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Abstract Purpose: The high flow
nasal cannula (HFNC) has recently
been proposed to support infants with
respiratory syncytial virus (RSV)-
related respiratory distress. However,
in this disease, no physiologic data
are currently available on the effects
of this device. We assessed the
capacity of HFNC to generate posi-
tive airway pressure, as well as the
resulting effects on breathing pattern
and respiratory effort. Meth-

ods: Twenty-one infants less than
6 months old with acute RSV bron-
chiolitis were studied prospectively in
the pediatric intensive care unit of a
university hospital. Pharyngeal pres-
sure (PP) and esophageal pressure
(Pes) were measured simultaneously
at four increasing flows of 1, 4, 6 and
7 L/min delivered through HFNC.
Results: The PP was correlated with
flow rate (r = 0.65, p < 0.0001),
reaching mean and end-expiratory
values of, respectively, 4 (95% CI

3-5) cmH,0 and 6.5 (95% CI

5-8) cmH,0 at 7 L/min. A

flow >2 L/kg/min was associated
with the generation of a mean pha-
ryngeal pressure >4 cmH,O with a
sensitivity of 67 %, a specificity of
96 %, a positive predictive value of
75 %, and a negative predictive value
of 94.5%. Only flows >6 L/min pro-
vided positive PP throughout the
respiratory cycle. From baseline to
maximal flow rate, breathing fre-
quency (p < 0.01), Ti/Tio (p < 0.05),
Pes swing (p < 0.05) and PTPes;,,/
min (p < 0.01), an index of respira-
tory effort, were reduced.
Conclusions: HFNC with a flow
rate equal to or above 2 L/kg/min
generated a clinically relevant PP,
with improved breathing pattern and
rapid unloading of respiratory mus-
cles, in young infants with acute RSV
bronchiolitis.
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Introduction

Respiratory syncytial virus (RSV) bronchiolitis is the
most common lower respiratory tract illness in infants [1].
Although most cases respond to supportive management
only, 2-6 % of these patients are admitted to a pediatric
intensive care unit (PICU) for evolving respiratory

distress [2]. In these serious forms of the disease,
inflammation and plugging of the airways result in severe
obstruction, with markedly increased respiratory system
resistance and air trapping [3, 4]. The consequences are
an excessive respiratory muscle load and adaptive chan-
ges in breathing pattern [4-6] likely to generate fatigue,
hypoventilation, and respiratory failure because of the



increased chest wall compliance and the immature pattern
of ventilatory muscle fiber types in early infancy [7].

Several clinical studies have suggested that continuous
positive airway pressure (CPAP) is beneficial in cases of
acute viral bronchiolitis [8—10]. Modifications in ventilation
can be observed, particularly an increase in expiratory time,
which favors passive expiration [4, 6]. However, the main
interest of this technique is that it significantly reduces the
load on the inspiratory muscles [4, 6, 11].Young infants,
however, do not always tolerate nCPAP, which is also noisy
[12] and may cause nasal trauma [13]. Heated, humidified,
high flow nasal cannulae (HFNC) have thus recently been
adopted in pediatrics, as an alternative to non-invasive
positive pressure ventilation. The data are currently very
limited and mainly restricted to the use of this device in
infants with acute viral bronchiolitis, with two retrospective
chart reviews reporting less recourse to intubation in infants
under 2 years following HFNC implementation in the PICU
[14, 15]. Furthermore, the authors were able to demonstrate
that HFNC clearly reduced respiratory and heart rates, sug-
gesting improved alveolar ventilation. Several mechanisms
have been proposed to explain how HFNC might relieve
respiratory distress, including washout of nasopharyngeal
dead space, reduction of inspiratory resistance, and optimal
conditioning of the breathing gas [16].

