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At-a-glance commentary

Scientific knowledge on the subject. High=floWw fiasal'cannuld (HFNC) is a non-invasive

form of respiratory support that can reduce re-intubation rates and mortality of acute
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hypoxemic respiratory failure patients. The phySiologic €ffects potentially underlying these
clinical benefits are still largely Gindéfined.

What this study adds to the field. In acute hypoxemic respiratory failure patients, HFNC
improves oxygenation, Feduces the patient’s Effort, feduces therminuteventilation needed to
obtaifiaphysiologicarterial COj level, ificfeases the end-expiratory [UAg VOlUME, and
ifiproves dynamic Eompliance, transpulmonary pressure and ventilation iomogeneity. These

beneficial effects might underlie the clinical efficacy of HFNC.

This article has an online data supplement, accessible from this issue's table of contents online

at www.atsjournals.org
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ABSTRACT

Rationale. High-flow nasal cannula (HFNC) improves the clinical outcomes of non-intubated
acute hypoxemic respiratory failure (AHRF) patients.

Objectives. To assess the effects of HFNC on gas exchange, inspiratory effort, minute
ventilation, end-expiratory lung volume, dynamic compliance and ventilation homogeneity in
AHREF patients.

Methods. This was a prospective randomized cross-over study in non-intubated AHRF
patients with/PaO3/§etFi03=300 mmHg admitted to the Intensive Care Unit. We randomly
applied HFNC set at BOME/mif compared to a §tafidatd non-occlusive facial mask at the same
clinically set FiO; (20 min/step).

Measurements and main results. Towards the end of each phase, we measured arterial

blood gases; inspiratory effort and Wtk of breathing by esophageal pressure swings (APES)

and pressure time product (PTP); lung ¥oliies and ventilation ioiogengity by Electrical
impedance tomography.

We enrolled [II§ patients aged 60+14 years old with PAO3/SetFiOz 13035 mmHg. Seven
(#7%) had bilateral lung fffiltfates. Compared with the facial mask, HENE significantly
improved oxygenation (p<0.001) and loWered respiratory fate (p<0.01), APES (p<0.01) and
PTP (p<0.001). During HFNC, minute ¥entilation was féduced (p<0.001) at Constant arterial
€03 tension and pH (p=0.27 and p=0.23, respectively); Efid=eXpiratory lung volume increased
(p<0.001), and tidal’¥oltme did fict change (p=0.44); the ratio of tidal volume to APes (an
estimate of dynamic lung Eompliance) ificreased (p<0.05); finally, ventilation diStribution was
more HOMOZEREous (p<0.01).

Conclusions. In AHRF patients, HFNC exerts multiple physiologic effects including 168§

inspiratory effortand improvedIung Voluifieland COMPIiANce. These benefits might underlie

the clinical efficacy of HFNC.
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Abstract word count. 245

Keywords. High-flow nasal oxygen, electrical impedance tomography, esophageal pressure,

acute lung injury.
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INTRODUCTION

High-flow nasal cannula (HFNC) is a non-invasive respiratory support designed to deliver 302
60 /mifof a heated, humidified mixture of air and oxygen through specifically designed
nasal prongs (1). HFNC was fii§t employed in preterm ififants and pediatric patients (2) and

recent large randomized clinical trials have promoted its use in adult with @CGtERYPOXEic

respiratory failtite (AHRF) (3). These trials demonstrated the potential of HFNC to iffiptove
clinical outcomes such as fefintubation'tates|and 90=daymortality (4-7). However, the
physiclogic mechanisms underlying the clinical benefits of HFNC are still poorlyunderstood

in adult AHRF patients.

Basic clinical monitoring during HFNC therapy demonstrated rapid ifiiprovement of
oXygenation and feduction'of dyspnea in comparison to a standard facial mask (8-9). Findings
in other populations (10) indicate that advanced respiratory monitoring might demonstrate
other specific physiologic effects. A study in pediatric patients with acute bronchiolitis treated

with HFNC showed reductions in inspiratory effort, as measured by esophageal pressure

swings (11), while in another study in patients with Ehtoniciobstructivepulionary disease
electrical impedance tomography (EIT) (12) suggested an ifiéféase in €hd=eXpiratory lung
Volume (EELV). Reduced inspiratory Effoit and iffiproved lung Vol might be particularly
important in AHRF, as they may pféVeiit respiratory muscle EXhaustion and I6Wet the fidal

Volume/BELV fatio, which are closely félated to the need for ififibation and the SEVETity in

these patients (13, 14).

The present study describes the effects of HFNC on specific advanced physiologic parameters
that may be correlated with clinical outcomes of AHRF patients. Complementing standard
clinical monitoring with the use of esophageal pressure and EIT, we assessed the effects of

HFNC on: gas exchange, patients’ inspiratory effort, minute ventilation, lung volume,
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dynamic compliance, transpulmonary pressure and ventilation homogeneity. Our hypothesis
was that HFNC significantly improves these key physiologic parameters.

Some of the data reported here have already been presented in the form of an abstract (15).

