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Abstract Objective: This study
evaluated the efficacy of noninvasive
continuous positive pressure (CPAP)
ventilation in infants with severe up-
per airway obstruction and compared
CPAP to bilevel positive airway
pressure (BIPAP) ventilation. Design
and setting: Prospective, randomized,
controlled study in the pulmonary
pediatric department of a university
hospital. Patients: Ten infants (me-
dian age 9.5 months, range 3—18)
with laryngomalacia (n=5), tracheo-
malacia (n=3), tracheal hypoplasia
(n=1), and Pierre Robin syndrome
(n=1) Interventions: Breathing pat-
tern and respiratory effort were
measured by esophageal and transdi-
aphragmatic pressure monitoring
during spontaneous breathing, with or
without CPAP and BIPAP ventila-
tion. Measurements and results:
Median respiratory rate decreased
from 45 breaths/min (range 24–84)
during spontaneous breathing to 29
(range 18–60) during CPAP ventila-
tion. All indices of respiratory effort
decreased significantly during CPAP
ventilation compared to unassisted

spontaneous breathing (median,
range): esophageal pressure swing
from 28 to 10 cmH2O (13–76 to
7–28), esophageal pressure time
product from 695 to 143 cmH2O/s per
minute (264–1417 to 98–469), dia-
phragmatic pressure time product
from 845 to 195 cmH2O/s per minute
(264–1417 to 159–1183) During
BIPAP ventilation a similar decrease
in respiratory effort was observed but
with patient-ventilator asynchrony in
all patients. Conclusions: This short-
term study shows that noninvasive
CPAP and BIPAP ventilation are as-
sociated with a significant and com-
parable decrease in respiratory effort
in infants with upper airway ob-
struction. However, BIPAP ventila-
tion was associated with patient-
ventilator asynchrony.
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Introduction

Upper airways obstruction due to congenital abnormali-
ties of the larynx and trachea can cause severe respiratory
distress in infancy [1, 2]. Although laryngomalacia is the
most frequent congenital abnormality of the larynx and
the most common cause of stridor in newborns and infants
[3, 4, 5], it usually resolves by the second year of life and

rarely requires specific treatment [6]. However, in up to
14% of cases the prognosis is less favorable, requiring a
supraglottoplasty or even a tracheotomy to relieve the
obstruction [2, 7].

Noninvasive positive pressure ventilation (NPPV),
which incorporates both continuous positive airway
pressure (CPAP) [8, 9] and bilevel positive airway pres-
sure (BIPAP) ventilation [10], has been recognized as an
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effective treatment of upper airway obstruction associated
with alveolar hypoventilation in children and infants with
obstructive sleep apnea [8, 9] and chronic stridor due to
laryngomalacia [10]. BIPAP ventilation has been show
efficiently to unload the respiratory muscles and improve
alveolar ventilation in young children with laryngomala-
cia [10]. CPAP delivers a continuous distending pressure
throughout the respiratory cycle, and this mode is the
cornerstone of the ventilatory support that has been suc-
cessfully used in these patients [8, 9, 11]. However, BI-
PAP ventilation, which employs both CPAP and a patient-
triggered additional positive pressure during inspiration,
is an alternative mode that has proved beneficial in adult
patients and young children [10, 12]. The rationale for
using this mode over CPAP is that it not only reduces the
upper airway obstruction due to the collapse during in-
spiration but also provides additional inspiratory pressure
support which could potentially contribute to greater un-
loading of the respiratory muscles, although this has not
been demonstrated in pediatric patients with upper airway
obstruction. The aim of the present study was therefore to
perform a physiological evaluation to assess the efficacy
of NPPV in infants and then to compare the efficacy of
CPAP and BIPAP ventilation in this age group.

