunction were older (P\ 0.001),
with a history of COPD (P\0.001), arterial hypertension
(P = 0.021), and presented thicker LV walls (P \0.001),
increased LV mass index (P\0.001) and relative wall
thickness (RWT) (P\0.001); they also presented decreased
mitral annular velocities Em (P\0.001) and Sm (P B 0.003),
and increased E/Em ratios (P B 0.001) at pre-SBT. Overall,
LV diastolic function tended to deteriorate between pre-SBT
and end-SBT (P = 0.051). Six patients (12%) presented
significant LV diastolic deterioration moving towards higher
LV diastolic function grades; overall, no patient improved LV
function grade. Fluid balance (mean of 3 days preceding
SBT) was associated neither with the degree of diastolic
function at pre-SBT (ANOVA, P = 0.45), nor with SBT-
induced changes in lateral E/Em (P = 0.68). COPD patients
presented higher pre-SBT E/Em values (P B 0.003) and
greater SBT-induced increases in averaged E/Em (P = 0.05).

Relationship between clinical and echocardiographic
parameters and weaning

Baseline clinical and echocardiographic characteristics
relating to weaning outcomes are shown in Table 3.
Acute changes (D%) in DE markers reflecting ventricular
function and LV filling pressure alterations during SBT
did not differ between patients who succeeded in and

Table 2 Clinical characteristics on admission and baseline hemo-
dynamic/2D echocardiographic data prior to SBT of all 50 patients
who participated in the final echocardiographic analysis

Clinical characteristics on admission

Age (years) 52.38 (2.59)
Sex (male/female) 33 (66)/17 (34)
BMI (kg/m2) 26.69 (0.61)
APACHE II score on admission 17.72 (0.51)
SOFA score on admission 5.46 (0.24)
History
Hypertension 17 (34)
Diabetes mellitus 9 (18)
Smoking 24 (48)
COPD 21 (42)

Cause of mechanical ventilation
Postsurgical respiratory failure 8 (16)
Traumatic brain injury 17 (34)
Nontraumatic coma 8 (16)
Acute respiratory failure due to lung infection 6 (12)
Septic shock 11 (22)

2D echocardiographic data at the time of patients’ recruitment
IVSTD (mm) 9.5 (0.2)
LVEDD (mm) 48.9 (0.5)
PWTD (mm) 9.4 (0.2)
LVESD (mm) 33.9 (0.5)
LV mass (Penn) (g/m2) 102.4 (4.1)
RWT 0.39 (0.06)
LVEF (%) 59.7 (0.8)
RVFAC (%) 50.5 (1.5)
RVEDA/LVEDA 0.48 (0.06)

Baseline hemodynamic data (at pre-SBT)
Systolic BP (mmHg) 142.5 (3)
Diastolic BP (mmHg) 78.1 (1.7)
Mean BP (mmHg) 99.6 (1.9)
Heart rate (beats/min) 90.2 (1.7)
Rate–pressure product (beats/min 9 mmHg) 12,863 (367)
PaO2 (mmHg) 117.3 (4.3)
PaCO2 (mmHg) 38.7 (0.4)
PaO2/FiO2 ratio 308.5 (12.5)
pH 7.45 (0.004)

Continuous data are presented as mean (SE), categorical data are
presented as n (%)
BMI body mass index, APACHE II acute physiology and chronic
health evaluation score II, SOFA sequential organ failure assess-
ment, COPD chronic obstructive pulmonary disease, IVST
interventricular septum thickness (end-diastole), LVEDD left ven-
tricular end-diastolic diameter, PWTD posterior wall thickness
(end-diastole), LVESD left ventricular end-systolic diameter, RWT
relative wall thickness, LVEF left ventricular ejection fraction,
RVFAC right ventricular fractional area change, RVEDA right
ventricular end-diastolic area, LVEDA left ventricular end-diastolic
area, BP blood pressure, rate–pressure product heart rate 9 sys-
tolic blood pressure, PaO2 partial pressure of oxygen, PaCO2
partial pressure of carbon dioxide, FiO2 fraction of inspired oxygen
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patients who failed the weaning trial (see online data
supplement for details).