Studies performed mainly in neonates [17-20] and
adults [21] have shown the ability of high flow nasal
cannulae (HFNC) to generate some increase in pharyn-
geal pressure (PP). Currently, there is no physiologic data
on airway pressure generation, or work and pattern of
breathing in infants with bronchiolitis treated with HFNC.
The main objective of this study was thus to measure the
pharyngeal pressure provided by HFNC, using flows
ranging from 1 to 7 L/min, in infants less than 6 months
old hospitalized in the PICU for RSV bronchiolitis. The
secondary objective was to assess the effects of HFNC on
the clinical signs of respiratory distress, breathing pattern
and muscular respiratory effort.

Methods

This study was conducted in an eight-bed PICU at
Montpellier University Hospital Center, between
November 2011 and March 2012.

Population

All infants less than 6-month old hospitalized in the PICU
were considered for inclusion, provided that the following
conditions were met: (1) RSV bronchiolitis confirmed by
enzyme immunoassay; (2) mild respiratory distress
defined using the modified Wood’s clinical asthma score

(m-WCAS) as 1< m-WCAS <4; (3) HFNC support,
applied first or in transition from nasal continuous
positive airway pressure (nCPAP); (4) absence of
pneumothorax on chest radiograph; (5) absence of neu-
romuscular disease; (6) weekday admission during
daytime hours (Monday through Friday, 8:30 am to
6:30 pm); (7) authorization to perform the study signed
by both parents.

Management of RSV bronchiolitis

On admission, the nurse first settled the infant in the
semirecumbent (30°) position, aspirated nasopharyngeal
secretions, and started cardiorespiratory monitoring,
including pulse oximetry (SpO,) and blood pressure
measurement  (IntelliVue MP70, Philips Medical
Systems).

The nasal cannula was placed and the flow rate was set
at 1 L/min, with FiO, adjusted to reach an SpO, between
94 and 98 %. A pacifier was systematically used to limit
as much air leak as possible from the mouth [17, 22]. A
chest X-ray and capillary blood gas measurement were
performed at the end of this step. A 120 ml/kg venous
perfusion was started. Apnea despite HFNC or nCPAP
support was treated with caffeine, 20 mg/kg for the
loading dose and 5 mg/kg for daily maintenance.

High flow delivery and setting

We used a heated humidified high flow delivery system
(RT329 System with MR850 humidifier, Fisher and
Paykel, Villebon, France) connected to an oxygen therapy
nasal cannula (BC2745 and BC2755, Fisher and Paykel,
Villebon, France). The outer diameter of the nasal prong
was approximately half the diameter of the infant’s nare.
As this system was equipped with a pressure release valve
set at 45 cmH,0O (Fisher and Paykel, Villebon, France),
we first used a spirometer (Spiro+, Saime, Savigny,
France) to verify that flow downstream to the valve was
similar to that indicated on the gas source for the study
flow range.

Protocol

After placement of the esophageal pressure probe, we
observed a period of complete rest for 10 min. Once the
infant was quiet and breathing regularly, we recorded
clinical and manometric data. Baseline measurements
were made at a flow rate of 1 L/min, then flow was
arbitrarily increased to 4, 6 and 7 L/min. At each step, we
respected a stabilization period of 10 min before any
measurement.



Clinical data

The RR and m-WCAS scores were collected by an
observer who was not involved in patient care and blind
from the data of pressure measurements, performed by the
physiologist (SM).

The m-WCAS is a composite score that includes
cyanosis, inspiratory breath sounds, accessory muscle use,
expiratory wheezing, and cerebral function, with a visual
analog scale used to standardize the scoring of accessory
muscle use and wheezing. A detailed description of the
score has been reported elsewhere [6].

Pressure measurements

Pressures were measured using a 1.3 mm diameter elec-
tronic pressure transducer (Gaeltec Devices Ltd., Isle of
Skye, Scotland). Nasal insertion of the probe was per-
formed after local anesthesia with lidocaine spray and
always in the presence of the parents to comfort the
infant.

The probe comprises two pressure sensors 10 cm
apart. It was positioned with the proximal sensor in the
pharynx, i.e., 7 cm after the nostril. Continuous on-line
monitoring ensured that the distal probe remained in the
middle portion of the esophagus by showing an oscillating
signal with clear negative deflection simultaneous to
inspiration on the screen.

