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BACKGROUND: This study assessed the effects of a new interface that combined CPAP 10 cm H,O
by using a helmet with high-flow nasal cannula (HFNC) at varying flows in healthy volunteers.
Outcome measures included pharyngeal pressures, diaphragm Kkinetics, breathing frequency, the
temperature inside the helmet, and comfort. METHODS: After baseline assessment during spon-
taneous breathing, HFNC was applied at flows of 30, 40, and 50 L/min. Successively, the volunteers
underwent helmet CPAP at 10 cm H,0 and CPAP + HFNC at flows of 30, 40, and 50 L/min. We
measured the variations of pharyngeal pressures at end-expiration and end-inspiration, referenced
to spontaneous breathing for HFNC and to CPAP for CPAP + HFNC, diaphragm displacement
and thickness at end-expiration and thickness at end-inspiration, breathing frequency, the temper-
ature inside the helmet, the occurrence of the fog effect, and comfort. RESULTS: Variations of
pharyngeal pressures at end-inspiration changes were small overall and clinically unimportant.
With the mouth closed, at increasing HFNC flow, variations of pharyngeal pressures at end-
expiration increased during both HFNC (from 2.8 up to 7.7) and, to a lesser extent, CPAP + HFNC
(from 2.7 up to 3.8) (P < .001 for all comparisons). These variations were attenuated during
open-mouth breathing. HFNC = 40 L/min and CPAP + HFNC = 40 L/min compared with
spontaneous breathing and CPAP, respectively, increased diaphragm displacement (P = .001),
thickness at end-inspiration and thickness at end-expiration (P < .003 for both). At all flows,
breathing frequency was slightly, although significantly, lower with CPAP + HFNC than with
HFNC alone (P < .003). The temperature inside the helmet increased slightly and insignificantly at
flows of =40 L/min with CPAP + HFNC compared with CPAP alone. The fog effect never oc-
curred, whereas comfort was always rated as optimal, without differences between trials.
CONCLUSIONS: CPAP + HFNC was well tolerated, with no adverse effects. Based on our find-
ings, there was no need to vary the CPAP level when adding HFNC. At least in healthy subjects,
CPAP + HFNC at 30 L/min seemed to be the best combination. Key words: continuous positive
airway pressure; high-flow nasal cannula; pharyngeal pressure; diaphragm contractility; diaphragm
ultrasound; comfort; breathing pattern, healthy volunteers. [Respir Care2019;64(10):1231-1239. © 2019
Daedalus Enterprises]

Introduction

The primary supportive treatment in patients who are
hypoxemic is oxygen therapy, which is commonly deliv-
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ered by using nasal prongs or masks. New devices have
recently been made available to deliver oxygen via high-
flow nasal cannula (HFNC). HFNC delivers heated and
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humidified gas up to 60 L/min, with an F, that ranges
from 0.21 to 1.0 via a wide-bore soft nasal prong. Warm-
ing and humidification of the inspired gas prevent the
adverse effects of cool dry gases on the airway epithelium
and facilitate expectoration. HFNC also washes out ex-
haled CO, from the pharyngeal dead space.! HFNC has
been shown to be an effective means to deliver oxygen
therapy in many clinical conditions.

In healthy patients during spontaneous unassisted
breathing, end-expiratory pharyngeal pressure is ~0.3 and
0.8 cm H,O with opened and closed mouth, respectively.?
Compared with unassisted spontaneous breathing, HFNC
generates greater pharyngeal pressure during expiration,
whereas, in the course of inspiration, it drops to zero,!
which limits the effectiveness of HFNC in patients with
lung edema and/or collapse. By recruiting atelectatic re-
gions,? reducing venous admixture,* and decreasing the
inspiratory effort,> CPAP is likely more effective in these
instances.® Compared with noninvasive ventilation by ap-
plication of inspiratory pressure support, CPAP offers sev-
eral advantages, which include ease of use and lack of
patient-ventilator asynchrony.”-!!

