Physiologic Effects of High-Flow Nasal Cannula in Healthy Subjects
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BACKGROUND: High-flow nasal cannula (HFNC) is increasingly used in the management of
acute and chronic respiratory failure. Little is known about the optimal settings for HFNC. This
study was designed to assess the dose effect of HFNC on respiratory effort indexes and respira-
tory patterns in spontaneously breathing adults. METHODS: A randomized controlled crossover
study was conducted in 10 healthy subjects. Five experimental conditions were evaluated: base-
line with no therapy; 5 L/min with conventional nasal prongs; and HFNC at 20, 40, and 60
L/min. The primary outcomes were the indexes of respiratory effort (ie, esophageal pressure
swing [AP.], esophageal pressure-time product, and work of breathing). Secondary outcomes
included breathing pattern parameters and blood gases. Dead-space ventilation and washout
were calculated based on minute ventilation, breathing frequency, and Radford equations.
RESULTS: AP, increased from median (interquartile range [IQR] 3.2 (2.2-3.6) cm H,O at
baseline to median (IQR) 5.7 (4.6-6.8) cm H,0 at 60 L/min (P < .001). Neither esophageal pres-
sure-time product nor work of breathing were modified during the tested conditions. The minute
volume was significantly reduced at 40 and 60 L/min compared with baseline (P = .04), mostly
driven by an important and dose-dependent reduction in breathing frequency, from median
(IQR) 16 (15-18) breaths/min at baseline, to median (IQR) 8 (7-10) breaths/min at 60 L/min
(P < .001). Capillary Pco, was stable in all the tested conditions. The calculated dead-space ven-
tilation was reduced by half with HFNC. CONCLUSIONS: HFNC did not significantly modify
work of breathing in healthy subjects. However, a significant reduction in the minute volume
was achieved, capillary Pco, remaining constant, which suggests a reduction in dead-space venti-
lation with flows > 20 L/min. (ClinicalTrials.gov registration NCT02495675). Key words: high flow
nasal cannula; dead space; work of breathing, respiratory pattern; respiratory inductive plethysmogra-
phy. [Respir Care 2020;65(9):1346—1354. © 2020 Daedalus Enterprises]

High-flow nasal cannula (HFNC) is increasingly used
for the prevention and management of hypoxemic respira-
tory failure in patients who are critically ill.'> Its wide-
spread use in the acute setting has led to numerous studies
that targeted a more-comprehensive understanding of its
physiologic mechanisms of action,®'? and growing interest
is emerging for the use of HFNC in patients with stable
chronic disease, in which high oxygen flows would not be
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required.”*' Indeed, the benefits of HFNC seems to
expand beyond the well-demonstrated superiority of this
device to improve oxygen delivery compared with conven-
tional oxygen therapy.'*2°

The physiologic benefits of HFNC include improved gas
conditioning, with adequate heating and humidification,®*!
delivery of variable amounts of positive airway pressure
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(which may increase dynamic lung compliance,'*'>?**

decrease inspiratory resistance,®''**) and anatomic dead-
space washout.”** Even though measuring anatomic dead
space in vivo remains challenging, several bench®** and
clinical data'*'®!'*2* support a reduction of dead-space ven-
tilation with HENC. This phenomenon, which has been pro-
posed by many researchers as a key mechanism in patients
with respiratory failure®'*'7?*% could reduce respiratory
effort''>2°3! and thus explain part of the benefits of this
therapy in terms of comfort and efficiency. However, the
dose-response relationship between respiratory effort and
flow setting remains poorly understood. We, therefore,
designed a randomized controlled crossover trial to evalu-
ate the short-term physiologic effects of HFNC on the re-
spiratory pattern and the indexes of respiratory effort in
healthy subjects, and to investigate the effects of different
flow settings on these outcomes.

