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BACKGROUND: Extubation early in the postoperative period is beneficial to the recovery and reha-
bilitation of patients. This study compared the postoperative extubation failure rates among infants
who received postextubation respiratory support by either bi-level positive airway pressure (BPAP) or
nasal CPAP following cardiac surgery. METHODS: This was a single-center randomized con-
trolled trial registered at the Chinese Clinical Trial Registry (number ChiCTR2000041453) and
was conducted between January 2020 and March 2021. Ventilated infants who underwent car-
diac surgery were randomized to either a BPAP or a nasal CPAP group for ventilatory support
following extubation. The primary outcome measure was the extubation failure rate within 48 h.
RESULTS: The analyses included 186 subjects. Treatment failure necessitating re-intubation was
noted in 14 of the 93 infants (15%) in the BPAP group and in 11 of the 93 infants (12%) in the nasal
CPAP group (P = .52). Moreover, there were no statistically significant differences between the 2
groups regarding the duration of noninvasive ventilation (P = .54), total enteral feeding time (P =
.59), or complications (P = .85). We found that both the BPAP group and the nasal CPAP group
showed significantly improved oxygenation and relief of respiratory distress after treatment. However,
the P,co, level within 24 h was significantly lower in the BPAP group (P = .001) than in the CPAP
group. Additionally, the P, /Fio, in the BPAP group was significantly higher than in the nasal CPAP
group at 6 h, 12 h, and 24 h after treatment (P < .001). CONCLUSIONS: The introduction of BPAP
for postextubation respiratory support was not inferior to nasal CPAP in infants after cardiac sur-
gery. Moreover, BPAP was shown to be superior to nasal CPAP in improving oxygenation and car-
bon dioxide clearance. Key words: BPAP; nasal CPAP; congenital heart surgery, cardiopulmonary
bypass; postoperative care. [Respir Care 2022;67(4):448-454. © 2022 Daedalus Enterprises]

Introduction

Infants with congenital heart disease (CHD) with
comorbid or preexisting conditions often require respira-
tory support after cardiac surgery. Pediatric cardiac ICUs
increasingly use noninvasive modalities to support respi-
ratory function in children with critical cardiovascular dis-
ease. Noninvasive respiratory support has been proven to
be useful in providing respiratory support to pediatric
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patients and can effectively reduce the extubation failure
rate in high-risk infants.'” Previous single-center studies
have demonstrated the safety and effectiveness of nonin-
vasive support in the management of respiratory insuffi-
ciency in infants and young children, including those
undergoing cardiac surgery.®'”
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In recent years, noninvasive respiratory support has
become increasingly sophisticated, especially the application
of bi-level positive airway pressure (BPAP) and nasal
CPAP, which have significantly reduced the use of invasive
ventilation and have shortened the duration of mechanical
ventilation. Noninvasive respiratory support has been widely
used in the care of premature infants and neonates. Studies
have confirmed that BPAP and nasal CPAP can be used to
treat neonatal respiratory failure and respiratory distress syn-
drome, and their use can reduce the incidence of bronchopul-
monary dysplasia.>>"* However, few studies have focused
on the application of noninvasive support in infants with
CHD postextubation. In particular, very little is known about
the contribution of different noninvasive modalities to respi-
ratory support in children after extubation. Filling these
knowledge gaps would both help identify important areas for
future research in understanding the best practices for nonin-
vasive respiratory support utilization and help inform quality
improvement initiatives aimed at optimizing the respiratory
support of infants in the cardiac ICU. Our center is a tertiary
heart center in China. Many patients are referred to us from
subordinate hospitals every year, and many of these patients
have preoperative pneumonia or respiratory failure and are
at risk of extubation failure. We designed this study to evalu-
ate the postextubation failure rates following the use of either
BPAP or nasal CPAP as respiratory support modalities in
infants who underwent cardiac surgery. The primary out-
come measure was the extubation failure rate within 48 h.
The secondary outcome measures were the differences in
postoperative duration of noninvasive respiratory support,
hospital length of stay, and incidence of complications.