CPAP may be applied either through a mask or a hel-
met. The latter is better tolerated than face masks and
allows more continuous CPAP application.!?'3 When ap-
plying CPAP by using a helmet, however, heating and
humidification of the inhaled gas is problematic because
of condensation of water inside the interface, the so-called
fog effect.'* Moreover, in patients who receive CPAP via
helmet, some rebreathing occurs.!> To overcome these lim-
itations and combine the beneficial effects of HFNC and
CPAP, we designed a new device that combines HFNC
and helmet CPAP (patent in progress, European Patent
application number EP20170199831).

Recently, Mauriusb et al'® found this combination ca-
pable of providing stable CPAP and effective CO, wash-
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Current knowledge

Devices that deliver heated and humidified gas via high-
flow nasal cannula (HFNC) at up to 60 L/min have
been shown to be an effective means to deliver oxygen
therapy in many clinical conditions. As opposed to
HFENC, CPAP provides positive airway pressure
throughout the entire respiratory cycle by recruiting
atelectatic regions, reducing venous admixture, and de-
creasing inspiratory effort.

What this paper contributes to our knowledge

Pharyngeal pressure changes were small overall and not
clinically relevant during the combination of
HENC + CPAP. CPAP + HFNC was well tolerated
overall, did not significantly alter the temperature in-
side the helmet, and did not cause any fog effect in
comparison with CPAP only. HENC at a flow of 30
L/min with CPAP 10 cm H,O seemed to be the best
combination in healthy volunteers.

out from the upper airways with negligible CO, rebreath-
ing. Nonetheless, because of the complex interplay between
CPAP and HFNC, the amount of truly applied airway
pressure, diaphragm function, and temperature inside the
helmet might be affected to some extent. We, therefore,
designed this study to assess, in healthy volunteers, the
effect of adding HFNC at varying flows to helmet CPAP
set at 10 cm H,O.

Methods

The study was conducted from December 2017 to Feb-
ruary 2018 in the IICU of the “Mater Domini” University
Hospital, Catanzaro, Italy. The study was approved by the
local ethics committee “Comitato Etico Sezione Area Cen-
tro—Regione Calabria” (protocol 178/2017) on July 20,
2017. Written informed consent was obtained from the
volunteers for publication of their individual details and
accompanying images in this manuscript. The trial has
been prospectively registered at the Australian New Zea-
land Clinical Trials Registry (www.anzctr.org.au; trial ID
ACTRNI12617001526369). The authors will share all of
the individual participant data collected during the trial
after de-identification to researchers who provide a meth-
odologically sound proposal.

Subjects and Study Protocol

We enrolled 14 healthy adult medical students (7 males
and 7 females) naive to mechanical ventilation, with no

RESPIRATORY CARE ® OCTOBER 2019 VoL 64 No 10



EVALUATION OF A COMBINED NONINVASIVE INTERFACE

Fig. 1. A subject demonstrating the experimental setup of helmet
CPAP + high-flow nasal cannula.

history of ear-nose-throat surgery or epistaxis in the pre-
vious 12 months. None of the volunteers either coauthored
the study or was aware of the study purposes. The subjects
maintained the semi-recumbent position throughout the
whole study period. After anesthetizing the nostrils and
pharynx with topical sprayed lidocaine, a dedicated ma-
nometry catheter with multiple side holes and occluded tip
(BioEngineering Laboratories, Cantu, Italy) was positioned
via the nose into the oropharynx, just below the uvula,
under headlight visual inspection. The catheter was then
connected to a calibrated pressure transducer (FluxMed
GrE, MBMed, Buenos Aires, Argentina). The experimen-
tal setup during CPAP + HFNC in one representative
subject is depicted in Figure 1. Data were displayed online
throughout the study protocol for visual determination of
the quality of the signal (FluxView, MBMed) and stored in
a laptop computer for subsequent analysis (FluxReview,
MBMed). At the end of each trial, and whenever neces-
sary, the catheter was flushed with air injected through a
10-mL syringe.