METHODS

We enrolled I5facutehiypoxemic respiratory failure patients admitted to the general Intensive
Care Unit of San Gerardo Hospital, Mfiza, Italy. Inclusion criteria were: new or acutely
worsening respiratory symptoms following a known clinical insult lasting less than a week;
PaO,/setFi0, <300 mmHg while receiving additional oxygen by a standard facial mask, as
per clinical decision. Exclusion criteria are listed in the online data supplement. The ethical
committee of San Gerardo Hospital approved the study (reference number: 432 2015bis) and
informed consent requirements were met according to local regulations.

At enrolment, we collected the patients’ main demographics and clinical data.
Anresophagealballooncatheter was placed ifi the ESGPhAgHS, as demonstrated by the
appearance of cardiac artifacts and appropriate negative swings of pressure tracings during
inspiration (16, 17). Esophageal pressure waveforms were continuously recorded by a
dedicated data acquisition system throughout the study. An EITIdedicatedbelf was placed
around each patient’s chest and connected to a commercial EIT monitor. During the whole
study, EIT data were registered at 20 Hz and stored for offline analysis by dedicated software
(18).

Each patient was entered in the fWolstudyphases with the §ame set FiQ3 for 20 minutes in
computer-generated random order:

1.  Standatfd non-occlusive oxygen facial mask with gasiflow setiat 2 /min;

2. HENE with gas flow #0/miif.
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Set FiO, during both phases was selected clinically by the attending physician before
enrolment to achieve peripheral saturation between 90 and 95% on pulse oximetry during
standard oxygen facial mask breathing. Set Fi@3 during both study phases was ffi€asuied by a
dedicated system (_ 2, Fisher & Paykel Healthcare, Auckland, New Zealand)
connected to the standard facial Mask or the fiasal €annula. This system can deliviet airflows
between 2iand60/miif with FiO3 between 0:21Wand N0 by connection to a wall supply. FiO,
is continuously feasured at the gas utlet of the system. In summary, in keeping with
previous studies (12, 19-20), we set the gasidelivery systemiat I2i/min during the facial
imask phase and atf40i/mifi during HENC with the Safié measuied set FiO3, obtained by
modifying the additional GXygen wall supply. However, we could fiefavoidlor verify lower
tracheal and @lV€6larFiO3 during the oxygen facial @Sk phase due to Efiffainment of TOO
air.

At the end of each phase, we collected arterial blood gas analysis data, respiratory rates and

hemodynamics.

From the esophageal pressure waveforms recorded during the last 3-5 minutes of each phase

we measured (21):

1. The @Vefage pressure time product over a Mifitité (PTPHi), as a MEasuie of the
metabolic Wotk of bféathifig per minute (see the online data supplement for detailed
methods);

2. The pet=breathipressure timeproduct (PTP), as a measure of the metabolic W6tk of
breathing perisinglelbieath (see the online data supplement for detailed methods);

3. The esophageal pressure §Wings during inspiration (APES) as a fi€asurement of the
patient’s inspiratory Effoit;

4.  The dynamicend=expiratory transpulimonary pressute (P ..), calculated as the
differenice between gitway pressure (assumed to be 0 cmH,O with the facial fask and
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2157 emH30 (22) during HENC) and the absolttéPeés measured at the end of EXpiration

(zero flow);

5. The dynami€ end-inspiratory transpulmonary pressure (Pg.i), calculated as the
difference between gitway pressure (assumed to be QlcmH,0 with the facial fask and
2855cmH,0 during HENE) and the absolute P€§ measured at the end of ifiSpitation (zero
flow);

6.  Thedfivingiranspulionary pressare (AP, calculated as (Bi- BIgD.

During the last minutes of each phase, we measured the following EIT/parametersitoo:

1. The averagerglobalitidalvolume and those distending non-dependent and dependent

lung regions (VT glob, VT, non-dep and V1, gep, respectively);

2. The minuteventilationi(MV);
3. (Corrected minuté ventilation (MV.or), defined as MV mulfiplied by the Fafig of the

patient’s PaC0O; to 40 mmHg (23) (with I6Wef values indicating [fiptoved CO3
glearance, reduced CO; production, or both);

4. Global and regional changes in end-expiratory lung ifipedance (corresponding to end-
expiratory lung volume) during the HFNC phase (AEELIyop, AEELIn-gep and

AEELIgep) (18);

5. Global inhemogeneity ifideX (GI), a measure of inhomogeneous distribution of tidal

ventilation (24). ThefGIHAdEX gave a reliable and inter-patient comparable synthetic
assessment of inhomogeneous distribution of the tidal volume in the lungs (24). The
fisSK of additional RRZHARJULY scems to ifictease linearly with ificmogencous
distribution of lung @ensities (25), which is correlated with ventilation inhomogeneity
(26). Thus, any change in this index might be clinically significant. However, to our

knowledge, no prospective clinical validation of specific thresholds has been done yet.
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6. The global and fégional peak inspiratory and expiratory SiffloWs (PIF giop, PIFnon-dep
and PIFgep; PEF10b, PEFnon-dep and PEF g, respectively) (27);
7. From the EIT-derived airflow tracings, we also measured the ifispifatory (Ti) and
expiratory (Te)times, and the fotalicyclertime (Ttot) (28).
We chose the sample size on the basis of previous studies (9-14, 16-20, 24). For the sake of
clarity, EIT measures (e.g., VT, giob) during HFNC were transformed from arbitrary units of
impedance change to the percentage change from their baseline values during the oxygen
facial mask phase. Normally distributed variables are expressed as mean + standard
deviations and were analyzed by a paired t-test. Non-normally distributed variables are
expressed as medians [[QR] and were compared by Wilcoxon’s signed rank test. Correlations
were analyzed by Pearson’s coefficient. A level of p<0.05 (two-tailed) was considered
statistically significant.