Methods

The ethics review board of the Institut Universitaire de
Cardiologie et de Pneumologie de Québec approved the
study protocol (project approval 21187). Healthy subjects
were assessed for eligibility by completing a medical ques-
tionnaire, excluding any relevant ear, nose, and throat; di-
gestive; cardiac; or pulmonary disease. After signing
written informed consent, the subjects were invited to per-
form a spirometry to confirm their eligibility as healthy
subjects. Individuals aged < 18 years, pregnant, or breast-
feeding were not eligible for inclusion. Any contraindica-
tion for the insertion of an esophageal catheter was
discarded before inclusion.

For each subject, 5 conditions were evaluated (each
lasted 10 min) with the subject in a semi-recumbent posi-
tion. The baseline variables were recorded during spontane-
ous breathing in room air. Then, 4 conditions were tested in
a randomized order: 5 L/min delivered through conven-
tional nasal prongs, and 20, 40, and 60 L/min delivered
through a HFNC therapy device (Airvo2 and Optiflow
nasal interface, Fisher & Paykel Healthcare, Auckland,
New Zealand). All measurements were performed with
Fio, of 21%, with the heater humidifier set at 37°C, and the
subjects were asked to breathe with the mouth closed
throughout all the tested conditions. A washout of 5 min
with spontaneous breathing in room air was performed
between each tested condition.

The primary outcomes of this study were the indexes
of respiratory effort, including esophageal pressure swing
(AP,), esophageal pressure-time product per minute
(PTP,)/min and work of breathing per minute (WOB)/min.
Secondary outcomes included tidal volume (Vr),* breath-
ing frequency, minute volume (Vg), pH, capillary Pco,,
Vr/inspiratory time (V1/Tj), auto-PEEP, dynamic lung
compliance, inspiratory resistance, and respiratory comfort.
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Current knowledge

High-flow nasal cannula (HFNC) is increasingly used
in the management of acute and chronic respiratory
failure. Little is known about the optimal settings for
HENC. This study was designed to assess the dose
effect of HFNC on respiratory effort indexes and on re-
spiratory patterns in spontaneously breathing adults.

What this paper contributes to our knowledge

In this study, HENC had a major impact on the ven-
tilatory pattern, with a significant decrease in minute
volume, mostly driven by a dose-dependent decrease
in breathing frequency (f), as low as 4 breaths/min,
while increasing flow setting. P,co, remained con-
stant, which suggested constant alveolar ventilation
flow setting. Most of the effects on dead-space
washout were achieved at 20 L/min, and further
reduction of dead-space ventilation encountered
with higher flows was mostly due to breathing fre-
quency reduction.

Variations in Vr during each tested condition was evaluated
by using respiratory inductive plethysmography (Respitrace,
Ambulatory Monitoring, Ardsley, New York), as previously
described.'** Briefly, respiratory inductive plethysmogra-
phy bands allowed for continuous recording of thoracic
and abdominal excursions throughout the study proto-
col (and especially throughout each condition tested
with HFNC, during which no direct measurements of
Vr variations could be performed). At the end of each
tested condition, a calibration run was performed, dur-
ing which the subjects were asked to breathe through a
pneumotachograph (PN279331; Hamilton Medical,
Bonaduz, Switzerland) for 1 min.