After baseline assessment during spontaneous breathing
on room air, HFNC was applied by means of a dedicated
device (AIRVO2, Fisher & Paykel Healthcare, Auckland,
New Zealand) at 31°C; FIOZ 0.21; and flows of
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30, 40, 50, and 60 L/min. Successively, the volunteers
underwent CPAP, delivered through a helmet (Castar Next,
Intersurgical, Mirandola, Italy), with an adjustable PEEP
valve (2.5-20 cm H,O) set at 10 cm H,O (Intersurgical).
The helmet was connected to a turbine-driven ventilator
(Monnal T60, Air Liquide Medical Systems, Antony,
France) set to deliver room air at a continuous flow of
60 L/min. CPAP and HFNC were then combined by using
with the same aforementioned settings. However, because
it was not possible to achieve 60 L/min through the nasal
prongs, we limited our investigation to 30, 40, and 50
L/min. In all experimental conditions, the measurements
were performed after 15 min to allow the subjects to be-
come acquainted with the experimental equipment.

Data Acquisition and Analysis

We acquired pharyngeal pressures with the mouth
either opened or closed, and recorded the last minute of
each trial for off-line analysis. From the recorded trac-
ings, we determined pharyngeal pressures at end-expi-
ration and end-inspiration, and breathing frequency. We,
therefore, computed the variations of pharyngeal pres-
sures at end-expiration and at end-inspiration, as refer-
enced to spontaneous breathing for HFNC and to CPAP
for CPAP + HFNC trials.

At the end of each trial, 2 investigators (GC and CP)
unaware of the study aims independently performed bed-
side sonographic evaluation of the right hemi-diaphragm,
as previously described.!?-'8 The probe placement site was
marked by the first observer (GC).!® Briefly, we measured
diaphragm displacement through a 3.5-5 MHz phased-
array probe, placed immediately below the costal margin
in the mid clavicular line and directed medially, cephalad,
and dorsally, so that the ultrasound beam reached perpen-
dicularly across the posterior third of the hemi-diaphragm.
The M-mode was used to display the motion of the ana-
tomic structures along the selected line and to assess the
diaphragm displacement. To assess diaphragm thickness,
we placed a linear 13-MHz probe at the 9th to 10th inter-
costal space, close to the mid axillary line, to identify the
apposition zone of the diaphragm. Diaphragmatic thick-
ness was determined in the M-mode at end-expiration and
peak inspiration (thickness at end-inspiration) as the dis-
tance between the diaphragmatic pleura and the perito-
neum.'7-18 At every protocol step, each investigator inde-
pendently performed and recorded 3 sets of measurements.
The 6 measurements were then averaged.

To ascertain whether incremental flow of humidified air
would increase the temperature inside the helmet, we as-
sessed room temperature by positioning a precision probe
thermometer at 4—5 cm from the subject’s cheek, as ref-
erence during spontaneous breathing and HFNC, and in-
side the helmet during CPAP and CPAP + HFNC. We
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also assessed the occurrence of the fog effect by means of
an arbitrary scale (0, no fog at all; 1, presence of vapor,
2, water drops), evaluated by two observers (GC and CP)
blind to the study aim. Finally, an 11-point numeric rating
scale, including numbers and descriptors, was used to as-
sess the subject’s comfort, as previously reported.!!-1* Af-
ter an explanation of the rating scale before study protocol
initiation, each subject was asked to score his or her com-
fort by indicating a number between 0 (worst possible
comfort) and 10 (best possible comfort). The obtained
scores were recorded without any additional indications or
comments.!1-19

Statistical Analysis

Because no proper sample-size calculation was pos-
sible due to the lack of previously published data, we
arbitrarily considered 14 subjects sufficient for our pur-
poses. However, we conducted a post hoc paired ¢ test
power analysis. Given a mean difference between CPAP
and CPAP + HFNC of 30 L/min in variations in pha-
ryngeal pressures at end-expiration at opened mouth of
1.1 cm H,0, a standard deviation difference of 0.6 and
a a-error of 0.05, and, when considering our total sam-
ple size (N = 14), we had an actual power equal to 1 for
this variable in its most conservative condition.