Diagnostic performance of clinical
and echocardiographic parameters

The diagnostic performance and threshold values of various
clinical and cardiac Doppler indices at pre-SBT in predict-
ing weaning outcome are shown in Table 4. Pre-SBT lateral
E/Em greater than 7.8 demonstrated the greatest perfor-
mance in predicting weaning failure among various
variables; pre-SBT lateral E/Em AUC was 0.86, specificity
100%, and positive predictive value 100%. Notably, pre-
SBT E/Em greater than 7.8 and E/Vp greater than 1.6 could
accurately identify weaning failure and need for reintuba-
tion in the subgroup of our patients (n = 27) who had
successful SBT initially (sensitivity 100 and 80% and
specificity 100 and 82%, for E/Em and E/Vp, respectively).
ROC curves for pre-SBT values of lateral E/Em ratio, E/Vp

ratio, RSBI, and PFP in predicting weaning failure are
presented in Fig. 3; E/Em differed significantly from the
other three markers. Multivariate analysis showed that best
predictors for weaning failure were E/Em OR (95% CI) 5.62
(1.17–26.96), P = 0.03 and LV mass index 1.13 (0.98–1.3),
P = 0.09 (see online data supplement for comparison
among ROC curves and for multivariate analysis).

Discussion

The present study suggests that LV diastolic dysfunction
and increased LV filling pressures may be involved in the

pathophysiology of weaning failure in ICU patients with
preserved systolic function. Patients who failed weaning
presented significantly worse diastolic function and
increased E/Em or E/Vp ratios before SBT, compared with
those with successful weaning. Furthermore, our findings
suggest that DE indices may predict the outcome of
weaning from mechanical ventilation in ICU patients with
preserved LV systolic function. Thus, E/Em ratios at pre-
SBT presented the greatest diagnostic performance in
predicting weaning failure (AUC 0.86) among several
established weaning markers, such as the RSBI [3, 16] or

Fig. 1 Flowchart of weaning
outcomes in the study
population. LV left ventricular,
RWMAs regional wall motion
abnormalities, SBT spontaneous
breathing trial

Fig. 2 Outcome of weaning in all 50 participants according to the
degree of diastolic dysfunction as assessed by DE at pre-SBT
(differences between groups were compared by one-way ANOVA)
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pressure–frequency product [17]. In this respect, per-
forming DE before the initiation of an SBT may be of
value in weaning-related decisions by assisting clinical
data.

Diastolic dysfunction is frequent in ICU patients [23–
26]. However, data assessing the role of diastolic dys-
function in weaning from MV are sparse [12–14]. We
hypothesized that diastolic dysfunction might be a cause
of unsuccessful weaning in ICU patients with preserved
LV systolic function. We found that patients with

moderate to severe LV diastolic dysfunction at pre-SBT
exhibited significantly increased weaning failure rates
(Fig. 2). We also noted that during SBT, LV diastolic
function tended to deteriorate. A plausible explanation for
the relationship between diastolic dysfunction and
weaning failure might be that patients with diastolic
dysfunction present diastolic heart failure and pulmonary
edema on spontaneous ventilation. Transition from posi-
tive-pressure ventilation to spontaneous breathing induces
negative intrathoracic pressures with increased venous

Table 3 Univariate analysis of baseline (pre-SBT) clinical and echocardiographic variables in patients with success and failure of
weaning