Material and methods

We studied ten patients (five boys, five girls) with median age of
9.5 months (range 3–18; four under 6 months) and median weight
of 7.6 kg (range 4.6–9.8). Clinical characteristics are presented in
Table 1. Criteria for inclusion were the presence of severe upper
airway obstruction documented on a laryngotracheal endoscopy
under general anesthesia. Exclusion criteria were severe mental
retardation excluding the possibility to initiate NPPV at home,
important midfacial deformity excluding the tolerance of a nasal or
a facial mask, inability to close the mouth, and enrollment in other
investigative protocols. All the patients were naive to NPPV. All
had sleep disturbance, apnea and hypopnea, desaturation, and hy-
percapnia documented by polysomnography. Laryngomalacia was
the most common cause of upper airway obstruction, affecting 50%
of the patients. Three patients had tracheomalacia and one a tra-

cheal hypoplasia. NPPV was started in patient numbers 5 and 9
after an unsuccessful attempt to definitely remove a tracheostomy;
in these two patients the tracheostomy was not in place at the start
of NPPV. Four patients had associated disorders: trisomy 21 (n=3),
interventricular communication with surgical repair (n=1), and
bronchopulmonary dysplasia (n=1). Upper airway obstruction per-
sisted in all the infants despite tonsillectomy, endoscopic resection
of the aryepiglottic folds, and antireflux treatment using proton
pump inhibitors, and all required nutritional support by gastrostomy
because of failure to thrive. The study was approved by our insti-
tutional board and written informed consent was obtained from all
parents.

Experimental apparatus

NPPV was delivered by a home pressure support ventilator (BiPAP
Harmony or BiPAP Synchrony, Respironics, Murrysville, Calif.,
USA) through a well fitting custom-molded nasal mask with a dead
space less than 5 ml. These two ventilators were evaluated during
the study because the Synchrony is thought to have a more sensitive
trigger system than the Harmony. The assignment of the ventilator
was performed in a random order, with five patients (nos. 1, 3, 4, 7,
10) ventilated with the Harmony device and the five (nos. 2, 5, 6, 8,
9) with Synchrony. The custom-made nasal masks were molded as
the child sucked on their pacifier in order to favor simultaneous
closure of the mouth during NPPV. A commercial single-line cir-
cuit, recommended by the manufacturer, was used and was con-
nected to the nasal mask via a exhalation valve (Plateau Exhalation
Valve, Respironics). No humidification or oxygen therapy was used
during the study.

Measurements

Arterialized earlobe capillary blood gases were measured before the
study during spontaneous breathing in room air [13]. Pulse oxim-
etry (arterial oxygen saturation), respiratory rate, and heart rate
were recorded continuously (Ultracap, Nellcorr Puritan-Bennett,
Courtaboeuf, France).

Airway pressure (Paw) was measured with a differential pres-
sure transducer (MP 45 model, Validyne, Northridge, Calif., USA;
€100 cmH2O) on the mask (Fig. 1). Due to the increase in dead
space that accompanied the insertion of a pneumotachograph circuit
we were unable to measure flow. During the spontaneous breathing
(SB) period the children could not tolerate the mask alone because
of profound desaturations in all the patients, with arterial oxygen
saturation nadir values of 75%.

Table 1 Patient characteristics

Patient no. Sex Age
(months)

Weight
(kg)

Cause of upper airway obstruction
and associated diseases

Daytime PaO2
(mmHg)

Daytime PaCO2
(mmHg)

1 F 3 4.6 Pierre Robin syndrome 78 43
2 M 4 5.8 Laryngomalacia 70 45
3 M 4 4.8 Laryngomalacia, trisomy 21 61 67
4 F 6 6.5 Tracheal hypoplasia 72 43
5 F 9 6.0 Bronchial and tracheomalacia 68 48
6 F 10 9.5 Tracheomalacia trisomy 21,