Additional details on the method for this study are provided in an online data supplement.

RESULTS

Patients. Patients’ main characteristics are reported in Table 1. Patients were §0+14 years old
and 6 (40%) were women. At enrolment, @l patients had PaO,/setFi0O, below200mmHg]
with 3 (20%)lower than 100 mmHg. Seven patients (47%) had bilateral infiltrates on chest X-
ray.

Effects of HFNC on inspiratory effort and work of breathing. During HFNC, the
esophageal pressure swings (APE§) were significantly [6Wet than with the standard non-
occlusive oxygen facial mask (p<0.01) (Table 2 and Figure 1A), indicating that patients had
Iesstinspiratory effort. Interestingly, the V/APESTatio (i.c., an estimate of theldynamiclung

compliance) was significantly highef during HENE (p<0.05, Figure 3B), possibly indicating
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external “ventilation support” by the mandatory flow of HFNC during inspiration. improved
lung fechanics, or both. PTP and PTP,,;, were both significantly lower with HFNC (p<0.05
and p<0.001), suggesting lighterimetabolic'work of breathing perbreath and perminute
(Table 2; Figure 1B).

Effects of HFNC on ventilation and gas exchange. Mifitite Veiitilation was significantly
lewerdiring®™ HFNC (p<0.001) than with the standard non-occlusive oxygen facial mask
(Table 2). This was due to changes in féspitatory'faté (RR) 6f V5 which were inversely
related (ARR x AV7: R?=0.74, p<0.001). On average, RIRIdecieased (p<0.01) while Vidid
HOEdiIffer in the two phases, at either the global or regional level. Despite the decrease in
minute ventilation, HFNC significantly iffiproved oXygenation (p<0.001) (Table 2 and Figure
2A), while PaCO, and pH did not change. MV, dropped significantly during HFNC
(p<0.001) (Table 2; Figure 2B).

There was a significant correlation between the reductions in PTP and the changes of MV,
during HFNC (APTP x AMV ¢ R?=0.46, p <0.01), possibly indicating that €fihafniced CO3
clearance by washout of the upper airways reduced the inspiratory work of breathing. that
HFNC lowered CO; production, reducing the ventilation needs, or both. The relative
reduction of PTPp,;, passing from the oxygen facial mask to HFNC was significantly larger
than the reduction of MV o (32£12% vs. 18+£15%, p<0.05). The relative reductions of PTP
and RR passing from the mask to HFNC were not correlated (p=0.147, data not shown).
Effects of HFNC on lung volume, transpulmonary pressures, ventilation homogeneity
and airflows. Lung ¥oliiiie, as measured by/AEEESighificantlyincreased during HFNC,
globally and in the dépendeént and fi6f-dependent lung regions (p<0.01 for all) (Table 3 and
Figure 3A). The increase in global gas content in the lungs was 51+57% of the baseline V.

This suggests the generation of positive end=expiratory pressure by HENC that might have

improved oxygenation and, in the presence of unchanged Vr, fédii€éd regional lung Straif.

8
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Similarly, end-expiratory and end-inspiratory transpulmonary pressures (P ce and Py ;)
increased during HFNC (p<0.05) (Table 2) and became less negative, possibly indicating a
lowertendency toralveolarcollapse (21). Driving transpulmonary pressure fell during HFNC,
though not significantly (p=0.08) (Table 2).

The globalfifihomogeneity ventilation index féll slightly but Sighificantly during HFNC
(p<0.01) (Table 3), indicating ficteiomogencous distriblition of ventilation throughout the

lungs, which might correspond to better distribution of lung densities (26).
Patients’ PEF decreased significantly overall, by the reduction of PEF from the dependent
lung regions (Table 3) and this might be regarded as an indirect sign of improvement of lung

compliance in this region. PIF was reduced during HFNC, though not significantly (p=0.07)

and this too might have contributed to improving oxygenation by giving higher alveolar FiO,.

Finally, the [Fi/TtotTatio was loWet during HENC (p<0.05) (Table 3), which, in presence of

lower inspiratory effort and unchanged maximal inspiratory pressure, suggests a loWet

Variables associated with the efficacy of HFNC. There was a significant correlation
between the f@duiction of inspiratory gffért (APes) and Workiof bieathifig (PTP) during HFNC
and patients’ baseline PaCO, (R*=0.433, p<0.01 and R>=0.275, p<0.05, respectively) (Figure
4 and 1 online). Baseline PaO, was not correlated with lowering of either of these variables

(p=0.42 and p=0.35, data not shown).