Weaning

Success (N = 22) Failure (N = 28) P

Baseline clinical variables
Age (years) 43.2 (3.4) 59.6 (3.2) 0.001**
Sex (male/female) 18 (82)/4 (18) 15 (54)/13 (46) 0.07
COPD patients 5 (23) 16 (57) 0.014*
Neuro-critical patients 14 (64) 12 (43) 0.14
APACHE II score (on admission) 16.7 (0.7) 18.5 (0.7) 0.07
Duration of MV prior to SBT (days) 18.1 (1.8) 14.3 (1.9) 0.15
Tracheostomy tube/orotracheal tube 17 (77)/5 (23) 19 (68)/9 (32) 0.46
Fluid balance (mean of 3 days prior to SBT) (mL/day) 5 (112) 188 (108) 0.25
Mean BP (mmHg) 99.3 (2.8) 99.9 (2.6) 0.88
Heart rate (beats/min) 86.7 (2.6) 93 (2.2) 0.07
f (breaths/min) 19.3 (1.1) 23.9 (1.1) 0.007**
PS (cmH2O) 12.7 (0.5) 14.4 (0.4) 0.006**
PFP (cmH2O 9 breaths/min) 251 (21) 342 (19) 0.002**
f/VT (RSBI) 45.2 (3.7) 66.1 (4.7) 0.002**
pH 7.43 (0.006) 7.46 (0.004) 0.001**
PaO2 (mmHg) 125 (7.4) 111.3 (4.9) 0.12
PaO2/FiO2 ratio 340 (19) 284 (15.5) 0.024*

2D echocardiographic measurements
LVEF (%) 58.8 (1.3) 60.4 (1.2) 0.36
IVSWT (mm) 9 (0.2) 9.9 (0.2) 0.002**
LVPWT (mm) 8.8 (0.2) 9.8 (0.2) 0.005**
LV mass (Penn) (g/m2) 88.4 (5.3) 113.4 (5.2) 0.002**
RWT 0.37 (0.009) 0.4 (0.008) 0.06
RVFAC (%) 52.2 (1.9) 49.1 (2.2) 0.31
RVEDA/LVEDA 0.48 (0.01) 0.48 (0.01) 0.71

Mitral inflow pulsed-Doppler analysis
E (cm/s) 74 (2) 90.6 (3.6) 0.001**
A (cm/s) 62 (3) 80 (4.3) 0.003**

TDI measurements at lateral mitral annulus
Sm (cm/s) 12.7 (0.7) 10.4 (0.6) 0.01**
Em (cm/s) 14.5 (0.9) 9.8 (0.8) \0.001**

‘‘Conventional’’ Doppler markers of LV filling pressures
E/A 1.26 (0.08) 1.24 (0.1) 0.89
DTE (ms) 205 (5) 194 (9) 0.31

‘‘Advanced’’ Doppler-derived surrogates of LV filling pressures
Lateral E/Em 5.35 (0.23) 10.83 (0.94) \0.001**
Septal E/Em 7.66 (0.55) 11.55 (0.8) \0.001**
Averaged E/Em 6.18 (0.28) 10.98 (0.83) \0.001**
E/Vp 1.32 (0.09) 1.79 (0.11) 0.004**

Continuous data are presented as mean (SE), categorical data as
n (%). See online supplement for more detailed results for all
baseline clinical and echocardiographic variables
f respiratory frequency; PS pressure support; PFP pressure fre-
quency product (respiratory frequency 9 level of pressure
support); VT tidal volume; RSBI rapid shallow breathing index;

IVSWT interventricular septum wall thickness; LVPWT left ven-
tricular posterior wall thickness; E and A pulsed wave Doppler
early and late transmitral left ventricular filling wave velocity,
respectively; Am TDI-derived peak late diastolic velocity; other
abbreviations as per Tables 1 and 2
* P \ 0.05, ** P \ 0.01, 2-tailed t test for mean values

1981



return and sympathetic overstimulation [5] that may
increase LV preload–afterload [7, 8] and cardiac work-
load [6], thus impairing LV compliance; weaning-induced
myocardial ischemia [9, 10] or RV dysfunction [11], may
also deteriorate pre-existing LV diastolic dysfunction and
may increase LV filling pressures and thus provoke pul-
monary edema. Notably, it was recently reported that
patients with diastolic dysfunction may present impaired
diastolic reserve under stressful conditions [27], and this
possibly explains weaning intolerance. In line with the
above, other authors suggested that weaning outcomes may
improve with the application of strategies aiming to manage
heart failure (i.e., diuretics, nitroglycerin) [17, 28, 29].