Pharyngeal pressure (PP) and esophageal pressure
(Pes) were recorded simultaneously (Fig. 1). The Pes
swing was calculated from the Pes trace as the maximal
variation in esophageal pressure generated by an inspi-
ration. The pressure-time product per min (PTPes;,,/
min) was calculated from the Pes recording as the area
under the pressure—time curve [23]. This area was quan-
tified by scanning the surface, using the NIH image
program, and calculated as the mean area under the Pes
signal between the onset of the inspiratory effort and the
end of inspiration (Pes dt). We then expressed PTPes;;,
per min by multiplying this averaged pressure—time
product per breath by the breathing frequency (PTPes;y/
min = Pes dt x breathing frequency). Breathing pattern,
including respiratory rate (RR), inspiratory (7;) and
expiratory (7,) time and T)/T, ratio, were also deter-
mined from the Pes traces. The T; was defined as the time
between the onset and the end of the inspiratory effort.
T Was defined as the time between two consecutives
onset of the inspiratory effort.

Data analysis
Quantitative variables were expressed as means (95 %

CI). Qualitative variables were expressed in numbers and
percentages. The qualitative variables were compared

with the y> test. Spearman’s correlation coefficient
assessed the correlations between continuous variables.
Repeated-measure analysis of variance with the Bonfe-
roni correction compared the changes in clinical and
manometric parameters over the course of the study.
Significance was set at 5 % for all tests. Statistical anal-
ysis was conducted with the SAS software package,
version 9 (SAS Institute, Cary, NC).

Ethical consideration
We obtained signed informed consent from the parents of

all infants, and the protocol was approved by the local
ethics committee.

Results

Population

From December 2011 to March 2012, 38 infants pre-
senting RSV bronchiolitis were admitted to the PICU.
Seventeen of them were not eligible: 7 were managed
during a weekend or a night, 6 had m-WCAS <1 soon
after aspiration of secretions and were discharged from
the unit within 24 h, and 4 were older than 6 months.
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Fig. 1 Simultaneous recording of the pharyngeal pressure (PP) and
the esophageal pressure (Pes) at 1 and 7 L/min in an infant. From
the Pes trace, Pes swing was measured as the maximal variation in
esophageal pressure generated by an inspiration, and pressure—time
product (PTPes;,s,) as the area under the pressure-time curve
during inspiratory effort. Inspiratory (7;), expiratory times and the
ratio of the inspiratory time to the total time of the breathing cycle
(Ti/Tio) were also determined from the Pes traces (see “Methods”
for details). The maximal flow, delivered by the nasal cannula,
resulted in positive PP values during both inspiration and expiration
and a dramatic decrease in Pes swings



Overview of included patients

The 21 included patients were 1.5 (95 % CI 0.75-2.19)
months old [range 0.5-6], and weighed 4.3 (95 % CI
3.6-4.9) kg [range 2.6-7.3].

One infant had been born prematurely at 35 weeks
gestational age, and another term neonate had a birth
weight <2 SD below the mean for gestational age. No
patient had chronic lung disease, congenital cardiac dis-
ease or respiratory malformation.

It was the first episode of RSV bronchiolitis for all these
infants. Three of them had received a nebulized B-adren-
ergic agent, and three others a corticosteroid treatment.
These treatments were stopped on arrival at the pediatric
emergency department, i.e., more than 24 h before enroll-
ment, and were not administered during the study period.

Nine infants had been treated with caffeine for
recurrent apnea, and antibiotics had been initiated in ten
of them during the study.

Baseline respiratory features

Ininfants placed on 1 L/min, the mean baseline values were
as follows: m-WCAS:2.3(95 % CI1.9-2.7),RR: 81 (95 %
CI 73-88) breaths/min, T;/T,: 0.44 (95 % CI 0.38-0.48),
FiO,: 0.23 (95 % CI 0.21-0.26), SpO,: 96 (95 % CI
95-97), and PCO,: 52 (95 % CI 46-58) torr. PTPes;, ,/min
was 546 (95 % CI 395-696) cm H,O/s/min.

