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Introduction

To achieve successful weaning from mechanical ven-
tilation for adults, spontaneous breathing tests are
commonly applied [1,2]. For ventilator-dependent adult
patients, 2-h T-piece trials enabled earlier extubation,
compared with synchronized intermittent mandatory
ventilation and pressure support ventilation [3]. In a
follow-up study, 30-min T-piece trials were as effective
as 2-h trials [4]. For infants, however, few investigations
have examined whether a spontaneous breathing test, in
the current study a continuous positive airway pressure
(CPAP) trial, provides smooth weaning [5,6].

The most commonly used ventilatory modes for in-
fants are intermittent mandatory ventilation or assist
control ventilation, both of which are combined
with pressure control ventilation. Because the work of
breathing changes in proportion to the mandatory
breath rate [7] or pressure control level [8], weaning
usually involves a gradual decrease in the number of
mandatory breaths or level of pressure control [1].
Understanding that spontaneous breath trials using the
T-piece work well for adults, we carried out a prospec-
tive observational study to investigate how the infant
respiratory pattern changes during 30min of CPAP.
We then investigated whether tolerance of the CPAP
trial was related to successful extubation.

Materials and methods

The study was approved by the ethics committee of
the National Cardiovascular Center (Osaka, Japan),
and written informed consent was obtained from the
parents of each patient.
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Patients

Fifty-one consecutive infants who had undergone car-
diac surgery for congenital heart disease were included
in this study (Table 1). The enrollment criteria were
stable hemodynamics at the intensive care unit and
leakage around the uncuffed endotracheal tube (3.0–
4.5 mm ID) of less than 10% of the inspired tidal volume
(VT) at pressure control of 16cm H2O. We excluded
candidates if they had chronic lung disease, central
nervous system disorders, or diagnosed chromosome
anomalies. During the measurement protocol, all pa-
tients were maintained in the supine position. Arterial
blood pressure, heart rate, central venous pressure, and
pulse oximeter signal (PM–1000; Nellcor, Hayward,
CA, USA) were monitored continuously in all patients.
In 15 patients, left atrial pressure was also monitored
throughout the trial. During the CPAP trial, we did not
administer any sedatives or opioids. Before extubation,
to prevent postextubation laryngeal edema, we admin-
istered a single intravenous dose of dexamethasone
(0.12–0.71 mg·kg�1) in 38 patients who had shown no air
leakage at all around the endotracheal tube at a pres-
sure control of 16cm H2O [9].

Study protocol and measurements

We used V.I.P. Bird ventilators (Bird Corp., Palm
Springs, CA, USA) with continuous-flow time- and

patient-cycled pressure-limited ventilation. The initial
ventilatory settings were as follows: assist control venti-
lation; respiratory rate, 20 breaths·min�1; positive
end-expiratory pressure, 3 cm H2O; pressure control
ventilation, 17 cm H2O; inspiratory time (TI), 0.8 s; con-
tinuous flow, 20 l·min�1; and triggering sensitivity,
1.0 l·min�1. When the patients recovered spontaneous
breathing, we lowered the pressure control value,
reduced triggering sensitivity to 0.4–0.8 l·min�1, and, to
prevent expiratory dyssynchrony between the patient
and the ventilator, adjusted the termination criteria
of inspiration to 5–20% of the peak inspiratory
flow. Our policy for circulatory management is to main-
tain urine output � 1.5ml·kg�1·h�1 and ensure adequate
peripheral circulation, to reverse the positive water
balance established during cardiac surgery, and, de-
pending on hemodynamics, to adjust catecholamines
and vasodilators. Consequently, before the CPAP
trials, 45 patients had received continuous dopa-
mine infusion (1.1–5.5 µg·kg�1·min�1), 35 had received
nitroglycerin (0.11–0.97µg·kg�1·min�1), 9 epinephrine
(9–56 ng·kg�1·min�1), and 7 had received milrinone
(0.18–0.62 µg·kg�1·min�1).