interventricular communication
71 73

7 M 13 6.8 Laryngomalacia 53 53
8 M 16 8.6 Laryngomalacia trisomy 12b 79 64
9 M 17 9.5 Laryngomalacia 63 61

10 F 18 9.8 Tracheomalacia, bronchopulmonary
dysplasia

66 55

Median – 9.5 7.6 69 54



576

Esophageal (Pes) and gastric (Pga) pressures were measured
using a 2.1-mm external diameter catheter mounted pressure
transducer system with two integrated pressure transducers (Gael-
tec, Dunvegan, UK) inserted pernasally after careful local anes-
thesia (lidocaine 2%, Astra Zeneca, Rueil-Malmaison, France) [10,
14]. After calibration of the two pressure transducers using a 10-cm
water column before each study the catheter was advanced gently
until the distal tip was in the stomach and the proximal pressure
transducer in the middle portion of the esophagus. Placement of the
Pga transducer was checked by gentle manual pressure on the pa-
tient’s abdomen to observe fluctuations in Pga, which should be
absent on the Pes trace. Placement of the Pes transducer was
checked the presence of a negative deflection during inspiration.
The validity of the Pes measurement was checked by a series of two
or three “occlusion tests” as recommended by Baydur et al. [15],
showing a ratio of DPes/Dmouth pressure close to the unity. In these
infants these “occlusion tests” consisted of an occlusion of the nasal
mask at end-expiration and allowing the child to perform a spon-
taneous occluded inspiratory effort. Transdiaphragmatic pressure
(Pdi) was obtained by on line subtracting of the Pes signal from the
Pga signal. All the signals were digitized at 128 Hz and sampled for
analysis using an analogic/numeric acquisition system (MP 100,
Biopac Systems, Goletta, Calif., USA), run on a PC computer
(Elonex, Gennevilliers, France) with Acknowledge software.

Protocol

No sedation was administered. The procedure started with adjust-
ment of CPAP ventilation to optimal level, followed by adjustment
of BIPAP ventilation to optimal level. Thereafter, following a pe-
riod of stabilization of at least 15 min, respiratory pattern with no
NPPV was recorded for 5 min. Then CPAP and BIPAP ventilation
were compared in a random order, with measurement of respiratory
pattern for 5 min after a 15 min of stabilization. During CPAP the
initial pressure level was set at 4 cmH2O. The pressure was pro-
gressively increased in 1 cmH2O increments and set at a level that
was associated with the clinical disappearance of the stridor and
snoring [11] and also the greatest fall in Pes and Pdi swings [10].
BIPAP was titrated with an expiratory pressure level corresponding
to the optimal CPAP level, and an additional inspiratory pressure
support of 4, 6, and 8 cmH2O. The inspiratory pressure thus rep-
resented the sum of the CPAP and the pressure support level. The
highest pressure support level tolerated by the patient was used for
comparison with CPAP ventilation. The sensitivity of the inspira-
tory and expiratory triggers (Digital Auto-Track Sensitivity with
leak adaptation for the Synchrony) was fixed by the manufacturer
and were not adjustable. The ventilators were set in the spontaneous
mode, with no backup rate.

Data analysis

Respiratory rate and inspiratory time/total respiratory cycle time
(Ti/Ttot) were calculated from the Pes trace. Pes and Pdi swings
and the PTPes and PTPdi per breath and per minute were measured
and calculated as previously described [10, 16, 17, 18]. In brief, the
PTPes/breath was obtained by measuring the area under the Pes
signal between the onset of the inspiration, defined as the point at
which occurred the deflection on the Pes trace, and the end of the
inspiration, defined as the peak of Pdi [19], except that it was not
referred to the chest wall static recoil pressure-time relationship
because of the impossibility to obtain accurate tidal volume mea-
surements. The PTPdi/breath was obtained by measuring the area
under the Pdi signal from the onset of its positive deflection to its
return to baseline. Both PTPes and PTPdi are also expressed per
minute by multiplying the pressure-time products per breaths by the
breathing frequency (PTPes/min and PTPdi/min) [16].

The quality of the inspiratory trigger was evaluated on the
Titrigger, which is the time delay between the onset of inspiratory
effort (swing Pes) and the moment when the airway pressure ex-
ceeded the positive end expiratory pressure [20], and the Timusc,
which is the time delay between the onset of inspiratory effort and
the peak of Pdi [19]. The ratio of these two (Titrigger/Timusc) indi-
cates the importance of the trigger delay with regard to the patient’s
estimated neural inspiratory time. The respiratory effort required to
trigger the ventilator was evaluated on the esophageal (PTPestrigger)
and diaphragmatic pressure time product (PTPditrigger); this was
defined as the area of the pressures curves below baseline during
the inspiratory trigger time (Titrigger). The ratio PTPestrigger/PTPdi
were used as markers of the respiratory effort required to trigger the
ventilator with regard to the patient’s total respiratory effort. An
ineffective triggering effort was defined as a decrease in Pes greater
than 1 cmH2O, but without a subsequent increase in airway pres-
sure delivered by the ventilator [21]. Quantification of ineffective
trigger effort was expressed as a percentage of the number of
asynchronized cycles per minute divided by the total number of
patient cycles per minute [21].