To evaluate the consistency of sonographic assessments
by different investigators, we used the interclass correla-
tion coefficient. Data are presented as median (25-75%
interquartile range). The analysis of variance on ranks for
repeated measures (Friedman test) was used to compare
continuous variables. Pairwise multiple comparisons were
conducted with the Wilcoxon rank-sum test, with ad-
justing the threshold for statistical significance by means
of Bonferroni correction for multiple comparisons. In
particular, we compared the following: (1) HFNC ver-
sus spontaneous breathing, (2) CPAP + HFNC versus
CPAP, (3) CPAP versus spontaneous breathing, and (4)
CPAP + HFNC versus HFNC at the same flow. We
applied the Bonferroni correction for multiple compar-
isons to guarantee a type-1 error probability of 0.05
over all tests performed on each response variable. Be-
cause 10 different tests were conducted for each vari-
able, P < .005 was considered significant.

Results

The mean = SD age of participants was 24.5 * 1.6y,
weight was 61 = 11 kg, height 172 = 10 cm, whereas the
body mass index was 21.3 * 1.8 kg/m?. No subject asked
to discontinue the study protocol.

1234

Airway (Pharyngeal) Pressure

Depicted in Figure 2 are all the conditions under eval-
uation, variation of variations of pharyngeal pressures at
end-inspiration and at end-expiration in the upper and lower
panels, respectively, while breathing with opened (left pan-
els) and closed (right panels) mouth. Detailed data are
reported in online supplementary materials (see the sup-
plementary materials at http://www.rcjournal.com). Over-
all, compared with HFNC, CPAP + HFNC was charac-
terized by lower variations of pharyngeal pressures at
end-inspiration and at end-expiration at corresponding flow.
Both variations of pharyngeal pressures at end-inspiration
and pharyngeal pressures at end-expiration significantly
increased with HFNC and CPAP + HFNC compared with
spontaneous breathing and CPAP, respectively. However,
the changes observed for variation of pharyngeal pressures
at end-inspiration were overall small, and achieved their
maximum at 50 L/min with the mouth closed (1.1 [1.0-
1.2] cm H,O and 0.4 [0.3-0.9] cm H,O, with HFNC and
CPAP + HFNC, respectively). The variation of pharyn-
geal pressures at end-expiration was definitely higher dur-
ing both HFNC (from 2.8 up to 7.7 cm H,0) and
CPAP + HENC (from 2.7 up to 3.8 cm H,O) while breath-
ing with a closed mouth. Such variations were less rele-
vant during opened mouth breathing (from 0.9 up
to 2.3 cm H,O and from 1.1 up to 1.9 cm H,0, for HFNC
and CPAP + HFNC, respectively).

Diaphragm Ultrasound and Breathing Frequency

The interclass correlation coefficients were 0.98,
95% CI 0.97-0.99 for both diaphragm displacement and
thickness at end-inspiration assessments, and were 0.96,
95% CI 0.95-0.97 for thickness at end-expiration. As dis-
played in Table 1, compared with spontaneous breathing,
both HFNC and CPAP + HFNC significantly increased
diaphragm displacement at flow = 40 L/min (P = .001 for
all comparisons). In addition, CPAP and CPAP + HFNC
30 L/min were characterized by higher diaphragm dis-
placement when compared with spontaneous breathing
(P = .001) and HFNC 30 L/min (P < .001), respec-
tively. Compared with spontaneous breathing, both thick-
ness at end-inspiration and thickness at end-expiration
significantly increased during HFNC 40 L/min and
HFNC 50 L/min. Compared with CPAP, CPAP + HFNC
40 L/min significantly augmented both thickness at end-
inspiration and thickness at end-expiration, with CPAP +
HFNC 50 L/min only thickness at end-inspiration. Further-
more, thickness at end-inspiration was significantly higher
during CPAP (compared with spontaneous breathing) and
CPAP + HFNC 30 L/min (compared with HFNC 30
L/min); no significant differences in thickness at end-ex-
piration were observed between CPAP and spontaneous
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Fig. 2. Median variations of pharyngeal pressures at end-inspiration (A and B) and end-expiration (C and D) while breathing with the mouth
opened (A and C) and the mouth closed (B and D) for all conditions under evaluation. Boxes indicate 25th and 75th percentiles, horizontal
lines show the median, and whiskers represent the 10th and 90th percentile. *P < .005 compared with spontaneous breathing. TP < .005
compared with CPAP; $P < .005 between HFNC and CPAP + HFNC at the same flow. SB = spontaneous breathing, HFNC = high-flow

nasal cannula, phar;,s, = pharyngeal end-inspiration, phar,,, = pharyngeal end-expiration.

breathing, and between CPAP + HFNC and HFNC at the
same flow.