A multiple linear regression model was applied to deter-
mine correlation coefficients between each respiratory
inductive plethysmography band and measured Vi,''
which allowed for the estimation of Vr variations during
each tested condition. Respiratory flow, used to calculate
respiratory effort variables, was calculated as the derivation
of V1 over time. P.; was continuously recorded via a thin
catheter with a 10-cm esophageal balloon (5 French)
(Cooper Surgical, Trumbull, Connecticut) inserted through
the nose to the lower third of the esophagus and connected
to a differential pressure transducer (MP45 = 2 cm H,O0;
Validyne Engineering, Northridge, California). Adequate
placement of the catheter was confirmed as previously
described.***> AP,,, esophageal pressure-time product/min,
WOB/min, Vi, f, VE, V1/Ty, auto-PEEP, dynamic lung
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compliance, and inspiratory resistance were computed from
respiratory flow and P, variations via open-source respira-
tory data analysis software (RespMAT), as previously
described.'!*® Measurement and calculation of these varia-
bles were performed over at least 10 stable consecutive re-
spiratory cycles during the last 2 min of each tested
condition. The pH and capillary Pco, values were obtained
from capillary blood gases sampled at the fingertip at the
end of each tested condition.”” Respiratory comfort was
assessed with a 10-cm visual analog scale, whereby the
subjects rated their comfort to breath at the end of each
tested condition, from O (very uncomfortable) to 10 (very
comfortable). Signals were digitized at 200 Hz and sampled
by using an analogic/numeric system (MP150; Biopac
Systems, Santa Barbara, California). All signal treatments
and data analyses were performed with the evaluator
blinded to the patient’s condition.

Estimation of Dead-Space and Alveolar Ventilation

After completing enrollment of the participants in this
study and after data analysis, we found relevant to perform
the following analysis: (1) dead-space volume (Vp) was
calculated as 2.2 mL/kg**~° of the predicted body weight®%;
(2) alveolar ventilation (V) was then calculated for each
tested condition as (Vt — Vp) x f and the median value
was used as a reference, assumed being constant
throughout the tested conditions (as capillary Pco, was
found to be stable throughout the tested conditions); (3)
for all other tested conditions, anatomic dead space
was calculated (in mL) as (VE — Vu)/f (inmL), Vp/Vy
as anatomic dead space/tidal volume (in percentage),
dead-space ventilation as Vp x f (in mL/min), and
dead-space washout/min as (baseline Vp x baseline f) —
(tested condition n Vp X tested condition n f) (in mL).

Statistical Analysis

Data were expressed by using median (25th—75th inter-
quartile range [IQR]) to summarize characteristics of the
subjects unless specified otherwise. Baseline characteristic
variables were analyzed by using a one-way analysis of
variance, with the Satterthwaite degree of freedom. The
univariate normality assumption was verified with the
Shapiro-Wilk tests on the error distribution from the statis-
tical model after a Cholesky factorization. The Brown and
Forsythe variation of the Levene test statistic was used to
verify the homogeneity of variances. When appropriate,
some variables were log-transformed to fulfill the model
assumptions, and reported P values were based on these
transformations. To analyze respiratory data in the subjects
according to the 5 tested conditions, a mixed model with
interactions between subgroups and tested conditions were
performed.
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Table 1.  Subject Baseline Characteristics

Characteristic Overall (N = 10)
Men, % 40
Age,y 307
Weight, kg" 68 * 14
PBW, kg 65 = 10
Height, cm 172 %9
BMLI, kg/m* 23+3
FEV,, L 4.0 =*0.7
FEVy, % 108 = 8
FEV,/FVC, % 81 4

#*PBW is calculated with the following formula: PBW = X + 0.91 x (height (in cm) — 152.4),
where X = 50 for men and X = 45.5 for women (from Ref. 32).

All data are provided in mean = SD.

PBW = predicted body weight

BMI = body mass index

In the absence of data that allowed for the estimation of
the sample size at the beginning of this study, we decided
arbitrarily to enroll 10 subjects in this exploratory study,
with the hypothesis that this number would be sufficient to
detect a significant variation in respiratory effort. The results
were considered significant with P < .05. All analyses were
conducted by using the statistical packages R v3.0.2 (R
Foundation for Statistical Computing, Vienna, Austria) and
SAS v9.4 (SAS Institute, Cary, North Carolina).

Results

Ten subjects participated in this study. Their baseline
characteristics are presented in Table 1. The time course of
AP, respiratory inductive plethysmography bands, and
calculated respiratory flow over the experimental condi-
tions in a representative subject (no. 2) are depicted in
Figure 1. The AP, swing was similar between the baseline
and 5 L/min (P = .99), but increased linearly with an
increasing flow setting of HFNC, from median (IQR) 3.2
(2.2-3.6) cm H,O at baseline to median (IQR) 5.7 (4.6-6.8)
cm H,0 at 60 L/min (P < .001). Neither esophageal pres-
sure-time product nor WOB were significantly modified
during the tested conditions (Table 2).