After elimination of artifactual cycles corresponding to cough
and esophageal spasms, at least 20 successive breaths were used to
calculate the average values. Data are presented as median and
range. The three conditions of SB, CPAP, and BIPAP ventilation
were compared using the nonparametric Friedman test. When a
significant difference was observed, pairwise comparisons were
performed using Wilcoxon’s tests. A p value less than 0.05 was
considered statistically significant.

Results

Breathing pattern and respiratory effort
during spontaneous breathing

Breathing pattern during SB was characterized by a high
respiratory rate (median 45, range 24–84) and high Ti/
Ttot ratio (median 63%, range 35–86%). Respiratory ef-
fort was elevated, as shown by the increased Pes swings,
Pdi swings, PTPes/min, and PTPdi/min (Table 2). Despite
this increased work of breathing the patients were unable
to maintain a normal gas exchange, as demonstrated by
their low PaO2 (69 mmHg, 53–79) and high PaCO2

(54 mmHg, 43–73; Table 1). No correlation was observed
between patient age, arterial blood gases, and indices of
respiratory effort.

Fig. 1 Diagram of the circuitry and recording used in the study. A
plateau exhalation valve, which was a leak port, was inserted be-
tween the circuitry and the nasal mask. Airway pressure was
recorded on the nasal mask
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Breathing pattern and respiratory effort
during CPAP and BIPAP ventilation

All patients tolerated both NPPV sessions. Levels of
CPAP used ranged from 8 to 12 cmH2O (mean 11€2).
CPAP ventilation resulted in a significant decrease in
respiratory rate and Ti/Ttot (Table 2). In the overall group
there was an approx. 75% reduction in all indices of
respiratory effort during CPAP (Table 2). There were no
correlation between optimal level of CPAP, patient age,
cause of upper airway obstruction, or PTPes and PTPdi
values during SB.

During BIPAP ventilation the mean level of additional
inspiratory pressure support was 5€1 cmH2O (range 4–6).
An improvement in breathing pattern and respiratory ef-
fort similar to that observed during CPAP ventilation was
observed during BIPAP ventilation (Table 2). A tracing
from patient no. 6 during BIPAP ventilation is shown on
Fig. 2. Individual data of the PTPes/min and PTPdi/min of

the ten patients during SB and the two modes are pre-
sented on Fig. 3. No difference was observed between the
two ventilators, Harmony and Synchrony.

Patient-ventilator synchronization
during BIPAP ventilation

Ineffective inspiratory efforts were observed during BI-
PAP ventilation in all the patients (Table 3). A great in-
terpatient variability was observed, with the proportion of
ineffective inspiratory efforts ranging from 32% to 97%
(median 64%; Table 3). The analysis of the sensitivity of
the inspiratory trigger revealed a long trigger delay with
median DT of 300 ms, range 180–530 ms, and high me-
dian TItrigger/TImusc ratio of 65% (range 29–94%). This
highlights the importance of the respiratory effort re-
quired to trigger the ventilator with a median PTPestrigger
of 1.42 (0.36–6.25) and median PTPditrigger of

Table 2 Comparison of breath-
ing pattern and indices of res-
piratory effort during spontane-
ous breathing (SB), continuous
positive airway pressure venti-
lation (CPAP), and bilevel pos-
itive airway pressure ventilation
(BIPAP); data are given as
median and range. No signifi-
cant difference was observed
between CPAP and BIPAP us-
ing paired Wilcoxon’s tests
(Pes esophageal pressure, Pdi
transdiaphragmatic pressure,
PTPes esophageal pressure time
product, PTPdi diaphragmatic
pressure time product)

SB CPAP BIPAP

Median Range Median Range Median Range

Respiratory rate (cycles/mn) 45 24–84 29 18–60 25* 14–50
Ti/Ttot (%) 63 35–86 41* 34–60 48* 28–55
Pes swing (cmH2O) 28 13–76 10* 7–28 13* 6–33
Pdi swing (cmH2O) 30 16 �75 12* 8–32 14* 7–33
PTPes/breath (cmH2O s�1) 12 8–35 6 ** 3–18 6 ** 4–26
PTPdi/breath (cmH2O s�1) 13 6–30 7 4–24 7 3–24
PTPes/min (cmH2 s�1 min�1) 695 264–1417 143* 98–469 211* 73–588
PTPdi/min (cmH2O s�1 min�1) 845 159–1183 195* 115–434 248* 45–784