PP generated by HFNC

The mean PP increased from 0.2 (95 % CI —0.2 £ 0.7)
cmH>0 at 1 L/min to 4 (95 % CI 3-5) cmH,O at maximal
flow (p = 0.0001). Mean PP and flow were correlated
(R = 0.65, p < 0.0001), but only flows >6 L/min gen-
erated increases in PP resulting in positive pressure values
during both inspiration and expiration. At each flow,
expiratory PP was positive (Fig. 2). A correlation was
observed between the weight-indexed flow rate (L/Kg/
min) and the generated PP (R = 0.77, p < 0.001). A
flow >2L/kg/min was associated with the generation of a
mean pharyngeal pressure >4 cmH,O with a sensitivity
of 67 %, a specificity of 96 %, a positive predictive value
of 75 %, and a negative predictive value of 94.5 %. The
interindividual coefficient of variation of mean PP
decreased from 77 % at 4 L/min to nearly 50 % at
6 L/min and maximal flow rate.

Effects of increasing nasal cannula flow rate
on respiratory distress (Fig. 3a, b)

Increasing the flow from 1 to 7 L/min resulted in signif-
icant reductions of RR (p = 0.007) and m-WCAS

(» = 0.0096). No change was observed for oxygen
requirements (p = 0.28) or SpO, (p = 0.28).

Effects of increasing nasal cannula flow rate on breathing
pattern and respiratory effort (Fig. 3c, d)

Compared with 1 L/min, Tj/T,, was lower (p = 0.02),
Pes swing decreased (p = 0.04), and PTPes;,,,/min
(p = 0.007) was also reduced at maximal flow rate. The
decreases in Pes and PTP were correlated with an increase
in PP (R = 0.38, p = 0.0097 and R = 0.418, p = 0.0038,
respectively).

Patient outcomes

On average, HFNC was maintained for 62 (95 % CI
39-85) h, 96 (95 % CI 22-170) h for those placed directly
on the cannula and 52 (95 % CI 36-70) h for those who
transitioned to HFNC from nCPAP; p = 0.26.

No infant placed under HFNC presented complica-
tions, particularly air leak syndrome, and none required
backup treatment with nCPAP or intubation. The hospital
stay was 4.5 (95 % CI 3.6-5.3) days.

Discussion

In young infants with RVS bronchiolitis, use of a nasal
cannula with a flow rate of 7 L/min was able to generate
positive mean PP throughout the respiratory cycle. This
increase resulted in an approximately 50 % reduction in
respiratory effort and rapid improvement in the moderate
respiratory distress of these patients.
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Fig. 2 Maximum (Max) and minimum (Min) pharyngeal pressure
(PP) amplitude generated by the high flow nasal cannula (HFNC),
using flows ranging from 1 to 7 L/min. *p < 0.05, **p < 0.01 vs
1 L/min
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What this study adds

In acute viral bronchiolitis, the predominant mechanism
to rapidly alleviate the dramatic increase in work of
breathing is to supply a degree of positive airway pressure
[6, 11]. Spentzas et al. [24] first measured PP in a het-
erogeneous population of neonates and children with
nonspecific respiratory distress, following application of
flows eight to ten times the normal min ventilation,
through a nasal cannula. As RSV bronchiolitis is the
leading cause of respiratory distress in young infants and
the use of HFNC is increasing for this disease, we
believed it would be important to determine the actual PP
achieved with this device and its consequences on
breathing pattern and respiratory effort in this context.
The correlation between weight-indexed flow rate and the
generated PP may help clinicians on how to titrate flow in
a patient. The correlations were weaker with breathing
pattern and respiratory muscle effort, but this study
allowed us to determine the optimal flow required to
reach the target PP, i.e., associated with an improved
clinical status that could objectively be attributed to the
reduction in respiratory work. The findings from this
physiologic study may guide the formulation of hypoth-
eses for future randomized control studies focused on
clinical outcomes like intubation rate, length of stay, and
safety.

