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Assessment of Peak Inspiratory Flow in Young Infants with Acute Viral
Bronchiolitis: Physiological Basis for Initial Flow Setting in Patients
Supported with High-Flow Nasal Cannula

Christophe Milési, MD', Anne Requirand, GN?, Aymeric Douillard, PhD®, Julien Baleine, MD', Erika Nogué, MS?®,
Stephan Matecki, MD, PhD>*, Pascal Amedro, MD, PhD*°, Marti Pons-Odena, MD, PhD®, and Gilles Cambonie, MD, PhD""’

Objective To assess the inspiratory demand in young infants with acute viral bronchiolitis to provide a physiolog-
ical basis for initial flow setting for patients supported with high flow nasal cannula.

Study design Prospective study in 44 infants up to 6 months old with acute viral bronchiolitis, admitted to a pe-
diatric intensive care unit from November 2017 to March 2019. Airflow measurements were performed using
spirometry. The primary endpoint was the inspiratory demand as measured by peak tidal inspiratory flow (PTIF).
The secondary endpoints were the relationships determined between PTIF, patient weight, and disease severity.
Results Median (Q,5-Q7s) age and weight of the patients were 37 (20-67) days and 4.3 (3.5-5.0) kg, respectively.
Mean PTIF was 7.45 (95% CI 6.51-8.39, min-max: 2.40-16.00) L/minute. PTIF indexed to weight was 1.68 (95% CI
1.51-1.85, min-max: 0.67-3.00) L/kg/minute. PTIF was <2.5 L/kg/minute in 89% (95% CI 75-96) of infants. PTIF was
correlated with weight (p= 0 .55, P < .001) but not with markers of disease severity, including modified Woods clin-
ical asthma score, Silverman-Andersen score, respiratory rate, fraction of inspired oxygen, and PCO..
Conclusions High flow nasal cannula therapy is used commonly to support infants with acute viral bronchiolitis.
The efficiency of the device is optimal if the flow setting matches the patient’s inspiratory demand. According to our
results, a flow rate of <2.5 L/kg/minute would be appropriate in most situations. (J Pediatr 2021;231:239-45).

cute viral bronchiolitis is the most common respiratory infection in infancy and a public health concern, accounting for

the hospitalization of 2%-3% of all children younger than 12 months every year."” Although most cases respond to

supportive care only, 9%-22% of the patients with moderate to severe forms require admission to a pediatric intensive
care unit (PICU).”® Noninvasive ventilation, with nasal continuous positive airway pressure (nCPAP) or high-flow nasal can-
nula oxygen therapy (HENC), is currently used as the first-line respiratory support to reduce the risk of intubation.””

HENC has become increasingly popular in PICUs, as caregivers perceive it to be more easily set up and better tolerated than
nCPAP.” For acute viral bronchiolitis, studies have suggested promising outcomes on both physiological'”'" and clinical'>"’
grounds. However, worsening respiratory failure or severe apnea may occur despite this technique, leading to an escalation in
therapeutic measures. Failure rates vary widely, from 10% to 50% in key randomized controlled studies,”"* and are notably
dependent on population characteristics, particularly age and comorbidities, disease severity, the device allocated to the control
group, and the criteria and delay in defining failure."

HENC efficacy in cases of respiratory failure is conditioned by several mecanisms.'® Among them, matching the HENC flow
rate to the patient’s inspiratory demand and/or degree of respiratory distress is necessary to ensure consistency in oxygen de-
livery and facilitate inspiration.'” Inspiratory demand can be measured by the patient’s peak tidal inspiratory flow (PTIF). PTIF
values in infants with acute viral bronchiolitis have never been assessed. The pri-
mary objective of this physiological study was to measure PTIF values in young

infants with moderate acute viral bronchiolitis. The secondary objective was to From the "Pediatric Intensive Care Unit, Amaud de
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investigate the potential relationships between PTIF values,
patient weight, and disease severity.

This prospective observational study was conducted in an
8-bed PICU at Montpellier University Hospital Center.