DISCUSSION

The present study shows that in AHRF patients HFNC [iflipfoves several' key physiologic
lung volume, dynamic lung compliance, transpulmonary pressure and homogeneity.
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Esophageal pressure swings and pressure-time product are validated, commonly used
measures of patients’ inspiratory effort and metabolic work of breathing, respectively (21).
Previous studies described the reduction of work of breathing by HFNC in pediatric
populations (11, 29). We found this was also true in adult AHRF patients, as measures of
inspiratory effort and metabolic work of breathing significantly decreased during HFNC

therapy. Our data, the physiological background and previous publications suggest thafiiany

factors contribute to reducing respiratory workload during HFNC. We observed better
OxXygenation, which fédiiced the patients’ hypoxi¢ dfive. Higher arterial oxygenation during

HFNC might have simply mirrored higher alveolar FiO,: set FiO, might in fact have been
significantly higher than tracheal and alveolar FiO, with the standard facial mask, due to
entrainment of room air, while the higher external flow coupled with lower inspiratory airflow
during HFNC might have permitted minimal differences between set and alveolar FiO; (8).
[mprovedilungvoluime, indicating positivelend=expiratory pressure, might have contributed to
the increase in the PaO,/setFi0O, ratio and the loWerhypoxicidrivetod (30). During HFNC,
theffinute ventilation'needed torobtain normal arterial COj3 tension was [6Wet than with the
facial mask and this might have followed €nihanced CO; ¢clearance by washout of upper
airways (1, 8), leading to lowerventilationneeds and Work of breathing. However JIower €03
production from the respiratory muscles (8), linked to the decrease in minute ventilation, may

also have h€lpéd feduice the inspiratory €ff6tt and ventilation needs. The possible
improvement in dynamic lung compliance might have established more favorable working
conditions during inspiration and unloading of the inspiratory muscles. Among all these

factors, the relation between the reduction in MV .r and changes in PTP suggests that [bettes

CO; clearance might have had a key role in reducing patients’ work of breathing. However,

this decrease was significantly larger than the reduction in MV, possibly indicating that

multiple mechanisms work'to reduce the:workload. As a sign to clinicians, in this study the
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reduced inspiratory effort during HFNC positively correlated with higher baseline arterial
COztension, suggesting HENG was foreleffective in the Preseice of moreiseverelyimpaired
COjclearance (c.g., in AHRF patients with higherdeadispacefraction) (31). The feduction of
fespiratory tate by HFNC was not related with that of PTPy,;,. Previous findings linked this
reduction of the respiratory rate to clinical success (32) but our result suggests that
mechanisms besides reduced work of breathing underlie the clinical benefits of HFNC. The
causal link between acute reductions of respiratory workload, long-term prevention of
respiratory decompensation, reduced need of intubation and improved survival seems
reasonable but has yet to be proved.

Another part of our findings suggests new hypotheses on the effects of HFNC on the
physiologic determinants of ventilation-induced lung injury. We noted a décféaselin diving
transpulmonary pressure swings along inspiration. Additionally, absolute estimates of €id3
expiratory and end-inspiratory franspulmonary pressures were higher during the HFNC phase

(as expected from the additional positive end-expiratory pressure effect), possibly resulting in
a smaller tendency to lung collapse. As higher driving transpulmonary pressure and
derecruitment (18, 21) potentially aggravate lung injury, HENE might hijpothetically lower
HiSHSK. Iiicreased EndzexpiratorylungIVoluiie induced by HFNC with ifieliangeditidal

Volume might have feducedlungsteaini, which seems linearly correlated with the severity of

ventilation-induced lung injury (14). Finally, the slight but significant decrease in the
inhomogeneity of ventilation distribution indirectly suggests there may be fewer or smaller
regional areas of alveolar collapse (26), potentially reducing the risk of focal multiplication of
the alveolar wall tension and additional injury (25). In summary, our findings suggest that

HFNC might affect key determinants of ventilation-induced lung injury such as lung stress,

strain and inhomogeneity. There is Jivelydebateomhowtominimize thedetrmentalefrects
oSponAnEous BreathingIon Pre-exsHREIUAGIMUES (33-35) and the hypotheses on the
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potential role of HFNC in improving physiologic determinants of ventilation-induced lung
injury may well merit further scrutiny.

Our study has several liiitations. First, EIT imaging €oVers only part'of thelungs
(approximately 50%); it cannot detect an increase of lung volume along the vertical axis
unless an abdominal belt is used, and most of the validation studies of EIT compared with
other techniques were conducted in different settings (i.e. intubated patients or animals).
However, previous studies have showed linear correlations between EIT measurements of
lung volume changes and those obtained by other validated methods (36, 37), even in cases of
significant changes in intra-thoracic pressure (38). Moreover, the randomized cross-over
design of this study (with each patient compared with her/himself in the different phases)
might have made the comparison of EIT measures more accurate. Second, the study phases
were short; we aimed for the shortest time needed to equilibrate lung volumes and gas
exchange given the difficulties of stable and reliable advanced respiratory monitoring in
awake AHRF patients. Third, we assessed onlyobjective rather than'subjective measures of
dyspnea and did not investigate patients’ comfort; however, subjective indexes have already
been extensively reported (1, 8). Fourth, we assessed PTP by analysing only the/éSophageal
pressure tracings rather than the traditional [PTPES that ificluides the Chestwallistaticirecail
pressure-time curve (39) because we lackediditectimeastre of chestwallicompliance (Ccw)
and absolute tidal volume. However, in the two study phases, Ccw was most probably
unchanged and the Vt measured by EIT did not vary, so changes in PTP should have been
linearly correlated with changes in PTPes. Moreover, we calculated PTPes by using standard
formula for Ccw (21) and by calculation of absolute Vt through an arbitrary
milliters/impedance units conversion factor derived from the lower PEEP phase of a previous
study (38) and we found tight correlation with PTP (see the additional results section in the