Increasing the flow setting led to a progressive and linear
decrease in breathing frequency, which fell from a median
(IQR) 16 (15-18) breaths/min at baseline to a median
(IQR) 8 (7-10) breaths/min at 60 L/min (P < .001) (Fig.
2A). As shown in Figure 2A, half of the participants exhib-
ited f = 7 breaths/min at 60 L/min (ranging from 4 to 12
breaths/min overall). This progressive reduction in breath-
ing frequency was accompanied with an increase in V- that
reached statistical significance only with the highest flows,
increasing from median (IQR) 337 (272-443) mL at base-
line to median (IQR) 520 (470-626) mL at 60 L/min (P =
.005). As a result, Vg was significantly lower compared
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Fig. 1. The time course of study variables over the experimental conditions in a representative subject (subject no. 2). The respiratory flow is
estimated from respiratory inductive plethysmography (RIP) band variations. In this subject, a marked and progressive reduction in breathing

frequency occurs when increasing the flow setting, while esophageal pressure (AP.s) swings increase.

Table 2. Respiratory Mechanics at the End of the Tested Conditions
Condition
Parameter P
Baseline 5 L/min 20 L/min 40 L/min 60 L/min

AP, cm H,O 3.2(2.2-3.6) 322934 4.3 (3.8-5.1) 4.9 (3.8-5.8) 5.7 (4.6-6.8) <.001
Esophageal PTP/min, cm H>O x s/min 71 (49-78) 65 (52-87) 70 (61-102) 72 (56-108) 84 (72-109) A2
WOB/min, J/min 1.6 (1.0-2.5) 1.7 (1.1-2.3) 2.3(1.2-3.3) 1.6 (1.3-2.5) 2.3 (2.0-2.9) 18
V/Ty, mL/s 214 (193-253) 219 (178-258) 262 (195-310) 227 (202-246) 246 (214-255) .50
Auto-PEEP, cm H,0 0.1 (0.0-0.1) 0.1 (0.0-0.1) 0.2 (0.1-0.4) 0.2 (0.1-0.4) 0.1 (0.0-0.3) .01
Compliance, mL/cm H,O 126 (118-140) 154 (105-162) 142 (106 — 181) 114 (97 - 154) 126 (116-167) 74
Resistance, cm H,O/L/s) 2.9 (2.5-3.8) 342342 493.9-6.7) 7.0(5.1-8.5) 7.3 (6.6-9.6) <.001

Data are expressed as median (25th-75th interquartile range).
AP, = esophageal pressure variation

PTP = pressure-time product

WOB = work of breathing

Vr = tidal volume

T, = inspiratory time

Auto-PEEP = intrinsic PEEP

with baseline at 40 L/min (P = .04) and 60 L/min (P =
.04), as shown in Figure 2B and Table 3. The pH and capil-
lary Pco, values were not significantly modified during the
tested conditions (Table 3 and Fig. 2B).

Dynamic lung compliance remained stable throughout
the tested conditions, whereas inspiratory resistance
increased from median (IQR) 2.9 (2.5-3.8) cm H,O/L/s at
baseline to median (IQR) 7.3 (6.6-9.6) cm H,O/L/s at
60 L/min (P < .001) (Table 2). Respiratory comfort was
reduced at 5 L/min compared with baseline (P = .01). No
other statistically different modification in respiratory com-
fort was observed with HFNC, whatever flow setting was
applied (Table 3).