*p<0.005, **p<0.05 vs. spontaneous breathing

Fig. 2 Tracing in patient no. 6 during bilevel positive airway
pressure ventilation showing the patient ventilator asynchrony with
inspiratory efforts not followed by a positive pressure support (thin
arrows) and the continuation of the delivery of the positive airway

pressure during the patient’s expiratory phase (thick arrows). Ver-
tical dotted lines patient-ventilator asynchronized cycles. Pes
esophageal pressure; Pgas gastric pressure, Paw airway pressure;
Pdi transdiaphragmatic pressure
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0.97 cmH2O.s (0.17–7.53). Furthermore, the median res-
piratory effort necessary to trigger the ventilator was 17%
and 18% of the median PTPes/breath and PTPdi/breath,
respectively. In addition, as observed in Fig. 2, expiratory
trigger was inoperative in the majority of our patients.
The difference between the PTPes and PTPdi during
CPAP and BIPAP was not correlated with the percentage
of ineffective respiratory efforts during BIPAP mode.
Again, no difference was observed between the Harmony
and Synchrony devices.

Discussion

This physiological study demonstrates that NPPV venti-
lation improves the breathing pattern and reduces the
respiratory effort of very young infants with severe upper
airway obstruction. CPAP ventilation remains the pre-
ferred mode rather than BIPAP, as the trigger of the do-

miciliary ventilators tested in the present study (BiPAP
Harmony and BiPAP Synchrony) were insufficiently
sensitive for these young infants.

CPAP ventilation adequately decreases respiratory effort

The findings of the present study are in agreement with
those of previous studies in older children with obstruc-
tive sleep apnea demonstrating the efficacy of CPAP
ventilation [8, 9, 11]. In the current study this ventilatory
mode adequately unloaded the respiratory muscles and
improved the ventilatory pattern of infants, all of whom
were aged 18 months or under.

Fig. 3 Individual data of the
esophageal (PTPes/min) and
diaphragmatic pressure time
products (PTPdi/min) in the ten
infants during spontaneous
breathing (SB), continuous pos-
itive airway pressure (CPAP)
ventilation and bilevel positive
airway pressure (PAP) ventila-
tion

Table 3 Synchronization of the ten infants with the ventilator
during bilevel positive airway pressure ventilation. An inspiratory
effort was defined by the number of negative esophageal pressure
deflections >1 cmH2O per minute followed or not followed by the
delivery of a positive pressure by the ventilator. Ventilator cycles
per minute was defined by the number of positive pressures de-

livered by the ventilator per minute. A synchronized cycle was
defined by a positive pressure generated by the ventilator that was
preceded by a negative deflection in esophageal pressure. Quan-
tification of ineffective trigger effort was expressed as a percentage
of the number of asynchronized cycles per minute divided by the
total number of patient cycles per minute

Patient no. No. of inspiratory
efforts per minute

No. of ventilator
cycles per minute

No. of synchronized
cycles per minute

% of ineffective
respiratory efforts

1 54 39 30 44
2 26 14 8 69
3 29 21 14 52
4 31 27 21 32
5 32 22 18 44
6 21 18 6 71
7 45 27 10 78
8 27 28 11 59
9 31 9 1 97

10 17 17 4 76
Median 30 22 11 64
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The limitations of BIPAP ventilation