Population

Allinfantsless than 6 months old and hospitalized in the PICU
were considered for inclusion, provided that the following
conditions were met: (1) clinical diagnosis of bronchiolitis
based on medical history and physical examination'®; (2)
moderate respiratory distress, defined using the modified
Woods clinical asthma score (m-WCAS)' as 2 < m-WCAS
<5; (3) respiratory support with HFNC; and (4) authorization
to perform the study signed by both parents.

Patients were ineligible if there was an indication for
immediate intubation for invasive ventilation; the subject
was already being treated with nCPAP on admission to the
PICU; and the presence of heart disease, cystic fibrosis, or
neuromuscular disorder.

Study Protocol

On admission, the nurse cleared nasopharyngeal secretions
and, according to the PICU’s protocol for patients with mod-
erate bronchiolitis, placed the nasal cannulae (Airvo 2 or Op-
tiflow, Fisher and Paykel) with a flow rate set at 2 L/kg/
minute. Fraction of inspired oxygen (FiO,) was titrated to
target SpO, between 94% and 97%.

Within 24 hours of admission and after verification of
eligibility and parental consent for study inclusion, the phys-
iologist recorded the spirometric data while blind from clin-
ical parameters. The cardiorespiratory monitor (IntelliVue
MP?70, Philips Medical Systems) was set on “Visitor” mode
to hide patient’s data from the physiologist during recording.
Heart rate (HR), respiratory rate (RR), m-WCAS, Silverman-
Andersen retraction score, FiO,, and SpO, were collected in
the hour immediately preceding the spirometric measure-
ments in patients breathing spontaneously with low oxygen
flow (<2 L/minute).

Spirometry

The patients were disconnected from the nasal cannulae at
least 5 minutes before measurement to allow them to adjust
with the new equipment and obtain a calm state. A soft trans-
parent mask adapted to each infant’s size (Ambu King Mask,
size 1) was applied gently on the face, covering the nose and
mouth. A mixture of air/oxygen was provided through a large
volume balloon and a T-piece to reach the target SpO,. The
flow rate was reduced to 2 L/minute before measurements,
with a balloon in the semifilled state (Figure 1). The
flowmeter was then calibrated with a 100-mL pump and
the same mixture of air/oxygen. Calibration was accepted if
the margin of error between the volume injected and the
volume measured was less than 5%.
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Figure 1. Tidal breathing measurements in an infant. A soft
transparent face mask (FM) enclosed the nose and mouth.
Air/oxygen mixture (2 L/minute) was provided through a large
volume balloon and a T-piece. Calibration of the pneumo-
tachometer (PTM) and a leak test were performed before
measurements.

During measurement recording, the operator visually
ensured the absence of drift in the baseline flow signal, the
absence of artifacts, and the reproducibility of loops. A
straight ruler was placed on the monitor screen showing
the instantaneous graphic representation of tidal volume
(TV) as a function of time to ensure that all of the lowest
points at each end of expiration could be linked by a virtual
horizontal line. On the flow/volume loops, the operator visu-
ally checked that all curves wrapped continuously around
themselves. A leak test to ensure the stability of the end-
expiratory level (EEL) was subsequently performed by sealing
the external orifice of the pneumotachometer with the thumb
for a brief period during expiration. EEL stability was
confirmed by variation less than 3% of the TV over 5-10 cy-
cles surrounding the manual occlusion.

In each infant, at least 10 consecutive reproducible respira-
tory cycles (ie, with a variation coefficient of the respiratory
parameters <10%) were selected and averaged for data anal-
ysis.20 Inspiratory time, expiratory time, RR, TV, and PTIF
were measured using a pneumotachometer (Jaeger Spirom-
eter, size S). The airway flow and TV signals were digitalized
and recorded at 200 Hz using a respiratory physiologic
recording program (Jaeger MasterScreen-Paed).

To answer the research question pragmatically about the
optimal flow rate setting of an HENC device for infants
with moderate acute viral bronchiolitis, PTIF values
measured as ml/s were expressed as L/minute.