We started taking measurements when the patients
satisfied our weaning criteria: stable hemodynamics, pH
greater than 7.30, ratio of PaO2 to FIO2 greater than 200
in patients after radical operation, VT greater than
5 ml·kg�1, and respiratory rate less than 50 breaths·min�1

at a backup ventilatory rate of 6 breaths·min�1 and a

Table 1. Characteristics of study patients

Characteristic Value

No. of patients 51
Age—median (range) 2 mo (4 days–12mo)
Male/female 31/20
Body weight (kg)—median (range) 3.82 (1.74–9.9)
Height (cm)—median (range) 55 (43–78)
Diagnosis

Transposition of great arteries 9
Tetralogy of Fallot 7
Ventricular septal defect and atrial septal defect 6
Coarctation of aorta and ventricular septal defect 5
Absent pulmonary valve syndrome 4
Ventricular septal defect 3
Total anomalous pulmonary venous return 3
Double-outlet right ventricle 3
Univentricular heart 2
Tricuspid atresia 2
Endocardial cushion defect 2
Congenital mitral valve regurgitation 2
Ebstein’s anomaly 1
Hypoplastic left heart syndrome 1
Interruption of aortic arch 1

Operation
Radical 45
Palliative 6
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pressure control of 10–16cm H2O [7,8]. We recorded VT

baseline values, minute ventilation, respiratory rate,
heart rate, arterial blood pressure, central venous pres-
sure, and left atrial pressure. To monitor VT and minute
ventilation, we used a digital display on a ventilator
graphic monitor (Partner Volume Monitors, Bird
Corp.) [6]. Both VT and minute ventilation data were
standardized to body weight. Arterial blood samples
were analyzed with a calibrated blood gas analyzer
(ABL 505, Radiometer, Copenhagen, Denmark). In 35
patients, mixed venous oxygen saturation was measured
through a central venous catheter. The rapid shallow
breathing index (RSBI) was calculated by modifying an
equation used for adults [10]:
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where Yang et al. [10] reported 105 as a threshold value
to discriminate success and failure of extubation for
adults. Standardized to a body weight of 50kg, the
threshold value is 5.25kg·ml�1·min�1 (� 105 � 50/1000).

After taking baseline measurements, we switched the
ventilatory mode from assist control ventilation to
CPAP. We used a positive end-expiratory pressure
(3cm H2O), a continuous flow (20 l·min�1), and an
inspired oxygen fraction that were equal to baseline
values. We repeated the same measurements that were
taken at baseline (VT, minute ventilation, respiratory
rate, heart rate, arterial blood pressure, central venous
pressure, and left atrial pressure) at 1, 2, 3, 4, 5, 10, 15,
20, 25, and 30min, and the mixed venous oxygen satura-
tion measurement after 30min of CPAP. Arterial blood
samples were also analyzed after 10, 20, and 30min of
CPAP.

The primary physician was prepared to terminate the
CPAP trial if the patient showed one or more of the
following signs of distress: heart rate more than 200
beats·min�1, sustained increase or decrease in heart rate
or systolic blood pressure (�20%), decrease in arterial
oxygen saturation (�5%), agitation, or diaphoresis [3].
We defined this as a protocol failure. In the absence
of evidence of distress, the patient was extubated imme-
diately after demonstrating tolerance of 30min CPAP.
After extubation, at the same inspired oxygen fraction
as during the CPAP trial, the patient received sup-
plemental oxygen with a head box. We repeated the
measurements except for VT and minute ventilation at
10min and at 1, 2, and 3h after extubation. Extubation
was considered successful if reintubation was not
carried out within 48h of extubation: if there was

reintubation, the extubation was considered a failure.
For patients requiring reintubation within 48h, the rea-
sons for reintubation were recorded. All patients were
followed until death or hospital discharge.

Data analysis and statistics

Data are presented as mean � SD unless otherwise
indicated. Comparisons of the values for the success and
failure groups were made by the Mann-Whitney test
or the �2 test. Using repeated-measures analysis of
variance, mean values were compared across different
points (baseline and 10, 20, and 30min of CPAP) in
the success group. When significance was observed,
multiple-comparison testing of means was performed
using the paired Student’s t-test with Bonferroni’s cor-
rection. In the failure group, comparison across differ-
ent points was not performed because the sample was
small (n � 4). Statistical significance was set at a level of
P � 0.05.

Results

The infants ranged in age from 4 days to 12 months
(median, 2 months), and body weight ranged from 1.74
to 9.9kg (Table 1). Of the 51 infants, 50 completed the
30-min CPAP trial with stable hemodynamics. Subse-
quently, immediately after the CPAP trial, 46 infants
(92%) underwent successful extubation, while 4 (8%)
were reintubated within 48h. Infants in the failure
group tended to be smaller, to be subject to longer-term
mechanical ventilation, and to have smaller crying vital
capacity (Table 2).