Methods
Subjects and Study Design

We conducted a randomized controlled study in the car-
diac ICU of Fujian Maternity and Child Health Hospital,
Affiliated Hospital of Fujian Medical University, Fuzhou,
China, from January 2020-March 2021. A total of 186
infants who underwent cardiac surgery were randomized,
postextubation, to the BPAP group (n = 93) or the nasal
CPAP group (n = 93). Cardiac surgery included repair of
atrial septal defects (ASDs), repair of ventricular septal
defects (VSDs), and ligation operation of patent ductus
arteriosus. The families of the subjects signed informed
consent forms prepared by the ethics committee. The trial
was approved by the Ethics Committee of Fujian Maternity
and Child Health Hospital (No. 2020KY039) and adhered
to the tenets of the Declaration of Helsinki (as revised in
2013). This study was registered at the Chinese Clinical
Trial Registry, number ChiCTR2000041453.

The inclusion criteria were high-risk infants < 6 months of
age with stable hemodynamic status after cardiac surgery.
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QUICK LOOK

Current knowledge

Infants with congenital heart disease with comorbid or
preexisting conditions often require respiratory support
after cardiac surgery. Noninvasive respiratory support
has proven useful in pediatric patients and can effectively
reduce the extubation failure rate in high-risk infants.

What this paper contributes to our knowledge

Bi-level positive airway pressure (BPAP) was not infe-
rior to nasal CPAP as postextubation respiratory sup-
port in infants after cardiac surgery. Moreover, BPAP
is shown to be superior to nasal CPAP in improving
oxygenation and carbon dioxide clearance.

Cardiac surgery included ASD repair, VSD repair, and patent
ductus arteriosus ligation. Infants at high risk for extubation
failure, including factors such as pulmonary hypertension,
pneumonia, preoperative or postoperative respiratory failure,
oxygenation index > 8, P,o,/Fio, < 200 mm Hg, and ARDS,
were included. Clinicians considered extubation when the fol-
lowing criteria were met: (1) hemodynamic stability without
a large dose of vasoactive drug support; (2) Fo, = 0.40, peak
inspiratory pressure = 18 cm H,0O, and PEEP 24 cm H,0;
and (3) arterial blood gas (ABG) showing P,o, (Pyco,) < 50
mm Hg, P,o, (Pico,) > 70 mm Hg, pH > 7.25, and lactic
acid < 2.0 mmol/L. The exclusion criteria were patients
who had congenital thoracic and abdominal malforma-
tions, those who received postoperative extracorporeal
membrane oxygenation support or preoperative tracheot-
omy and intubation, those whose parents decided not to
participate, those who transferred to the cardiac ICU prior
to extubation, or those who died prior to extubation.

Data Collection and Definitions

The primary outcome measure was the extubation failure
rate within 48 h. For secondary outcome measures, the differ-
ences in postoperative duration of noninvasive support hospi-
tal length of stay, and incidence of complications were
analyzed. In addition, we analyzed the changes in ABGs (pH,
P.0,» Paco,, and P,o/Fio,) before and after the treatment in
each of the 2 groups.

The diagnostic criteria for pediatric and neonatal ARDS
were proposed in 2015 and 2017."*'> Pulmonary hypertension
was defined as a mean pulmonary arterial pressure of 25 mm
Hg or higher.'®"” The diagnosis of ventilator-associated pneu-
monia was based on the criteria established by the Centers for
Disease Control and Prevention, with diagnosis aided by chest
radiographs, positive sputum cultures, transtracheal fluid,
bronchial washings, and clinical findings.'® Extubation failure
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was defined as re-intubation within 48 h after the first planned
extubation. Subjects were re-intubated upon developing hy-
poxemia (Fio, > 0.60 for target Spo,), respiratory acidosis
(pH < 7.20, P,co,> 65 mm Hg), tachypnea, or elevated se-
rum lactic acid (> 2.0 mmol/L). ABGs were taken before
treatment and at 6 h, 12 h, and 24 h after treatment and were
analyzed using an ABL90 FLEX system.

Ventilation Strategies

All subjects were extubated in the cardiac ICU. After extu-
bation, either BPAP or nasal CPAP was immediately applied
to each infant through silicone binasal prongs. BPAP or nasal
CPAP was delivered through a time-cycled, pressure-limited,
and continuous-flow ventilator (Infant Flow SiPAP System,
CareFusion, Yorba Linda, California), which detected the
inspiratory effort of the infants by means of the Graseby ab-
dominal capsule-triggering device. The initial lower and
higher respiratory parameters in the BPAP group were set at
3-6 cm H,O and 8-10 cm H,O, respectively; the Fo, was
0.21-0.60, and the pressure exchange rate was 20-30
exchanges/min. Respiratory settings were adjusted to main-
tain blood gas analysis within normal ranges. The respiratory
parameter settings in the nasal CPAP group were set at a pres-
sure of 3-6 cm H,O; the oxygen flow was 68 L/min, and
the Fjo, was 0.21-0.60. Respiratory settings were adjusted to
maintain blood gas analysis within normal ranges. Spo, was
maintained at 90-95% during ventilation. After extubation,
all infants were intravenously injected with methylpredniso-
lone sodium succinate 1 mg/kg for the prevention of laryn-
geal edema. Subjects with excessive secretions were given an
intravenous infusion of ambroxol hydrochloride to facilitate
mucociliary clearance and chest physical therapy.