Scales and Scores

The m-WCAS is a composite score comprising 5 components
(cyanosis, inspiratory breath sounds, accessory muscle use,
expiratory wheezing, and cerebral function) to assess the
severity of bronchiolitis, with a visual analog scale to

Milési et al



April 2021

standardize the scoring of accessory muscle use and
wheezing.”' The maximum score is 2 for each component
and 10 for the composite score.

The Silverman-Andersen score also has 5 components to
describe the intensity of retraction in neonates.”” The score
is computed by adding the values (0, 1, or 2) assigned to
each criterion, with 0 indicating no retraction and 10
maximal retraction.

Outcomes
The primary outcome was the spontaneous PTIF value, based
on the average of 10 consecutive measures.

Prespecified secondary outcomes were the rate of patients
with weight-indexed PTIF higher than 2 L/kg/minute and the
correlations between crude PTIF and weight, and between
PTIF (crude or indexed to weight) and the following markers
of respiratory distress severity: HR, RR, m-WCAS,
Silverman-Andersen retraction score, FiO,, and PCO,.

Tertiary outcomes (analyses of which were considered to
be hypothesis-generating) included intubation, requirement
of noninvasive ventilation, duration of respiratory support,
length of stay in the PICU, and their respective relationships
with the spirometric data. According to our protocol, nonin-
vasive ventilation was considered for infants with worsening
respiratory distress, defined by m-WCAS >5 and/or RR rise
>10 rpm."*

Statistical Analyses
Sample size calculation was based on the accuracy of weight-
indexed PTIF estimation, taking into account an expected
mean value of 2 L/kg/minute and a SD of 1. On this assump-
tion and to reach a 95% CI of 0.6 L/kg/minute, taken to be
sufficiently accurate, at least 43 children had to be recruited.
To anticipate the failure of the respiratory parameter record-
ings, this number was increased by 15% and upgraded to 50.
Categorical variables were expressed in numbers and per-
centages. For the quantitative variables, normal distribution
was assessed using the Shapiro-Wilk test. PTIF and weight-
indexed PTIF were normally distributed and were described
using means and 95% CI and extreme values (min-max). For
others continuous variables, not all were found to be nor-
mally distributed, and results were shown as medians with
IQR (Q25-Q75). Correlations between variables were esti-
mated with Pearson (r) or Spearman (p) correlation coeffi-
cients as appropriate. Comparisons between infants
requiring invasive or noninvasive ventilation (this last
defined as the use of nCPAP and/or bilevel positive airway
pressure) and infants exclusively supported with HENC
were performed using the Student ¢ test or the Mann-
Whitney test as appropriate. A P value of <.05 was considered
statistically significant. Statistical analysis was conducted us-
ing SAS Enterprise Guide 7.13 (SAS Institute).

Ethical Considerations

The study protocol was approved by the West VI Ethics
Committee (decision CPP 1020-HPS2, on the 2017/11/02).
This study was recorded on the National Library of Medicine
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registry (NCT03298217). Signed consent was obtained from
the 2 parents of all infants.

From November 2017 to March 2019, 141 infants <6 months
of age were admitted to the department for acute viral bron-
chiolitis; 63 patients were eligible. In 11 cases, admission to
the PICU occurred on a public holiday and spirometric eval-
uation was impossible within 24 hours (parents not ap-
proached). In 2 cases, the parents declined to give consent
(Figure 2). Spirometric measurements were performed in
50 patients. The data of 6 patients were not usable due to
leaks around the mask. The postnatal age and weight of the
44 patients with available spirometric measurements were
37 (20-67) days and 4.3 (3.5-5.0) kg, respectively. Sex ratio
indicated a majority of male patients (55%). Only 1 infant
was born before 37 weeks of gestation. Respiratory
syncytial virus was found in 35 patients (80%). Overall
clinical characteristics, according to the data collected
before spirometry, were consistent with a moderate form of
the disease (Table I).