The time courses of VT, minute ventilation values,
RSBI, and respiratory rate are shown in Figs. 1 and 2.
These parameters were initially unstable during the first
5min and then became stable from 10 to 30min of
CPAP. Table 3 shows the respiratory and hemodynamic
variables for the success and failure groups at baseline,
during CPAP, and after extubation. The hemodynamic
variables prior to the CPAP trial did not significantly
differ between the success and the failure group. The
failure group showed a higher RSBI and a higher respi-
ratory rate at 10 and 20min of CPAP (Fig. 2). The
failure group also showed significantly lower pH and
higher PaCO2  after 10 min of CPAP (Fig. 3). All patients
in the failure group had a pH less than 7.4 and a PaCO2

greater than 40mmHg throughout the CPAP trial (Fig.
4). In contrast, 7 patients (15%) in the success group
had a pH less than 7.4 after 10min of CPAP, increasing
to 8 (17%) at 20 min and 10 (22%) at 30min (Fig. 4).
The minute ventilation and PaO2

 values showed no sta-
tistically significant differences between the groups
(Table 3).
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Table 2. Baseline ventilatory parameters of success and failure groups

Success group Failure group
Feature (n � 46) (n � 4)

Age (mo) 3.0 (1–11) 0.5 (0–1.3)
Body weight (kg) 4.04 (3.11–7.07) 2.68 (2.32–3.00)*
Height (cm) 56 (50–69) 49 (47–50)*
Duration of mechanical ventilation (h) 27 (7–68) 242 (154–311)*
Crying vital capacity (ml·kg�1) 16.1 � 5.9 10.3 � 1.6*
Baseline mechanical ventilation

Inspired oxygen fraction 0.41 � 0.09 0.38 � 0.05
Pressure control (cm H2O) 12.6 � 1.1 13.3 � 2.5
Tidal volume (ml·kg�1) 9.2 � 1.9 10.1 � 1.3
Respiratory rate (breaths min�1) 26.4 � 9.2 33.5 � 18.5
Minute ventilation (l·min�1·kg�1) 0.23 � 0.07 0.31 � 0.20

Plus-minus values are mean � SD; other values are median (25th–75 percentile)
* P � 0.05 versus success group

Fig. 1. Tidal volume and minute ventilation during continu-
ous positive airway pressure (CPAP). (�) Success group; (�)
failure group. Failure means that reintubation was performed
within 48 h of extubation. *P � 0.05 versus baseline

Fig. 2. Rapid shallow breathing index and respiratory rate
during CPAP and after extubation. (�) Success group; (�)
failure group. Failure means that reintubation was performed
within 48 h of extubation. *P � 0.05 versus baseline; �P � 0.05
versus success group

We interrupted a single CPAP trial and switched
back to assist control ventilation mode, because when
CPAP was attempted, the patient demonstrated
marked agitation and hypertension. Four patients

(8%) were reintubated within 48h. The reasons for
reintubation were different in each case: apnea followed
by severe pulmonary hypertension, insufficient respira-
tory drive, respiratory fatigue due to phrenic nerve
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palsy, and upper airway obstruction caused by glottic
granuloma. In Case 1 extubation occurred 3 days
after the CPAP trial, and in Case 2 6 days after the
CPAP trial. In Case 3, after plication of the diseased
diaphragm, extubation was performed on the day fol-
lowing the plication surgery. The patient in Case 4,
owing to severe glottic and supraglottic granuloma,
underwent tracheostomy before being weaned from the
ventilator.

None of these patients died in the intensive care unit.
The median length of stay in the intensive care unit was
4 days after surgery, ranging from 2 to 66 days. After a
median postoperative stay of 46 days, 49 patients were
discharged from the hospital. Two patients from the
success group died in the ward. One had received a
Jatene procedure for transposition of the great arteries
and died on postoperative day 7 from thrombotic occlu-
sion of the coronary artery. The other, who had under-
gone a Fontan operation for univentricular heart,
succumbed to progressive heart failure on postopera-
tive day 88.

Discussion

The main findings of this study are that ventilatory
parameters became stable after 10min of CPAP in
post—cardiac surgery infants; 50/51 (98%) were able to
safely undergo a 30-min CPAP trial, and 46/50 (92%)
were extubated successfully immediately after the trial;
and the failure group had lower pH, higher PaCO2

, and
more rapid shallow breathing during CPAP.