Estimation of Dead-Space Ventilation and V 5

In the whole group of participants, the median (IQR) pre-
dicted body weight was 64 (57-74) kg, and the median
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(IQR) predicted anatomic dead space was 141 (125-162)
mL. The median (IQR) V, was 3,343 (2,165-3,933)
mL/min. The estimations of dead-space ventilation and
dead-space washout are provided in Table 3. The evolution
of these variables according to the tested conditions is dis-
played in Figure 3. In comparison with baseline, dead-space
ventilation was reduced by 36% at 20 L/min and by 48% at
40 and 60 L/min, with a decrease of the breathing fre-
quency by 36% at 20 L/min and by 45 and 51% at 40 and
60 L/min, respectively. Vp/Vr progressively decreased
while increasing flow setting (Table 3).

Discussion
In this study, we showed that, in healthy awake subjects,
HFNC did not significantly modify respiratory effort, what-

ever flow setting was applied. Meanwhile, the respiratory
pattern changed significantly, with a linear decrease in
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Fig. 2. Respiratory pattern and capillary Pco, variations according to the tested conditions. A: Breathing frequency (breaths/min) variations in
individuals (dashed lines) and overall median breathing frequency (solid line) according to the tested conditions. B: Minute volume (L/min) (box
plots) and mean = SD capillary Pco, levels (dashed line) according to the tested conditions. Medians are expressed as horizontal bars inside
the boxes, 25th-75th percentiles as the bottom and the top of the boxes, and maximum-minimum values as whiskers. * P <.05 versus base-

line; T P <.05 versus 5 L/min; £ P <.05 versus 20 L/min.

Table 3. Respiratory Pattern Variables, Blood Gases, and Comfort at the End of the Tested Conditions
Condition
Parameters P
Baseline 5 L/min 20 L/min 40 L/min 60 L/min
Data collected during the study,
median (IQR)
Vr, mL 337 (272-443) 358 (287-458) 448 (345-580) 450 (307-480) 520 (470-626) .004
Vr, mL/kg” 5.2 (4.3-6.6) 5.3 (5.0-5.8) 7.1 (5.5-8.6) 6.5 (5.6-7.9) 7.9 (7.0-9.5) .004
f, breaths/min 16 (15-18) 13 (12-15) 10 (10-13) 9 (8-12) 8 (7-10) <.001
Vg, L/min 5.1 (4.8-6.3) 5.2 (3.6-6.3) 5.8 (3.2-6.8) 3.5(3.2-4.9) 4.4 (3.4-4.8) .02
pH 7.40(7.39-7.42) 7.41(7.40-7.41) 7.41(7.39-742) 7.42(7.40-7.43) 7.41(7.40-7.43) .10
Capillary Pco,, mm Hg 39 (37-40) 39 (37-41) 40 (36-40) 37 (36-39) 38 (35-42) .50
Respiratory comfort (VAS) 10 (10-10) 9 (6-10) 10 (9-10) 9 (7-10) 8 (8-9) .009
Estimation of dead space and V5
(post hoc statistical analysis)
VA, mL/min 3,343 3,343 3,343 3,343 3,343 NA
Vp/Vt, % 45 39 38 34 31 .007
Dead-space ventilation, mL/min 2,431 1,823 1,546 1,276 1,276 .01
Dead-space washout, mL/min 0 863 1,140 1,191 1,160 .02

*Vr is expressed as mL/kg of predicted body weight (PBW), calculated with the following formula: PBW = X + 0.91 x (height in cm) — 152.4), where X = 50 for men and X = 45.5 for women

(from Ref. 32).

IQR = interquartile range
Vr = tidal volume

f = breathing frequency

VE = minute volume

Pco, = CO, partial pressure
V5 = alveolar ventilation
VAS = visual analog scale
NA = not applicable

Vp = dead-space volume

breathing frequency while increasing the flow setting. This
phenomenon was only partially balanced by an increase in
Vr, which led to a significant decrease in VE at 40 and
60 L/min.