In our cohort, we found that patients who failed
weaning presented known precipitating factors for LV
diastolic dysfunction (i.e., age, arterial hypertension,
increased wall thickness and LV mass, and COPD) [30].
Furthermore, we found that they presented DE indices
(increased E/Em and E/Vp) indicating significantly ele-
vated LV filling pressures, and decreased Sm and Em

mitral annular velocities compared with patients with
successful weaning. Although decreased Sm is usually
found in patients with systolic dysfunction [31], depressed
Sm velocities are also found in patients with normal sys-
tolic function who present diastolic heart failure [32].
Given the association between depressed Sm and Em

values and ischemia [33], as well as the fact that rate–
pressure product (heart rate 9 systolic blood pressure), a
global index of myocardial workload and oxygen demand
[6], increased more during failing trials (data shown in
online data supplement—Table E4), our findings suggest
that myocardial ischemia might also be implicated in
weaning failure. However, ST-segment dynamic devia-
tions occurred in only four patients in our study. In this
respect, a hypothesis that myocardial ischemia is an
explanation for these phenomena might be challenged and
this has to be taken into consideration in the interpretation
of our results.

Another potential mechanism of impaired LV diastolic
function in weaning, especially in COPD patients, is that
increases in RV afterload because of hypoxemia and
pulmonary dynamic hyperinflation, together with a
simultaneous increase in venous return, may cause RV
dysfunction. The latter may impede LV diastolic filling
through an interventricular interdependence mechanism
[11]. RV dysfunction might have been implicated in the
weaning of our COPD subpopulation, whose DE markers

Table 4 Diagnostic performance of baseline clinical characteristics and Doppler echocardiographic parameters in predicting weaning
failure

AUC (95% CI) Cutoff value Se (%) Sp (%) PPV (%) NPV (%) Ac (%)

Age (years) 0.76 (0.62–0.9)** [53 75 73 81 71 76
APACHE II 0.67 (0.51–0.82)* [18.5 61 73 74 59 66
f/VT (RSBI) 0.75 (0.61–0.88)** [58.5 64 81 82 64 72
PFP 0.76 (0.62–0.89)** [287 71 68 74 65 70
Lateral Em (cm/s) 0.8 (0.68–0.92)** \12.5 75 64 72 67 70
Averaged Em (cm/sec) 0.78 (0.65–0.91)** \10.5 71 73 77 67 72
Septal Sm (cm/s) 0.74 (0.6–0.88)** \9.5 82 64 64 82 72
Lateral E/Em 0.86 (0.75–0.96)** [7.8 79 100 100 79 88
Septal E/Em 0.81 (0.68–0.93)** [7.93 86 73 80 80 80
Averaged E/Em 0.86 (0.75–0.97)** [8 79 96 96 78 86
E/Vp 0.74 (0.6–0.87)** [1.51 75 73 78 70 74

AUC area under the curve; Se sensitivity; Sp specificity; PPV positive predictive value; NPV negative predictive value; Ac accuracy; f/VT
ratio of respiratory frequency to tidal volume; other abbreviations as per Tables 1, 2, and 3
* P \ 0.05, ** P \ 0.01

Fig. 3 ROC curves for two echocardiographic pre-SBT markers of
left ventricular filling pressures (E/Em, E/Vp) and two clinical
parameters (RSBI and PFP) in predicting weaning failure. E/Em

ratio of transmitral inflow E-wave velocity to TDI-derived early
diastolic velocity at the lateral border of the mitral annulus; E/Vp

transmitral E-wave velocity to color M-mode Doppler velocity of
propagation ratio, RSBI rapid shallow breathing index, PFP
pressure–frequency product, AUC area under the curve
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of LV filling pressures were indicative of significantly
elevated values at baseline and greater changes during
SBT compared with patients without COPD. Positive
fluid balance that could have contributed to volume
overload and increased LV filling pressures was not
associated with the degree of diastolic function at pre-
SBT or with SBT/weaning outcomes in our study. Thus,
one could assume that LV diastolic dysfunction may play
a more important role than volume state in SBT-induced
increases of LV filling pressures.