Clinical implications

The most common methods of discontinuing mechani-
cal ventilation in adults are synchronized intermittent
mandatory ventilation, pressure support ventilation,
and T-piece trials [1,2]. Using 2-h T-piece trials,
Esteban et al. [3] initially reported earlier and successful
extubation in adult medical or surgical patients, com-
pared with synchronized intermittent mandatory venti-
lation and pressure support ventilation; more recently,
half-hour T-piece trials were shown to be as effective as
2-h trials [4]. For infants, however, there have been few
reports of spontaneous breathing trials [5,6,11]. In the
present study of infants, we found that tolerance of
30-min CPAP trials was 92% predictive of successful
extubation. Although VT, minute ventilation values,
respiratory rate, and RSBI were initially unstable dur-
ing the first 5 min, they were stable from 10 to 30min of
CPAP. While conventional weaning strategies require
stepwise decreases in support level and frequent clinical
evaluation, short CPAP trials save time and labor of the
intensive care staff.

Our findings show that, compared with infants who
underwent successful extubation, the infants who were
reintubated within 48 h were smaller, had received
longer-term mechanical ventilation, and had smaller
crying vital capacity (Table 2). These findings correlate
with previous reports for children, although the subjects
were older than those in our study [6,12]. In a retrospec-
tive review, Edmunds showed that the children in whom
extubation failed were younger and had received
mechanical ventilation longer than those who were
successfully extubated [12]. In a prospective study,
Thiagarajan et al. [6] similarly reported that children
who were successfully extubated received mechanical
ventilation for a shorter time, with better lung compli-
ance and oxygenation.

Although the baseline pH and PaCO2  were the same
for both groups, during CPAP the failure group had
greater respiratory acidosis (Fig. 4). Jubran et al. [13]
reported that about half of adult patients who failed
spontaneous breathing trials had an increase in PaCO2

 of
10 mmHg or more. Rather than being due to decreased
minute ventilation, this hypercapnia usually results
from rapid shallow breathing, which causes an increase

PaCO2

pH

PaO2

Fig. 3. Change in pH, PaCO2 , and PaO2  during CPAP and after
extubation. (�) Success group; (�) failure group. Failure
means that reintubation was performed within 48 h of extuba-
tion. *P � 0.05 versus baseline; �P � 0.05 versus success group
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in dead-space ventilation [1,13]. RSBI is, therefore, re-
garded as the most reliable way of predicting the success
or failure of respiratory weaning in adults [10]. How-
ever, the usefulness of RSBI for similar prediction in
infants or children is controversial [6,14,15]. Whereas
Thiagarajan et al. [6] reported that RSBI enabled reli-
able prediction of pediatric extubation failure, Khan
[14] and Venkataraman [15] reported conflicting re-
sults. Although each patient in the failure group showed
RSBI � 5.25kg·ml�1·min�1, we found there was some
overlap between the success and failure groups (Fig. 4).
Other ventilatory parameters, including VT and minute
ventilation, showed wide variation and did not correlate
well with extubation success or failure.

In ventilator-dependent adults, unsuccessful attempts
at spontaneous breathing cause cardiovascular stress
[1,16]. There are two main contributing factors: respira-

tory efforts cause negative swings in intrathoracic
pressure, thus increasing right and left ventricular
afterloads; and cardiac function cannot meet the in-
creased oxygen demand when positive pressure ventila-
tion is discontinued [1]. Although some patients had
complicated heart anomalies, no infants in this study
showed signs of cardiovascular deterioration, such as
decreased blood pressure or elevated central venous
pressure or left atrial pressure during CPAP (Table 3).
In fact, in both the success and the failure groups, after
30min of CPAP there was increased mixed venous oxy-
gen saturation and serum lactate values were stable
(Table 3). Before the patients were enrolled in the
study, the vasopressor and volume had already been
adjusted to levels compatible with tolerance of the
hemodynamic changes that may ensue during and after
extubation. This may have introduced a bias toward

Fig. 4. Values of pH, PaCO2 , rapid shallow
breathing index, and tidal volume at base-
line and after 10, 20, and 30 min of CPAP.
Top to bottom: dotted lines represent pH
� 7.4, PaCO2  � 40 (mmHg), RSBI � 5.25
(kg·ml�1·min�1), and VT � 6 (ml/kg), re-
spectively. (�) Success group; (�) failure
group. Failure means that reintubation
was performed within 48 h of extubation.
F, failure group; RSBI, rapid shallow
breathing index; S, success group; VT, tidal
volume
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stable hemodynamics during CPAP and successful
extubation.

For pediatric patients, postextubation airway stenosis
is a serious problem that is likely to necessitate
reintubation and prolongation of intensive care [9].
Irrespective of the weaning mode, this complication
might occur, and in this study, even though dexametha-
sone pretreatment was administered, airway obstruc-
tion due to severe glottic granuloma occurred in one
infant.