Air leak control: the cornerstone of HNFC efficacy

The PP is greatly affected by air leaks that occur around
the nasal cannula and by mouth [16-22]. Two strategies

Flow (L/min)

were deployed to minimize them. The first was to keep
the mouth closed with a pacifier. The second was the use
of nasal prongs of sufficient diameter, i.e., at least half the
diameter of the infant’s nare. As we had only two prong
sizes at our disposal, we speculate that nasal air leaks
were the main reason for the large interindividual varia-
tions in PP. However, the main difficulty of using HFNC
is not obtaining a positive mean PP, but rather keeping the
pressure positive throughout the respiratory cycle. With a
fixed flow, HFNC generates a variable PP that can remain
negative through part or all of inspiration if the HFNC
flow is lower than the patient’s inspiratory demand. Such
a flow is particularly difficult to determine in children
under 3 years [25]. Whereas the mean PP was positive
from 4 L/min, 6 L/min was necessary to also obtain
positive PP during inspiration, thus switching the venti-
latory support feature from spontaneous ventilation with
positive end-expiratory pressure (SV-PEEP) to sponta-
neous ventilation with continuous positive airway
pressure (SV-CPAP). On the other hand, we found no
correlation between PP and weight. The constitution of a
homogeneous population, with limited age and weight
ranges, and the adaptation of the nasal prong size to the
patient’s anatomy, probably explain why we did not
confirm the inverse relationship between PP and weight
reported previously [17, 24].

HFNC in acute viral bronchiolitis: how does it work?
In our patients, HFNC immediately resulted in increased

expiratory time and decreased inspiratory work, suggest-
ing that this support may offset the patient’s inspiratory



effort to overcome PEEPi. Overpowering PEEPi, and
thereby decreasing the dynamic collapse of the very
compliant airways at this young age, could be the main
benefit of HFNC, since we constantly measured positive
PP during expiration, whatever the flow rate. Precise
measurement of PEEPi was not performed in this study
because it requires airflow monitoring with face-mask
pneumotachography, which in our experience is poorly
tolerated in this clinical situation.

Limitations

Our empiric protocol for RSV bronchiolitis management
led us to investigate some infants treated primarily with
HENC and others after nCPAP. The results were com-
parable in these two subgroups, although they may have
represented different phases or severity in the disease. As
in previous studies on this topic [19-21], we used a
progressive increase in flow rate because this design is
easier to carry out at bedside. Randomizing the flow rate
sequence might have been more rigorous to control for
detection bias.

Other limitations were the small sample size and the
physiologic nature of the main criteria for evaluation.
Pharyngeal and esophageal pressures were recorded using
a nasal probe, because the infant’s tolerance during
insertion was better than with an oral probe, which we
initially tried and rapidly abandoned. Partial obstruction
of the upper airways with a nasal probe may compromise

respiratory function and, more precisely, increase airway
resistance [26]. Consequently, our measurements mainly
illustrated the improvement in respiratory effort following
HFNC, rather than providing data on the actual work of
breathing in infants with RSV-related mild respiratory
distress. The probe was also kept in place for a short
period, for only the time needed to determine the optimal
flow rate for each child. However, Shibler et al. demon-
strated that HFNC-related changes, such as a decrease in
the respiratory rate, occurred very early and remained
stable thereafter [15].

Several high flow delivery systems are available.
Between devices, differences in nasal cannula and the
presence of a pressure release valve may theoretically
affect airway pressure generation [27]. Ours was equipped
with a valve that limited the flow rate to 7 L/min. It would
be interesting to use other devices to assess the ability to
generate higher degrees of positive pressure, which might
be more effective in severe forms of the disease [4].

Conclusion

HENC with a flow rate equal to or above 2 L/kg/min
generated a clinically relevant PP, ie., a mean
PP > 4 cmH,0O, with improved breathing pattern and
rapid unloading of respiratory muscle in young infants
with acute RSV bronchiolitis.
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