In the present study, ‘‘advanced’’ DE markers of LV
filling pressures (E/Em and E/Vp) at pre-SBT presented
considerable diagnostic performance in predicting
weaning failure; E/Em greater than 7.8 at the lateral
border of mitral annulus and E/Vp greater than 1.51
before the initiation of SBT predicted unsuccessful
weaning with sensitivity (%) and specificity(%) of 79/75
and 100/73, respectively (Table 4). These indices
retained their predictive value even in the subset of
patients who initially passed SBT; therefore, E/Em and
E/Vp at pre-SBT could identify patients who will prob-
ably fail to remain in spontaneous breathing regardless
of SBT result. However, SBT-induced acute alterations
in E/Em and E/Vp, although tending to reach statistical
significance, were not predictive of weaning outcomes
(online data supplement—Tables E1, E4). A plausible
explanation might be that myocardial viscoelastic
properties at baseline are impaired in patients who failed
weaning; LV filling pressures, as indicated by increased
E/Em and E/Vp, may be higher in these patients at
baseline, close to a critical point beyond which pul-
monary edema develops. Our results support previous
studies [13, 17] which reported that the echocardio-
graphic (or by cardiac biomarkers) assessment of LV
function before the initiation of weaning trial may be of
greater importance than monitoring the acute changes
that occur during SBT.

Interestingly, other investigators have reported sim-
ilar E/Em values as predictors of invasively estimated
increased LV filling pressures, either in MV [34] or
during SBT [12], whereas another study [13] with
similar design to ours showed that E/Em was signifi-
cantly higher in patients who could not be weaned from
the ventilator compared with those who did. However,
in the latter study, patients with increased E/Em ratios
also presented significantly decreased LV ejection
fractions; our findings point out that increased E/Em

ratio can also be found in patients without overt cardiac
disease.

Our findings are based on the study of DE indices
and one could argue that the diagnostic performance of
E/Em and E/Vp as reliable estimates of LV filling

pressures and the feasibility of accurate acquisition of E/
Vp have been challenged [19]. We certainly acknowl-
edge this skepticism. However, we used lateral E/Em

ratios, which enable the prediction of increased LV
filling pressures in patients with LVEF greater than 50%
[35], even in the clinical settings of mechanical venti-
lation [36] or diastolic heart failure [37]. On the other
hand, E/Vp ratios may be helpful in the evaluation of LV
diastolic function in patients with normal systolic
function [35, 38] even during acute changes in cardiac
loading conditions [39]. Yet, reproducible Vp measure-
ments can be obtained by following published
recommendations [19].

Our investigation provided evidence suggesting that
LV diastolic dysfunction may be implicated in the path-
ophysiologic mechanisms related to unsuccessful
weaning in our cohort. However, it should be underlined
here that it is not a ‘‘scoop’’ that patients with normal LV
diastolic function succeed in weaning, as almost half of
our patients in the grade I group also failed; unfortunately,
there were only seven patients in this subgroup and other
markers that might have intensified our findings, such as
brain natriuretic peptide (BNP) plasma levels [17, 18],
were not assessed, and these are limitations of our study.
It should also be noted that our results did not derive from
the wider ICU population requiring weaning from MV,
but from an inhomogeneous population with many COPD
and neuro-critical patients (overall 84%) ventilated for
more than 72 h; in such populations weaning failure rates
are expected to be high [2].

In conclusion, our findings suggest that in patients
with no overt cardiac disease and with preserved LV
systolic function, LV diastolic dysfunction may play an
important role in weaning failure. DE indices, particu-
larly E/Em at the lateral border of the mitral annulus,
may be helpful to identify patients at high risk of
weaning failure. We acknowledge that further evidence
is required before recommending echocardiography as a
standard tool during weaning in the everyday clinical
setting in the ICU. However, our data provide evidence
suggesting that DE indices may assist in weaning from
MV and may guide weaning-related therapeutic inter-
ventions (i.e., volume contraction, nitrate infusion) in
the future.
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