CPAP settings

Rather than using a T-piece trial, we applied CPAP of
3 cm H2O. Although the T-piece trial is a simpler proce-
dure that is likely to lower the respiratory workload
related to the resistance of the ventilator circuit [3,4,11],
we preferred CPAP, for several reasons. First, open-
ing an infant’s airway to the atmosphere through an
endotracheal tube may result in atelectasis because of
chest wall compliancy. In difficult-to-wean adults, a T-
piece trial lasting for more than 30–60min may increase
the respiratory effort considerably, mainly due to wors-
ening respiratory mechanics [1,13]. Application of low
CPAP may prevent atelectasis in infants and minimize
the deterioration in respiratory mechanics. Second,
the use of a ventilator and graphic monitor allowed us
to continuously monitor respiratory variables such as
respiratory rate, VT, and minute ventilation in the
same way as during our daily clinical care. By alerting
the physician to early signs of respiratory distress,
close attention to these variables improves safety.
Thiagarajan et al. [6] similarly applied CPAP for a few
minutes and used a digital output from the ventilator to
assess weaning parameters. Third, the method has other
practical advantages. Whereas other studies measured
volumes using a pneumotachograph attached to the
patient’s endotracheal tube [14,15], the application of
CPAP required no additional equipment; it minimized
dead space or resistance due to the equipment, and
it did not require disconnection of the patients from
ventilators.

The common methods of weaning involve gradually
decreasing ventilatory assistance by lowering the num-
ber of assisted breaths or the level of pressure. This
gradually increases the respiratory workload, and the
workload after extubation is smaller than that during
CPAP [7,8]. Therefore, providing that the clinical and
gas exchange status is satisfactory at a low level of ven-
tilatory support, the switch to CPAP could be a mild
short-term trial to examine the readiness for liberation
from mechanical ventilation. The optimal duration of
a spontaneous breathing trial has not been established
in infants; we therefore arbitrarily chose 30 min as the
duration of CPAP in this study. In fact, we observed

that 10min were required for ventilatory and hemody-
namic variables to become stable after starting CPAP
(Figs. 1 and 2). This may suggest that 30 min of observa-
tion for the CPAP trial was as effective as a longer trial.
This speculation correlates with Esteban’s reports that
30-min T-piece trials are as effective as 2-h trials in
adults [4]. Recently, Furias et al. [7] compared the per-
centage of successful extubations of pediatric intensive
care patients (aged 1 month to 15 years) after a sponta-
neous breathing trial performed with either pressure
support ventilation of 10 cm H2O or a T-piece for 2 h.
The two spontaneous breathing trials had similar inci-
dences of trial interruption (21% and 23%) and
reintubation (15% and 13%). In our study, one
patient in the failure group was reintubated 1 h after
extubation due to phrenic nerve palsy. It is possible
that this respiratory failure could have been foreseen
if the CPAP trial was longer. On the other hand,
extended CPAP may cause respiratory distress. Tapia
et al. [5] reported that the extubation failure
rates for very-low-birthweight infants were similar
with the strategy of direct extubation from intermittent
mandatory ventilation (2/30, 7%) and the use of CPAP
trials lasting 12–24 h (4/28, 14%). They speculated
that the use of a narrow endotracheal tube for small
infants may increase the work of breathing and
cause respiratory fatigue. Further study is needed to
determine the optimal duration of CPAP trials for
infants.

Limitations

The current study has several limitations. First, al-
though several infants had congestive lungs, probably
due to heart failure, none of the subjects had primary
lung diseases. More seriously compromised infants or
ventilator—dependent infants may respond to CPAP
trials quite differently. Second, because the number of
enrolled patients was small (n � 51), and few patients (n
� 4) were in the failure group, it was difficult to delin-
eate which factors or combination of factors are predic-
tive of success or failure of extubation. Third, because
we did not measure esophageal pressure, this report
does not provide any information about the relationship
between CPAP and the work of breathing. Fourth, we
did not evaluate the effects of different types of ventila-
tor on the results of the CPAP trial. Finally, because our
policy of hemodynamic management was neither ran-
domized nor strictly prescribed, we cannot exclude the
possibility of enrollment bias.

In conclusion, the ventilatory pattern and hemo-
dynamics became stable after 10 min of CPAP. Ninety-
two percent of post—cardiac surgery infants were
successfully extubated after 30 min of CPAP trial.
CPAP trials may be a safe method to help physicians
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perform smooth extubation in infants after cardiac
surgery.
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