It has been repeatedly demonstrated in upper airway
models that HENC is capable of effectively washing out the
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upper airways and thus reducing CO, rebreathing with rela-
tively low flows.?*** The baseline hypothesis of our study
was that a reduction in dead-space ventilation, if confirmed,
could lead to a reduction of the respiratory drive and the
WOB in healthy awake subjects. We failed to demonstrate
any reduction in respiratory effort in the present study, even

RESPIRATORY CARE ® SEPTEMBER 2020 VoL 65 No 9



PuysioLocic Errects oF HFNC

6,000 - 20
5 — Minute volume
_8 — Frequency
8 — Dead space washout
2 =

4,500 - 16 S
8 E

%)

& _ S
o 3
© = put
O & 3,000 - 12 Q8
T ~
5E 9
0]
£ g
= o
° 1,500 - -8 QO
> ® —o— —0 L
2
=}
=
E 0 hd T T T T 4

Baseline 5 L/min

20 L/min

40 L/min 60 L/min

Fig. 3. Dead-space washout and respiratory pattern variations according to the tested conditions. The increase in flow setting with high-flow
nasal cannula (HFNC) led to progressive decrease in dead-space ventilation. This phenomenon might be explained by both dead-space wash-
out and breathing-frequency reduction with flows < 40 L/min, and mostly by a reduction in breathing frequency with flows = 40 L/min. The
dead-space washout may be subject to a plateau effect with flows = 40 L/min.

though this phenomenon has previously been reported in
subjects with various severity of respiratory failure.'"*=!

Several assumptions may explain this result. We found
that inspiratory resistance significantly increased when the
highest flow settings were applied. This finding conflicted
with previous data obtained from measurements performed
with upper-airway models®**' and was not expected. Our
study was not designed to monitor dynamic variations of
blood gases during the tested conditions, and we, therefore,
could not conclude from our data about the underlying
mechanisms related to this increase in inspiratory resist-
ance. Nevertheless, it has recently been shown that end-
tidal Pco, could be reduced up to 30 mm Hg when applying
HFNC at 60 L/min to an experimental model that simulates
normal lung with a closed mouth.** Such a reduction of
Pco,, even transient, and, if confirmed in further studies,
could explain both the absence of improvement in WOB
and the increase in inspiratory resistance (accompanied by
an increase in AP.,) observed in our subjects, as previously
described by Jounieaux et al** in healthy subjects who were
undergoing nasal intermittent positive-pressure ventilation.
Another explanation for the absence of improvement in re-
spiratory effort with HFNC in this population of healthy
subjects was the baseline values, which were already low,
in line with what is described in the literature*>* and,
therefore, subject to minimal improvement despite signifi-
cant reduction in dead-space ventilation.

Indeed, the respiratory pattern of the subjects enrolled in
this study was substantially modified according to the flow
setting applied, and we, therefore, decided to perform a
post hoc analysis that deserves several comments. First,
HFNC, being an open system generating continuous flow,
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we were not able to perform dead-space measurements
with the reference methods derived from analysis of CO,
content in exhaled gases.*** This limitation needs to be
taken into account in the following conclusions. However,
with assuming stable CO, production and stable respiratory
ratio relative to the short duration of the tested conditions, it
seems reasonable to state that the absence of modification
of capillary Pco, at the end of each tested condition was
associated with stable V , throughout the study.

Analysis of our data, therefore, suggested that the reduc-
tion of VE observed at 40 and 60 L/min, associated with
stable V4 (ie, stable capillary Pco,), is the in vivo
expression of a reduction in dead-space ventilation
related to a major decrease in breathing frequency and a
washout of the anatomic dead space. This observation
was in line with previous data obtained on the bench
with upper-airway models,?®*® which demonstrated that
HENC was capable of effectively washing out the upper
airways and thus reducing CO, rebreathing with rela-
tively low flows. As a result of this dead-space washout,
HFNC with flow that ranged from 20 to 40 L/min may
reduce Pco, in the clinical setting, as recently evidenced
by Briunlich et al'® in stable subjects with COPD. In
addition, Moller et al*> showed that, in healthy volun-
teers, the upper-airway washout that resulted from HFNC
was flow and time dependent, as demonstrated by a signifi-
cant improvement in halftime clearance of an inhaled radio-
tracer when the flow setting was increased from 15 to 45
L/min while the participants were asked to hold their breath.
From these results, the researchers speculated that long end-
expiratory pauses may enhance the clearance efficiency of
HFNC?® (ie, that a substantial reduction in breathing
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frequency may increase the efficiency of upper-airway wash-
out with HENC).