BIPAP ventilation has been recommended for adult pa-
tients with obstructive sleep apnea not only to reduce the
level of PEEP required but also to provide additional
unloading of the respiratory muscles during inspiration,
which could improve the efficacy and comfort of this
ventilatory mode [12, 22]. Furthermore, it has been
demonstrated that this mode is also useful in older chil-
dren with laryngomalacia [10]. Because of the findings of
these studies [10, 12, 22] and the requirement to reduce
the high inspiratory muscle load observed in infants with
upper airways obstruction we reasoned that the addition
of positive pressure support during inspiration could be
beneficial. However, in contrast to our original hypothe-
sis, we observed that the inspiratory and expiratory trigger
sensitivity of two devices tested was insufficient and re-
sulted in patient-ventilator asynchrony. The BIPAP de-
vice has a fixed inspiratory and expiratory flow-trigger,
and both bench studies and clinical studies have shown
significant differences in the trigger sensitivity and per-
formance of the various bilevel pressure devices [20, 23,
24]. The clinical impact of these ventilator characteristics
vary between patients, with a significant impact on res-
piratory effort shown in some patients [20] but not in
others [23]. These discrepancies may be explained by the
different devices tested but also by the patient’s disease.
A bench study showed that the performance of a home
bilevel pressure ventilator decreased when the respiratory
effort increased [24]. Furthermore, leaks can also affect
the quality of the trigger [25]. In a test lung comparison
Stell and coworkers [26] concluded that leaks would
cause minor increases in the inspiratory trigger delays by
slowing the decline in mask pressure.

It must be underlined that these studies were either
bench studies or clinical studies performed in adult pa-
tients. However, the respiratory effort of these adult pa-
tients is far less important than those measured in the
infants in the present study. Moreover, the breathing
pattern of these infants was also different with a higher
respiratory rate and a smaller tidal volume, which could
promote patient-ventilator asynchrony. A fundamental
characteristic of the present patient group is the existence
of severe upper airway obstruction. Changes in intratho-
racic pressure, as iniated during inspiration, could be
poorly transmitted through the obstructed airway to the
ventilatory circuit. It would thus be more logical to use a
different mechanism of triggering, in particular Pes or
Pdi, to initiate and terminate breath. A Pdi control of
airway pressure support has been recently evaluated in
healthy adults and was associated with a greater reduction
in respiratory effort than a flow triggered pressure support
[27]. The efficacy of BIPAP ventilation on the breathing
pattern and respiratory effort in this short-term physio-
logical study was probably not explained by the pressure
support unloading effect but rather by the decrease in

upper airway resistance induced by PEEP, as was simi-
larly observed under the CPAP condition. However, the
patient ventilator asynchrony observed during BIPAP
ventilation explained the greater mean respiratory effort
of the patients during this mode.

Limitations of the study

Although our study has a number of limitations, we feel
that they do not detract from the results. The first limi-
tation is that we were unable to measure airflow and thus
cannot accurately report the onset and the end of the in-
spiration. This deficiency in experimental design was due
to the increase in dead space during spontaneous breath-
ing and the occurrence of high air flows during NPPV
which disallows the measurement of the patient’s own
airflow. The absence of flow measurements could also
represent a limitation for the accurate evaluation of the
quality of the triggers but the patient-ventilator asyn-
chrony was so important (see Fig. 2) that we can rea-
sonably expect that our conclusions would have been
similar with a flow measurement.

Our study was a short-term physiological study per-
formed during daytime. It is difficult to perform mea-
surements of the work of breathing in infants during sleep
because these measurements are relatively invasive. In
addition, the Pes measuring device may interfere with
sleep parameters. We noted, however, that all the infants
fell asleep within a few minutes after the initiation of
NPPV with the appropriate CPAP level. Nevertheless,
because leaks generally increased during sleep [28], it is
improbable that the patient-ventilator asynchrony ob-
served during daytime can be improved during the night.

The tolerance of the custom-made nasal masks was
excellent in this short-term study, but one of the major
disadvantages of mask ventilation in growing individuals
is the development of facial bones malformation [29].
Systematic pediatric maxillofacial evaluation prior to the
initiation of NPPV and during follow-up is thus manda-
tory in these young children.

Although we deemed it unethical to subject these
children to repetitive invasive measures arterial blood gas
measurements during NPPV, we observed that the arterial
blood gases normalized in all the patients within 1 week
after starting NPPV.

This short term study shows that noninvasive CPAP
and BIPAP ventilation are associated with a significant
and comparable decrease in respiratory effort in infants
with severe upper airway obstruction. BIPAP ventilation,
however, was associated with patient-ventilator asyn-
chrony with the domiciliary ventilators used in the present
study. Long-term studies and the evaluation of devices
with improved trigger systems are warranted to firmly
recommend CPAP or BIPAP ventilation as the preferred
ventilatory mode of these infants.
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