online data supplement). Fifth, the population was small and this might have explained the
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lack of significance in some of the correlations. Sixth, we feasured 6nly SetFiO3 and fidt that

@eliviered to the lower @itways, which might have differed, especially during the facial fask

phase due to entrainment of room air. Thus, We€annot know how muchthe difference

CONCLUSIONS

HFNC exerts various specific physiologic effects in AHRF patients including improved gas
exchange, lower respiratory rate and effort, improved lung volume, dynamic compliance,
transpulmonary pressures and homogeneity. All these physiologic benefits might positively

affect the clinical outcome of AHRF patients.
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FIGURE LEGENDS

Figure 1. Reduction of inspiratory effort (A) and metabolic work of breathing (B)
during treatment with high-flow nasal cannula (HFNC). In acute hypoxemic respiratory
failure patients, HFNC delivered at 40 L/min reduced the negative swings of esophageal
pressure (APes, a measure of patients’ inspiratory effort) as well as the esophageal pressure-
time product (PTP, a measure of patients’ per breath metabolic work of breathing) in
comparison to a standard non-occlusive facial mask (Mask) at 12 L/min and the same set
FiO,.

Figure 2. HFNC improves oxygenation (A) and reduces minute ventilation (B) without
affecting arterial CO, tension. In comparison to the standard non-occlusive facial mask
(Mask), in acute hypoxemic respiratory patients, HFNC increased arterial O, tension (PaO,)
with no change in set FiO,. During HFNC, the minute ventilation needed to obtain normal
arterial CO; tension (i.e., corrected minute ventilation: MV o, = MV * PaCO,/40 mmHg)
decreased, as if CO, removal was more effective, CO, production was reduced, or both.
Figure 3. HFNC increases lung volume (A) and raises the ratio of tidal volume to
inspiratory effort (B). In comparison to a standard non-occlusive low-flow facial mask
(Mask), in acute hypoxemic respiratory failure patients HFNC increased the lung volume at
end-expiration as measured by electrical impedance tomography (AEELLI, see text and the
online data supplement for details), suggesting a positive end-expiratory pressure effect.
HFNC also gave a higher ratio of tidal volume (V) to negative inspiratory pressure during
inspiration (APes), suggesting improvement in the mechanical properties of the respiratory
system, external “ventilation support”, or both. Average values were significantly different
even though in five patients V1/APes actually decreased.

Figure 4. Baseline arterial CO; tension is correlated with changes in inspiratory effort

with the HFNC. Arterial CO, tension (PaCO,) measured during the baseline standard oxygen
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facial mask phase (horizontal x axis) was correlated with the decrease in patient’s effort
(APes) induced by the switch to high-flow nasal cannula (HFNC). Thus, HFNC might be
particularly effective in unloading the respiratory muscles of acute hypoxemic respiratory

failure patients with more impaired CO, clearance (i.e, those with higher dead space fraction).
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. Age SAPS 11 Number of Etiology of acute PaO,/setFiO, | . Bilateral
Patient* Sex at ICU organs . . infiltrates on
(years) admission dysfunction respiratory failure (mmHg) chest X-ray
1 M 60 40 2 Primary, infectious 119 no
2 M 55 36 2 Primary, infectious 134 yes
3 M 53 34 3 Primary, infectious 193 no
4 F 43 26 1 Primary, infectious 97 no
5 F 66 56 2 Primary, infectious 121 yes
6 M 68 43 1 Primary, infectious 107 yes
7 M 47 33 2 Extrapulmonary, non-infectious 114 no
8 F 56 26 1 Primary, infectious 117 no
9 F 47 42 1 Primary, infectious 158 yes
10 F 78 43 1 Primary, infectious 146 no
11 M 70 44 2 Extrapulmonary, non-infectious 171 no
12 M 49 51 1 Primary, infectious 68 yes
13 M 95 26 1 Primary, infectious 83 yes
14 M 47 35 1 Primary, infectious 144 yes
15 F 74 48 1 Primary, infectious 180 no
13 primary /
MeanSD | 6FOM | 60+ 14 389 1£2 2 extra-pulmonary; 130 + 35 7 yes/8 no
13 infectious /
2 non-infectious

*SAPS I, simplified acute physiology score II; ICU, intensive care unit; PaO,/setFiO,, oxygen partial arterial pressure on set oxygen inspired

fraction ratio.
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Table 2. Effects of HFNC on work of breathing, ventilation, gas exchange and hemodynamics.