Also shown in Table 1, breathing frequency was slightly,
although significantly, lower with CPAP compared with
spontaneous breathing and CPAP + HENC as opposed to
HENC at the corresponding flow. Compared with sponta-
neous breathing, HFNC flow = 40 L/min decreased breath-
ing frequency, whereas, compared with CPAP, only
CPAP + HENC 50 L/min significantly decreased breath-
ing frequency.

Temperature, Comfort, and Fog Effect

The median (interquartile range) temperature assessed
inside the interface during CPAP (27 [27-28] °C),
CPAP + HFNC 30 L/min (28 [27-28] °C),
CPAP + HFNC 40 L/min (28 [28-29] °C),
and CPAP + HFNC 50 L/min (29 [28-30] °C) were all
significantly higher compared with room temperature (24
[23-25] °C) (P < .001 for all comparisons). The addition
of heated humidified flow through the nasal cannula
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slightly, although significantly, increased the temperature
only at CPAP + HFNC 50 L/min compared with CPAP
(P = .004).

Despite the increased temperature that occurred during
CPAP and CPAP + HENC, all the subjects reported op-
timal comfort during all the tested conditions. In particu-
lar, the numeric rating scale was only slightly, although
significantly, reduced during HFNC 50 L/min compared
with spontaneous breathing (P = .003). No differences
were reported between (1) CPAP and CPAP + HFNC at
all flows, (2) CPAP and spontaneous breathing, and (3)
CPAP +HFNC and HENC at the same flow (Table 1). No
subject reported discomfort related to excessive air tem-
perature, whereas the fog effect was scored as 0 (0-0) in
all conditions (not displayed in Table 1).

Discussion
In healthy volunteers unaware of the study purposes, we

found that adding HFNC to CPAP (compared to CPAP)
(1) did not importantly alter either the preset airway pres-
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sure during inspiration or the temperature inside the hel-
met, (2) increased expiratory airway pressure proportion-
ally to the flow administered by HFNC but to a lower
extent than HFNC alone (as compared to spontaneous
breathing), (3) produced only slight modifications of thick-
ness at end-inspiration and thickness at end-expiration com-
pared with CPAP alone, (4) did not cause the fog effect,
and (5) did not worsen comfort.

In patients with acute hypoxemic respiratory failure due
to pulmonary consolidation of different etiologies, CPAP
increases end-expiratory lung volume by promoting alve-
olar recruitment, !5 reduces venous admixture* and the work
of breathing,> and improves oxygenation faster and in a
greater proportion of patients as opposed to standard ox-
ygen therapy.2?2! However, poor mask fitting, pressure
sores, and air leaks may cause discomfort and limit con-
tinuous and prolonged delivery of CPAP via a mask. The
helmet eliminates these drawbacks, while guaranteeing op-
timal CPAP application.'?!> However, adequate condition-
ing of the inspired gas is problematic during CPAP via a
helmet,'# which may represent a major problem in patients
with copious secretions.

Mauri et al'® recently investigated the combination of
3,5, and 8 cm H,O and HFNC set at 50 L/min in healthy
volunteers. They measured the mean airway pressure within
the CPAP + HFNC system and found that it closely
corresponded to the set PEEP level with small airway
pressure oscillations during the respiratory cycle.!¢ Fur-
thermore, they found that the inspiratory CO, pressure
measured at the hypopharynx was significantly higher
with the helmet alone as opposed to both HFNC and
CPAP + HFNC.'¢ Finally, compared with CPAP alone,
CPAP + HFNC decreased breathing frequency, which
was predominantly attributed to upper-airway washout
reduced CO, rebreathing.!¢

Our results corroborated and enhanced the notion that
this approach was feasible, well tolerated, and with no
adverse effects. In keeping with Mauri et al,'® compared
with CPAP alone, we found that adding HFNC to helmet
CPAP reduced breathing frequency. Also, combining hel-
met and HFNC did not worsen subject comfort compared
with both CPAP and HFNC alone. In addition, we showed
that, irrespective of HFNC flow, the fog effect never oc-
curred.'* We also measured the temperature inside the
helmet in all experimental conditions because previous
work conducted on 28 healthy subjects during helmet CPAP
showed that increasing temperature worsens comfort.??