Allocation and Blinding

Randomization was performed using random numbers
generated by a computer. Sequentially numbered and sealed
opaque envelopes were used to hold group assignments.
When the infants were admitted to the cardiac ICU and had
satisfied the inclusion criteria, envelopes were opened by the
cardiac ICU physician, who was not directly involved in the
study or the analysis of results. The allocated BPAP or nasal
CPAP treatment was started immediately. The BPAP device
produces audible noise that cannot be masked. Accordingly,
clinicians involved in patient care were not blinded to the
study treatments. The researchers who collected and ana-
lyzed the data were blinded to the study.

Statistical Analysis
Sample size estimation was calculated with PASS soft-

ware (version 15; NCSS, Kaysville, Utah). A reasonable
hypothesis was that BPAP would not be inferior to nasal
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CPAP in preventing re-intubation. According to our pre-
experiment studies, we found that the incidence of extuba-
tion failure in the BPAP group was 18% and that the inci-
dence of extubation failure in the nasal CPAP group was
11%. With 80% power and a 2-sided significance level of
0.05, at least 93 infants would need to be recruited in each
group. We defined BPAP as not inferior to nasal CPAP if
the lower boundary of the bilateral 95% CI for the differ-
ence (BPAP minus nasal CPAP) was < —5%.

An intention-to-treat analysis was performed. The data
of this study were analyzed by SPSS 25.0 (IBM, Armonk,
New York). The results were expressed as the means with
95% CI or SD for continuous variables and as frequencies
for categorical variables. To demonstrate normal data dis-
tribution, a Kolmogorov-Smirnov test was performed
before each analysis. If the results were normally distrib-
uted, a ¢ test analysis was performed; otherwise, the Mann-
Whitney test was applied. To further characterize the blood
gas analysis data, we used repeated-measure analysis of
variance (2-way ANOVA) and displayed the interaction
between and within the study group. The least significant
difference method was used for pairwise comparisons
between different times. A chi-square test was used to com-
pare the qualitative data between the 2 groups. A P value of
< .05 was defined as the level of statistical significance.

Results

A total of 236 infants were screened between January
2020—March 2021, of which 23 did not meet the inclusion
criteria; 20 underwent preoperative tracheotomy and intu-
bation, and the parents of 7 declined to participate.
Ultimately, 186 infants were enrolled and finished the trial
(93 in each group) (Fig. 1).

The baseline characteristics of the 2 groups were similar
(Table 1). There was no significant difference in extubation
failure rates between groups within 48 h (15.05% in the
BPAP group vs 11.82% in the nasal CPAP group; P = .52,
Table 2) . Before treatment, there was no significant differ-
ence in pH, P,o,, Paco,, or P.o /Fio, between the 2 groups
(Table 3). For both groups, compared with the values
before treatment, the P,co, gradually decreased; and the
pH, P.o,, and P, /Fio, gradually increased after treatment.
However, the P,co, of the BPAP group was significantly
lower than that of the nasal CPAP group at 12 h and 24 h
after treatment. Additionally, the P.,o/Fio, in the BPAP
group was significantly > that in the nasal CPAP group at 6
h, 12 h, and 24 h after treatment. At all other time points dur-
ing the experiment, the pH, P,o,, Pyco,, and P,o /Fio, were
similar between the 2 groups (Table 3). There was no signifi-
cant difference between the 2 groups in the duration of nonin-
vasive respiratory support or hospital length of stay.
Furthermore, there was no statistically significant difference
in terms of complications (Table 2). Complications included
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Table 1.  Demographic Data of Subjects Included in the 2 Ventilation
Mode Groups