Variable* Oxygen facial High-flow P-value”
mask nasal cannula
APes (cmH;0) 9.9+42 8.0+34 <0.01
PTP (cmH,0%s) 9.5[5.7-12.1] 7.4 [4.1-9.4] <0.01
PTP i, (emH,O*s/min) 216.3 +£100.5 154.8 + 84.8 <0.001
Py (¢cmH,0) -10.1+5.0 -7.5+5.2 <0.001
Pyi (cmH,0) -3.6+4.9 -2.6+4.5 0.16
AP, (cmH;0) 5.7+34 43+29 0.08
RR (bpm) 24 [20-27] 22 [17-24] <0.01
V1 (change from facial mask, %) - -5+32 0.44
VT, non-dep (change from facial - 3+49 0.59
mask, %)
V1, aep (change from facial mask, - -5+33 0.54
%)
Minute ventilation (change from - -19+ 16 <0.001
facial mask, %)
Corrected minute ventilation - -18+ 15 <0.001
(change from facial mask, %)
Set FiO, 0.60 [0.50-0.75] 0.60 [0.50-0.75] 1.00
PaO; (mmHg) 72 [68-75] 98 [78-131] <0.001
PaQ,/setFiO, (mmHg) 130 + 35 184 + 53 <0.001
PaCQO, (mmHg) 40.7£5.7 41.1+£59 0.27
pH 7.45£0.02 7.44 +£0.03 0.23
SBP (mmHg) 141 +25 137 £27 <0.05
MAP (mmHg) 90 £ 15 88+ 16 0.11
CVP (mmHg) 4.6+5.2 5.8+4.7 <0.05
HR (bpm) 85+9 84 +9 0.44

*APes, inspiratory esophageal pressure swing; PTP, pressure-time product per breath; PTP;,,
pressure time product per minute; PL,ei : dynamic end-inspiratory transpulmonary pressure; PL,ee:
dynamic end-expiratory transpulmonary pressure; APL: driving transpulmonary pressure; RR
respiratory rate; Vr, tidal volume; Vr, non-dep, tidal volume distending non-dependent regions; V1, dep
tidal volume distending dependent regions; Set FiO,: inspired O, fraction clinically set before
enrollment to obtain 90-95% peripheral oxygen saturation with standard facial mask. As the
delivered flow was significantly higher during high-flow therapy, entrainment of room air was more
likely with the standard facial mask and the FiO, reaching the trachea and conducting airways
might have been higher during this phase; PaO,, oxygen partial arterial pressure; PaO,/setFiO,,

oxygen partial arterial pressure/set oxygen inspired fraction ratio; PaCO,, carbon dioxide partial
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arterial pressure; SBP, systolic arterial blood pressure; MAP, mean arterial pressure; CVP, central
venous pressure; HR, heart rate. Normally distributed variables are expressed as mean =+ standard
deviation, non-normal ones as median [interquartile range].

# P-value by paired t-test or by Wilcoxon’s signed rank test, as appropriate.
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Table 3. Effects of HFNC on lung aeration, homogeneity and respiratory pattern.

Variable* Oxygen facial High-flow P-value®
mask nasal cannula

AEELIgq, (change from facial ) n
mask, % of baseline V) S1£57 <0.001
AEELI,on-aep (change from ) n <
facial mask, % of baseline V) 29+36 =0.001
AEELI,,, (change from facial ) n <
mask, % of baseline V) 26+33 =0.01
Glindex 0.50 [0.49-0.57] | 0.47 [0.43-0.60] <0.01
PIFg,p (change from facial ) )
mask, %) 15+£23 0.07
PEF o, (change from facial ) 27422 <0.001
mask, %) -
PIFpon-aep (change from facial ) 14+
mask, %) 11+29 0.29
PIFgep (change from facial ) 90+
mask, %) 20+ 19 <0.01
PEFpon-aep (change from facial ) 19432 0.07
mask, %) '
PEFqcp (change from facial ) 34+18 <0.001
mask, %) '
Ti (sec) 1.2+0.2 1.2+0.3 0.84
Te (sec) 1.3£0.2 1.5+0.6 <0.05
Ti/Ttot 0.5+0.0 04+0.0 <0.05

*AEELIgp, global change of end-expiratory lung impedance; Vr, tidal volume; AEELILon-dep,
change of end-expiratory lung impedance in non-dependent regions; AEELI,, change of end-
expiratory lung impedance in dependent regions; GI index, global inhomogeneity index; PIF, peak
inspiratory flow; PEF, peak expiratory flow. Normally distributed variables are expressed as mean
+ standard deviation, non-normal ones as median [interquartile range]

# P-value by paired t-test or by Wilcoxon’s signed rank test, as appropriate.
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DETAILED METHODS

Study population. We enrolled 15 non-intubated acute hypoxemic respiratory failure
(AHRF) adults admitted to the general Intensive Care Unit (ICU) of San Gerardo Hospital,
Monza, Italy. Inclusion criteria were: new or worsening respiratory symptoms following a
known clinical insult lasting less than a week; PaO,/setFiO, <300 mmHg while receiving
additional oxygen by standard facial mask as per clinical decision. Exclusion criteria were:
age <18 years; intubation or tracheostomy; pregnancy or breast-feeding; hemodynamic
instability; pneumothorax; acute cardiogenic pulmonary edema; history of chronic obstructive
pulmonary disease (COPD); history of nasal trauma and/or deviated nasal septum;
contraindication to EIT use (e.g., patient with implantable defibrillator); impossibility to
position the EIT belt (e.g., wound dressings or chest drains); impossibility to position the
esophageal pressure catheter (e.g., esophageal surgery). The San Gerardo Hospital ethics
committee approved the study (reference number: 432 2015bis) and informed consent was
obtained from each patient according to local regulations.