Primary Endpoint

Mean PTIF was 7.45 (95% CI 6.51-8.39, min-max 2.40-
16.00) L/minute. Indexed to weight, the mean value was
1.68 (95% CI 1.51-1.85, min-max 0.67-3.00) L/kg/minute.
Weight-indexed PTIF was <1 L/kg/minute for 14% (95%
CI 6-28) of patients (6/44), 1-1.5 L/kg/minute for 27%
(95% CI 15-43) of patients (12 of 44), 1.5-2 L/kg/minute
for 30% (95% CI 17-45) of patients (13 of 44), 2-2.5 L/kg/
min for 18% (95% CI 9-33) of patients (8 of 44), and
>2.5 L/kg/min for 11% (95% CI 4-25) (5 of 44).

Secondary Endpoints

Spirometry. The other measurements recorded during
spirometry are indicated on Figure 3. A significant
correlation (p = 0.55, P < .001) was found between PTIF
and patient weight. No correlation was observed between
PTIF, whether crude or weight-indexed, and the markers of
respiratory distress severity: HR, RR, m-WCAS, Silverman-
Andersen retraction score, FiO,, PCO,, duration of overall
respiratory support, and length of stay in the PICU
(Table II; available at www.jpeds.com).

Patient Outcome. Respiratory support with HENC was pro-
vided for 3 (1.5-4) days. One infant was intubated, and 16
(36%), including the patient who was intubated, required
noninvasive ventilation for a duration of 2 (1-3) days. The
duration of overall respiratory support, including HFNC,
noninvasive ventilation, and invasive ventilation, was 3.5
(2.5-5.0) days. The weight of these 16 infants was lower than
that of the rest of the cohort (P = .02), but no other difference
was observed in clinical characteristics and spirometric values,
including PTIF (Table III; available at www.jpeds.com). The
length of stay in the PICU was 4.5 (3-6.5) days.
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141 infants <6 months
hospitalized for acute viral
bronchiolitis

Volume 231

78 ineligible:
27 with m-WCAS <2

63 eligible

48 with m-WCAS >5 or
supported by nCPAP
3 already intubated

13 not evaluated:

11 parents not approached
2 parents declined consent

50 (79%) spirometric measurements performed |

44 (70%) spirometric measurements analyzed

| Data inappropriate (leaks): 6 patients

Figure 2. Flowchart of the study population.

PTIF measurements were used to calculate a mean inspira-
tory demand at 1.68 (0.56) L/kg/minute in infants 6 months
old or less with moderate acute viral bronchiolitis. PTIF was
<2.5 L/kg/minute in nearly 90% of patients. No correlation
was found between PTIF and the markers of severity of acute
viral bronchiolitis.

Information on respiratory function remains limited
for infants in the PICU, whereas assessment of respiratory

4 N

Table I. Clinical characteristics of patients (N = 44)
Median (Q25'075)

RR (breath/min) 66 (50-78)
HR (beat/min) 154 (140-162)
Sp0, (%) 95 (92-97)
Fi0, (%) 22.5 (21-30)
m-WCAS 2.5 (2.0-3.0)
Silverman-Andersen score 2 (2-4)
pH 7.37 (7.30-7.40)
PCO, (mm Hg) 48 (43-57)

.

Data collected in patients breathing spontaneously with low oxygen flow (<2 L/min).
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mechanics at bedside may impact patient management.”
Airflow measurement at the airway opening remains the
gold standard for precise ventilatory measurements.”* Lung
function testing in infants with acute viral bronchiolitis has
mainly focused on expiratory flow, with the aim of testing
the efficacy of bronchodilators, alone or in combination
with corticosteroids.”

The effectiveness of HFNC results in part from the main-
tenance of positive pharyngeal pressure throughout the respi-
ratory cycle. This pressure, however, may be negative during
part or all of inspiration if the HFNC flow rate is lower than
the inspiratory demand.'’ Matching the patient’s inspiratory
flow rate provides for a washout of nasopharyngeal dead
space, which contributes to enhancing oxygen delivery and
reducing CO, rebreathing.”® Inspiratory demand can be
measured by the patient’s PTIF, but the data on PTIF are
scarce for young infants, especially those who are sick. In
very preterm neonates, Siew et al recorded flows reaching
50 mL/kg/second (ie, 3 L/kg/min, in the first 3 minutes of
life in the delivery room).”” In healthy neonates, Schmalisch
et al used an elegant dead space-free flow-through technique
and found 0.83 (0.2) L/kg/minute at the end of the first post-
natal week.”® The same group observed comparable values
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£ PTIF* 7.2 (4.8-10.0) L/min