. BPAP CPAP
Variable (= 93) (n=93) P
Male/female 43/50 39/54 .56
Age, months 1.8 1.0 1.7 £ 0.8 55
Weight, kg 44+ 1.7 4.6 £ 1.5 .69
Operation duration, h 38*+1.2 40+ 1.1 38
Operation type
Repair of ASD 43 (46.2) 37 (39.8) 54
Repair of VSD 28 (30.1) 35 (37.6)
Ligation of patent ductus arteriosus 22 (22.6) 21 (22.6)
Cardiopulmonary bypass duration, h 14+03 1.5+03 .69
Respiratory failure 28 (30.1) 32(34.4) 53
Pneumonia 57 (61.3) 50 (53.8) .30
Pulmonary hypertension 68 (73.1) 64 (68.8) 52

Data are expressed as 7 (%) or mean (= SD).
BPAP = bi-level positive airway pressure
ASD = atrial septal defect

VSD = ventricular septal defect

Table 2. Primary Outcomes and Complications of the 2 Ventilation
Mode Groups

. BPAP Nasal CPAP
Variable (1= 93) (1 = 93) P

Duration of support, h 4957 = 849 4846 £7.71 .54

Extubation failure 14 (15.05) 11(11.82) .52
Total enteral feeding time, d 6.74 = 0.88  6.84 = 0.88 .59
Complications, n 17 (18.3) 16 (17.2) .85
Pneumothorax 3 2
Abdominal distention 4 3
Ventilator-associated pneumonia 3 3
ITatrogenic infection 2 1
Nasal injury 5 7

Data are expressed as 7 (%) or mean (= SD).
BPAP = bi-level positive airway pressure

pneumothorax, abdominal distention, ventilation-related
pneumonia, iatrogenic infection, and nasal injury.

Discussion

Persistent hypoxemia may occur after extubation in
patients who undergo cardiac surgery; it affects the prognosis
of patients and increases the cost of hospitalization.
Hypoxemia may be due to blood contact with foreign matter
and organ hypoperfusion during the process of cardiopulmo-
nary bypass, which leads to an increase in systemic inflam-
matory mediators and results in lung injury."*' During
pulmonary ischemia-reperfusion, infiltration by inflamma-
tory cells occurs, pulmonary interstitial exudation increases,
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and the abundance of microvilli on the surface of type II al-
veolar epithelial cells decreases. Therefore, patients are more
likely to experience complications such as alveolar collapse,
atelectasis, acute respiratory failure, and pulmonary infec-
tion.”>* At the same time, during invasive mechanical venti-
lation, alveolar mechanical ectasia and partial alveolar
structure destruction cause lung injury and airway remodel-
ing.?*® Thus, for this patient population, noninvasive respi-
ratory support is usually required after extubation.

In this study, we found that a total of 33 subjects were rein-
tubated within 48 h, which represents an incidence of 17.7%.
There was no significant difference in the extubation failure
rate between the BPAP and nasal CPAP groups. Fernandez
Lafever et al”’ noted that noninvasive respiratory support is
increasingly being used in the postoperative period of heart
surgery with a high success rate and is associated with a lower
need for invasive mechanical ventilation. CPAP was the most
common modality. Many studies have shown that as a well-
tolerated therapy noninvasive respiratory support can be
safely and successfully applied in critically ill children with
cardiac disease to prevent extubation failure.”** The inde-
pendent predictors of noninvasive support success include a
good left ventricular ejection fraction, lower Risk Adjustment
for Congenital Heart Surgery 1 (RACHS-1) score (1-3), nor-
mal heart rate and oxygen saturations demonstrated within 24
h after initiation of support and minimal organ dysfunction.*
All subjects included in this study were high-risk infants who
were only a few months of age but their RACHS-1 scores
were low, and they did not have organ dysfunction, which
may be the reason for the high success rate (82.3%) of extuba-
tion in this study.

Our study showed that in the 2 groups the P,o, and
P.o/Fio, gradually increased, and the P,co, gradually
decreased after treatment. The continuous air flow of nasal
CPAP can reduce upper airway resistance, limit thoracic de-
formation, support the natural work of breathing, maintain
alveolar functional residual capacity, prevent alveolar col-
lapse, and reduce the consumption of autologous alveolar
surfactant, thus improving alveolar ventilation and reducing
the use of exogenous pulmonary surfactant and the need for
invasive ventilation.’’** At present, nasal CPAP is still
widely used as the initial mode of respiratory support in the
clinic. BPAP not only retains the characteristics of nasal
CPAP but also combines the advantages of the pressure sup-
port/pressure control of mechanical ventilation. BPAP pro-
vides 2 different levels of pressure support during the
respiratory cycle, and patients can breathe spontaneously
and completely under high pressure and low pres-
sure, avoiding the problem of patient-ventilator asyn-
chrony.*** After 24 h of treatment, P,o /Fio, in the BPAP
group was higher than in the nasal CPAP group, whereas
P.co, in the BPAP group was lower than that in the nasal
CPAP group. The reason may be that compared with nasal
CPAP BPAP can intermittently give higher pressure
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Table 3.  Secondary Outcomes in the 2 Groups
) After treatment
Parameter Group Before treatment P P*
6h 12h 24 h