Data collection at enrolment. At enrolment, we collected sex, age, height, SAPS II score,
number of organ failures, etiology of the acute respiratory failure, PaO,/setFiO, obtained on
clinical settings, and bilateral infiltrates on chest X-ray (E1).

Advanced respiratory monitoring. An esophageal balloon catheter (Cooper Surgical,
Trumbull, CT) was advanced through the nose for 50-55 ¢m to reach the stomach and inflated
to the recommended volume (E2). The intra-gastric position was confirmed by the positive
pressure deflections during spontaneous inspiration. Then the catheter was withdrawn into the
esophagus, as indicated by the appearance of cardiac artifacts and negative swings of pressure
tracings during inspiration (E3). Esophageal pressure waveforms were continuously recorded
by a dedicated data acquisition system throughout the study (Powerlab AD Instruments,

Colorado Springs, CO). An EIT dedicated belt, containing 16 equally spaced electrodes, was

2

Copyright © 2016 by the American Thoracic Society



AJRCCM Articles in Press. Published on 20-December-2016 as 10.1164/rccm.201605-09160C

placed around each patient’s thorax at the fifth or sixth intercostal space and connected to a
commercial EIT monitor (PulmoVista® 500, Driager Medical GmbH, Liibeck, Germany).
During the study, EIT data were generated by application of small alternate electrical currents
rotating around the patient’s thorax at 20 Hz frequency, so that tomographic data were
acquired every 50 msec and stored for offline analysis by dedicated software (Dréger EIT
Data Analysis Tool and EITdiag, Drager Medical GmbH, Liibeck, Germany), as previously
described (E4). The Pes and EIT signals were synchronised offline with markers positioned
online at the beginning and end of each study phase.

Study protocol. Patients were positioned in a semi-recumbent position for both study phases
and the RASS score was around 0 without sedation. A calm environment was ensured around
the patients throughout the study. Each patient completed the following two phases with the
same set FiO, for 20 minutes in computer-generated random order:

1. Standard non-occlusive oxygen facial mask with air/oxygen flow set at 12 L/min;

2. HFNC with heated (37°C), humidified air/oxygen flow set at 40 L/min.

Set FiO, during both phases was clinically chosen by the attending physician before
enrolment to achieve peripheral saturation between 90 and 95% on pulse oximetry during
standard oxygen facial mask breathing. Set FiO, during both phases was measured by a
dedicated system (AIRVOTM 2, Fisher & Paykel Healthcare, Auckland, New Zealand)
connected to the standard facial mask or the nasal cannula. This system can deliver airflows
between 2 and 60 L/min with FiO, between 0.21 and 1.0 by connection to a wall supply. FiO,
is continuously measured at the gas outlet of the system. In summary, in keeping with
previous studies we set the gas delivery system at 12 L/min during the facial mask phase and
40 L/min during HFNC with the same measured set FiO,, obtained by modification of the
additional oxygen wall supply. However, we could not avoid or verify lower tracheal and

alveolar FiO, during the facial mask phase because of entrainment of room air.
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Physiologic data. At the end of each study phase, we collected arterial blood gas analysis

result, respiratory rate and hemodynamics.

Esophageal pressure data. The esophageal pressure waveforms recorded during the last

minutes of each phase were analysed offline to measure:

I.

The average pressure time product over a minute (PTPy,,), defined as the sum of the
areas subtended by the Pes waveform during inspiration over a period of 2-3 minutes
divided by the number of minutes, as a measure of the metabolic work of breathing per
minute;

The average per-breath pressure time product (PTP), defined as the area subtended by
the Pes waveform during inspiration in a series of representative breaths divided by the
number of breaths (at least ten), as a measure of the metabolic work of breathing per
single breath (E5);

The average esophageal pressure swings during inspiration (APes) defined as the
absolute differences between end-expiratory and end-inspiratory Pes in the same series
of representative breaths used to measure PTP, divided by the number of breaths, as a
measurement of the patient’s inspiratory effort (E6);

The dynamic end-expiratory transpulmonary pressure (P ), calculated as the average
difference between airway pressure (assumed to be 0 cmH,O with the facial mask and
2.5 emH,0 with the HFNC) and the absolute Pes measured at the end of expiration
(zero flow) in a selected series of breaths;

The dynamic end-inspiratory transpulmonary pressure (Pp i), calculated as the average
difference between airway pressure (assumed to be 0 cmH,O with the facial mask and
2.5 cmH,0 with the HFNC) and the absolute Pes measured at the end of inspiration
(zero flow) in a selected series of breaths;

The driving transpulmonary pressure (APy), calculated as (Pp i - Prce).