£ PTIF/Kg*  1.62 (1.19-2.07) L/kg/min
TV 23 (17-29) ml
TV/kg 4.9 (4.3-6.7) ml/kg
Ti 0.33(0.28-0.40) s
Te 0.41 (0.32-0.59) s
Ti/Te* 0.83 (0.66-0.97)
Ti/Tot 0.45 (0.41-0.49)

Figure 3. Ongoing flow/volume loops recorded in a single patient. Spirometric values were averaged from 10 consecutive loops.
Values are medians with IQR (Q25-Q75) in 44 patients with acute viral bronchiolitis. *Normally distributed variables. Te, expiratory

time; Ti, inspiratory time.

during routine follow-up of ex-premature infants at a me-
dian postmenstrual age of 48 weeks (ie, approximately
2 months after a theoretical term of 41 weeks).”’ To our
knowledge, no data have been reported in infants with mod-
erate acute viral bronchiolitis, and our measures suggest that
PTIF is on average twice that of healthy infants.

A survey conducted in America, Asia, Europe, and
Australia/New Zealand revealed significant practice varia-
tions in the use of HFNC in infants and children.’” According
to the opinion of pediatric consultants in the United
Kingdom in 2019, HENC start-up flow rate in cases of acute
viral bronchiolitis ranged from 2 to 4 L/kg/minute.’’ Our re-
sults showed that 40% of patients had PTIF values of <1.5 L/
kg/minute, indicating that many may require more modest
flow rates. Randomized controlled studies have also used
wide ranges, from 1 to 3 L/kg/minute.'”’*”” Determining
an optimal flow from these studies is hazardous, especially
as they are heterogeneous for both enrolled patient character-
istics and judgment criteria. In this regard, an unambiguous
endpoint like the need for intubation has almost never been
selected, given its low occurrence. Our study provides phys-
iological justification for the flow rate required to compen-
sate for a patient’s increased inspiratory demand and for
titrating it on the patient’s weight’* because this last was
the sole determinant of the demand. In this regard, none of
the severity criteria were correlated with PTIF and, thus,
cannot guide the clinician in selecting an adequate flow
rate. During spontaneous breathing, PTIF depends primarily
on inspiratory muscle strength and respiratory resistance.
Excessive chest wall compliance, sometimes still observed at
this young age, should also be considered. In premature new-
borns, management of respiratory distress with nCPAP
seems more frequently successful in patients with stiffer chest

walls, which may help to generate higher PTIF and TV for
comparable inspiratory effort.”” These elements might
explain why PTIF was not correlated with severity markers,
each of which reflects an aspect of the disease, nor associated
with patient outcome.

This study provides the physiological basis for setting a
flow rate that matches the patient’s inspiratory flow. Accord-
ing to our results, 2.5 L/kg/minute should be adequate in
nearly 90% of situations when using HFNC to support in-
fants with moderate acute viral bronchiolitis. No clinical or
biological data made it possible to distinguish the 5 patients
with PTIF above this threshold, and their clinical course was
comparable with that of the rest of the cohort (data not
shown). In infants and young children, Weiler et al found a
dose-dependent relationship between increasing HFNC
flow rates and the reductions in the effort of breathing,
with optimal flow rates between 1.5 and 2.0 L/kg/minute.’
These data were consistent with the results of the TRAMON-
TANE 2 study, which demonstrated that the use of flow rates
above 2.0 L/kg/minute did not reduce the risk of failure,
which was in most cases associated with the worsening of res-
piratory distress.’” A higher flow might potentially generate a
higher degree of airway distending pressure, given the linear
relationship between the flow rate indexed to the patient’s
weight and the pharyngeal pressure at this value.”® Such a
strategy could be considered on a case-by-case basis in the
presence of a marked work of breathing or severe hypoxemia,
indicating a significant shunt effect.”’