Nevertheless, it remained fundamental to determine
whether and to what extent the interplay between CPAP
and HFNC would alter the amount of pressure applied by
CPAP. We reasoned that measuring pressure within the
helmet would not provide sufficient data to answer these
crucial questions and, therefore, chose to measure airway
pressure within the pharynx in all experimental conditions.

RESPIRATORY CARE ® OCTOBER 2019 VoL 64 No 10

HENC + CPAP increased expiratory airway pressure pro-
portionally to the flow administered but to a lower extent
than HFENC alone. These differences were less notable
when the subjects breathed with an opened mouth, as gen-
erally happens in patients with respiratory distress and
dyspnea. More important, regardless of mouth aperture
and HENC flow, airway pressure was unaffected during
inspiration.

We also investigated diaphragm kinetics by ultrasound. In
healthy individuals, CPAP induces hyperinflation, which af-
fects the length of diaphragm fibers and muscle kinetics.?3-2>
In keeping with the results of a previous study,?* we observed
increments of 25% and 45% for thickness at end-expiration
and thickness at end-inspiration, respectively, after applica-
tion of CPAP 10 cm H,O. Further increments of both thick-
ness at end-expiration and thickness at end-inspiration
compared with CPAP were observed with CPAP + HFNC
40 L/min and 50 L/min, although not 30 L/min.

Overall, the 30 L/min flow through the nasal cannula
during CPAP + HFNC did not produce major and clini-
cally relevant modifications of the pharyngeal pressure
compared with CPAP alone. Moreover, this flow was well
tolerated, without altering the temperature inside the hel-
met or producing a fog effect. Noteworthy, in a population
of subjects with hypoxemic acute respiratory failure, most
of the effects of HFNC on respiratory effort and upper
airways washout were already obtained at 30 L/min.?®
Nonetheless, we could not exclude the possibility that
higher flows may provide better results in patients who are
acutely ill; further studies are necessary to evaluate this
device in various patient populations.

Our study had some limitations that deserve discussion.
First, for the purpose of assessing feasibility, we conducted
our investigation on healthy individuals, which made our
findings difficult to generalize. We share this limitation
with several studies that evaluated new devices.!%-27-2° Fur-
thermore, a bench assessment in these experimental con-
ditions would not be possible.3%3! Second, because we
performed a short-term evaluation, we could not exclude
that the observed results would be different after longer
periods of application. This holds particularly true for com-
fort assessment. Again, we also share this limitation with
the majority of studies that evaluated new devices, both in
healthy volunteers!®?7 and in patients.!'-'%-32 Third, we did
not measure breathing pattern and inspiratory effort. Be-
cause an external apparatus, such as a mouthpiece and
esophageal catheter, would affect the breathing pattern and
comfort,?33* we preferred to adopt a noninvasive, although
reproducible, technique such as diaphragm ultrasound.!”

Conclusions

Compared with CPAP only, CPAP + HFNC was well
tolerated, did not significantly alter the temperature inside
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the helmet, and did not cause any fog effect. Notable,
because the addition of HFNC did not affect airway pres-
sure during inspiration, the CPAP level should not be mod-
ified with this new device. In healthy volunteers, com-
pared with CPAP alone, adding heated humidified air
through a nasal cannula at a flow of 30 L/min did not
significantly alter pharyngeal pressure throughout the re-
spiratory cycle, did not affect diaphragm kinetics, and was
very well tolerated. Further studies are deemed necessary
to confirm these observations in patients who are critically
ill and to evaluate the potential clinical benefits.

13.
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