4
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EIT data. We analysed raw EIT data recorded during the last minutes of each study phase

offline. We divided the EIT lung-imaging field into two region of interest: from halfway

down we identified the dependent dorsal lung region, while the other half represented the

non-dependent ventral region. We measured the following EIT parameters:

l. The average global tidal volume as well as those distending non-dependent and
dependent lung regions, as the absolute number of arbitrary units (a.u.) of lung
impedance change during inspiration in a series of representative breaths, divided by

the number of breaths (V1, giob, VT, non-dep and V', dep, respectively);

2. The minute ventilation (MV), defined as the sum of all consecutive tidal impedance
changes expressed in a.u. of lung impedance over 2-3 representative minutes, divided
by the number of minutes;

3. Corrected minute ventilation (MV), defined as MV multiplied by the ratio of the
patient’s PaCO, to 40 mmHg (i.e. MV oy = MV*[actual PaCO,/40]) (E7), with lower
values indicating better CO, clearance, less CO, production, or both;

4. Global and regional changes in lung aeration during the HFNC phase (AEELIjqp,
AEELIon-dep and AEELlep), as previously described (ES8). Briefly, considering the
facial mask phase as baseline, we measured global and regional changes in end-

expiratory lung impedance expressed as a.u. during HFNC treatment;

5. Global inhomogeneity index (GI), a measure of regional inhomogeneous distribution

of tidal ventilation, measured as previously described (E9);

6. Global and regional peak inspiratory and expiratory airflows (PIFgqp, PIF0n-qep and
PIF4ep; PEF10b, PEFon-dep and PEF e, respectively) measured as previously described

(E10). Briefly, we calculated instantaneous flows as the slope of the change in global
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or regional impedance over 50 msec, divided by the same time, and considered the
maximum values along inspiration and expiration as PIF and PEF (E10), respectively.
7. From the EIT-derived airflow tracings, we also measured the inspiratory (Ti) and
expiratory (Te) times, as well as the total cycle time (Ttot). Briefly, Ti was defined as
the time from the zero flow point at the beginning of inspiration to the zero flow point
at end-inspiration; Te was the time from the zero flow point at the beginning of
expiration to the zero flow point at the beginning of a new inspiration, and Ttot was
the time from the zero flow point at the beginning of inspiration to the zero flow point
at the beginning of a new inspiration, all averaged over a series of representative
breaths.
Calculation of esophageal pressure-time product (PTPes) from Pes and EIT data. In an
effort to make our results more comparable to the literature, we calculated also the PTPes as
the area subtended by Pes and the chest wall static recoil pressure-time curve over Ti (E11).
The latter curve was drawn as the instant-by-instant Vt variation (calculated as impedance
change multiplied by an average arbitrary milliliters/impedance units conversion factor
measured during the lower PEEP phase in a population of intubated AHRF patients enrolled
in previous study [E12]) divided by the chest wall compliance (obtained as 4% of calculated
vital capacity/cmH,0 [ES5]).
Statistical analysis. We chose the sample size on the basis of previous studies (E12-E16),
with the aim of measuring fine physiologic effects by advanced respiratory monitoring rather
than broad-spectrum clinical outcomes. For the sake of clarity, EIT measures during HFNC
were transformed from arbitrary units of impedance change to percentage change from their
baseline values during the facial mask phase. Normally distributed variables were expressed
as mean + standard deviation and analyzed by a paired t-test. Non-normally distributed

variables were expressed by median and interquartile range and compared by Wilcoxon’s
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signed rank test. Correlations were analyzed by Pearson's coefficient. A level of p <0.05 (two-
tailed) was considered statistically significant. Statistical analyses were done with SigmaPlot

12.0 (Systat Software Inc., San Jose, CA).

ADDITIONAL RESULTS

Correlation between measured PTP and the calculated PTPes. Calculation of PTPes
confirmed the results obtained by considering PTP: HFNC significantly reduced PTPes in
comparison to facial mask (7.5+2.8 vs. 9.4+3.9 cmH,0%s, p=0.03). Moreover, PTP and
PTPes didn’t differ during any study phase (8.5+3.2 vs. 9.44+3.9 cmH,0%*s during facial mask,
p=0.32; 6.842.9 vs. 7.5+2.8 cmH,0%*s during HFNC, p=0.25) and they were tightly correlated
(R*=0.77, p<0.001).

Factors correlated with reduction of minute ventilation during HFNC. There was a
significant negative correlation between the decrease in MV o,y during HFNC and patients’
height (R?=0.25, p=0.05). As height might be correlated with anatomic dead space (E17),
hypothetically the relative amount of dead space washed of CO, by HFNC might play a role

in lowering the patient’s workload.
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Figure 1 online. Baseline arterial CO; tension is correlated with changes in the
inspiratory work of breathing with the high-flow nasal cannula. Arterial CO, tension
(PaCO;) measured at baseline during the oxygen facial mask phase was correlated with the
decrease in patient’s work of breathing (PTPes) induced by the high-flow nasal cannula

(HFNC).
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