This study included a limited number of patients, although
more than in previous physiological studies on this
topic.'”' %% Moreover, our data only apply to moderate
acute viral bronchiolitis (ie, the population usually treated
with HENC), and it may, therefore, be appropriate to assess
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the relationship between PTIF and severity markers in a sam-
ple that also includes severe acute viral bronchiolitis. Our
data are also limited to the initial flow setting (ie, within
24 hours of admission to a PICU) in infants spontaneously
breathing. Further studies are thus needed to assess the lon-
gitudinal course of PTIF in infants supported with HFNC.
Another limitation is the absence of a control group, which
could have been justified given the limited data on PTIF in
young infants.

Our values were obtained while the patients were breath-
ing with a facemask attached to a pneumotachometer and a
T-piece. The main issue with this measurement is the appa-
ratus dead space, which was <10 mL with the mask we
used.”* This dead space is likely to modify the breathing
pattern of newborns, especially those born prematurely,
due to CO, rebreathing. A 10%-15% increase in TV and
RR was observed in neonates if respiratory function testing
was performed with the conventional technique, as used in
our study, compared with the dead space-free flow-through
technique developed by Schmalisch et al.** TV in our popu-
lation was clearly greater than the mask’s dead space,
although we acknowledge that the PTIF reported in this study
might be slightly higher than that measured in the absence of
dead space.

This study showed that PTIF was <2.5 L/kg/minute in
nearly 90% of infants 6 months old or less with moderate
acute viral bronchiolitis. A flow rate >3 L/kg/minute, the
maximum value of PTIF in our population, should be used
cautiously. H
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Table II. Relationships between PTIF, crude or Table III. Clinical and spirometric data in infants
indexed to weight, and markers of severity of requiring IMV or NIV and infants exclusively
respiratory distress supported with HENC

PTIF P  Weight-indexed PTIF P IMV/NIV(n=16) HFNC(n=28) P
HR* 011 .47 0.26 .09 Weight, g 4010 (3304-4550) 4435 (3725-5900) .02
RR* -0.13 .38 0.14 37 Age, d 35 (21-55) 39 (18-75) .88
m-WCAS 016 .31 0.02 88 RR (breath/min) 68 (57-79) 65 (54-80) 29
Silverman-Andersen score 0.04 .83 0.04 .82 HR (beat/min) 154 (138-163) 153 (140-162) .87
Fi0, —0.05 .76 —-0.13 .39 Sp0, (%) 94.5 (92.0-97.0) 95.0 (92.5-99.0) 43
PCO,* —-0.38 .14 -0.18 .50 Fi0, (%) 21.0 (21.0-29.0) 24.5 (21.0-30.0) 74
Duration of ORS —-0.08 .59 0.02 .90 m-WCAS 2.75 (2.0-3.5) 2.50 (2.0-3.0) .68
PICU length of stay -0.13 .38 0.08 .59 Silverman-Andersen score 3 (2-5) 2(1-3) 14

\ J pH 7.39(7.37-7.39)  7.36(7.31-7.42) .74

_OHS, _overall r_espiratory support, including high flow nasal cannula, noninvasive ventilation, and PCO, (mm Hg) 50 (47-59) 47 (40-53) 24

invasive ventilation. ) . PTIF (L/min) 6.90 (5.00-9.00)  7.50 (4.35-10.65) .39

Values are Pearson* or Spearman correlation coefficients. PTIF (L/kg/min) 1.62 (1.46-2.07) 1.57 (1.16-2.07) 47

TV (mL) 22 (17-28) 23 (17-29) 29

Ti (s) 0.32 (0.28-0.42)  0.33(0.29-0.38) .68

Te (s) 0.38 (0.32-0.55) 0.43 (0.33-0.61) .14 )
"

245.e1

IMV, invasive mechanical ventilation; MABP, mean arterial blood pressure; NIV, noninvasive
ventilation; Te, expiratory time; Ti, inspiratory time.
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