pH BPAP 7.28 £0.12 8 7.32 £0.11 7.34 =£0.12 7.37 =0.13 43
Nasal CPAP 7.30 = 0.12 7.34 = 0.12 7.38 = 0.16 742 =0.13

P.co,, mm Hg BPAP 44.75 = 5.67 .69 49.18 = 8.86 43.08 = 8.36 36.69 = 10.60 .001
Nasal CPAP 41.83 £ 7.73 53.96 = 8.85 47.57 £ 10.29 43.22 £ 7.19

P.0,, mm Hg BPAP 65.49 = 8.80 71 67.56 = 5.82 77.52 =797 90.11 = 891 32
Nasal CPAP 68.12 + 9.39 66.65 = 5.54 74.73 = 7.59 84.35 = 9.41

P.0,/Fio, BPAP 167.57 = 10.13 .58 221.33 + 56.53 233.47 * 62.07 388.78 = 60.38 .001
Nasal CPAP 170.29 = 9.30 194.85 = 48.91 237.77 * 58.69 329.31 = 51.25

Data are expressed as mean (£ SD).

*Comparison between the 2 groups before intervention.

*Comparation of the changes over time after the intervention between the 2 groups.
BPAP = bi-level positive airway pressure

support based on PEEP, which is conducive to improving
oxygenation and removing carbon dioxide. Therefore,
BPAP provides better respiratory support by both improv-
ing oxygenation and promoting CO, clearance.?>°

We found that there were no statistically significant differ-
ences between BPAP and nasal CPAP in terms of duration of
noninvasive respiratory support, hospital length of stay, and
ventilator-related complications. Zoremba et al*’ noted that
short-term use of BPAP improved lung function within 24 h.
Compared with endotracheal intubation, BPAP is more com-
fortable, has lower rates of mortality and iatrogenic infection,
and helps to avoid ventilator-related complications such as
ventilator-associated pneumonia and the need for deep seda-
tion.*®**® Other advantages include the improvement in oxy-
genation and the reduction in respiratory work, resulting in a
lower myocardial oxygen demand. Diaphragmatic paralysis
or dysfunction is common in patients who undergo cardiac
surgery, and it can also be used as an indication for the appli-
cation of BPAP.*' Tobias’ study showed a decrease in the
breathing frequency and P,co, in postoperative subjects.*”
These subjects were in a state of impending respiratory fail-
ure, and BPAP improved oxygenation, lowered carbon diox-
ide levels, and enabled patients to avoid re-intubation.

Our study has several limitations. First, subjects in this
study were limited to infants with RACHS 1-2. It may very
well be that the outcomes differ substantially for infants
with other congenital cardiac disorders and with higher
RACHS scores. Second, there was no control group to
whom, following extubation, noninvasive respiratory sup-
port was not offered. These data would have allowed us to
determine whether there is a group of patients who do not
require re-intubation even without noninvasive support
postextubation. However, our goal was to assess the fre-
quency of success for noninvasive respiratory support
rather than for all cases after cardiac surgery. At the same
time, the subjects included in our study all had high risk
factors for extubation failure. Third, the medical staff could
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not be blinded to the randomized mode of support.
Although we used objective failure criteria and manage-
ment protocols, the possibility of a bias might exist. Fourth,
although the short-term effects of noninvasive respiratory
support on ventilation were considered, the relationship
between noninvasive respiratory support and long-term
clinical outcomes was not shown. Fifth, this study is a sin-
gle-center study that involved a small sample size. We look
forward to a larger, multi-center study in the future to fur-
ther determine whether our conclusions are correct and
feasible.

Conclusions

In summary, the introduction of BPAP for postextuba-
tion respiratory support did not reduce extubation failure
rates compared with the rates of nasal CPAP. However,
BPAP was shown to be superior to nasal CPAP in improv-
ing oxygenation levels and carbon dioxide clearance.
Before the routine clinical application of this ventilation
mode, more research is needed to confirm its effectiveness
and safety.
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