Of note, we found that the impact of HFNC on dead-
space washout was proportional to the flow setting applied,
with a maximum reduction encountered at 2040 L/min
and a potential plateau effect beyond this flow. These data
were in line with several recent physiologic data, analysis
of which suggested that most of the Vg reduction is already
obtained with flows = 30 L/min.'>?**4¢ [t should be noted
here that the highest CO, reductions with HFNC reported
in the literature were not seen with the highest flow
settings."’

By definition, in patients spontaneously breathing and
during HFNC, the dead-space ventilation is directly related
to the anatomic Vp and to the breathing frequency. The
reduction of dead-space ventilation may be related both to
a reduction in anatomic dead space owing to the nasopha-
ryngeal washout during expiration®>?**° and to a reduction
of the breathing frequency. In the current subjects, the
impact of HFNC on breathing frequency was major, with a
mean reduction by 2-fold in agreement to previously pub-
lished data by other teams in similar settings.***” This sub-
stantial reduction in breathing frequency, even though
observed in healthy subjects, may apply to some patients in
the field of anesthesia, an area in which HFNC is increas-
ingly used.*®

Such reduction of breathing frequency with high flows
may, in some cases, promote anxiety that could be pre-
vented by appropriately warning the patient about this
potential effect. The impact on Vp was less marked. Most
of the effects of HFNC on dead-space washout were
achieved at 20 L/min. However, further reduction in dead-
space ventilation occurred at 60 L/min, because of further
reduction of breathing frequency rather than further wash-
out of anatomic dead space. Analysis of this finding, in
agreement with most of the studies performed in the clini-
cal setting,'***** suggested that reduction in dead-space
ventilation during HFNC while increasing the flow setting
might be (1) with flows < 40 L/min, due to both dead-space
washout and breathing frequency reduction, and (2) with
flows = 40 L/min, mainly attributable to breathing fre-
quency reduction, the former being subject to a plateau
effect, as discussed above. The following conclusions
deserve to be specifically evaluated in further studies, but
we believe that, from the findings of our study, one can
speculate that, when no additional reduction in breathing
frequency is encountered with flows = 40 L/min, no reduc-
tion in dead-space ventilation should be expected.

Analysis of these data have an important clinical impact
when searching for the optimal flow setting to apply to spe-
cifically increase CO, clearance. From physiologic and
clinical data now available in the literature, one can argue
that, when the target is to decrease CO, level, flows of
~30-40 L/min may allow reaching most of the expected
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effects. However, when targeting improvement in the
P.0,/Fio,,"'** providing some level of PEEP effect and
increasing expiratory lung volume,'>***® or reducing the
WOB,'""'%3! 3 linear model is more likely to apply and the
highest flow settings may be required.

In this study, we also found that V increased progres-
sively while increasing the flow setting. This finding was in
line with data reported by other teams in similar set-
tings,**>' was consistent with the increase in AP, varia-
tions observed in our subjects, and was also in agreement
with data reported in patients in various settings in which
Vr increased with HFNC.'®*'”> Nevertheless, conflicting
results have also been reported in healthy awake subjects,
no change in Vt has been evidenced in subjects with acute
hypoxemic respiratory failure,"®'? and the opposite results
have been evidenced during sleep.***° The clinical rele-
vance of this finding, therefore, deserves further investiga-
tion and should be interpreted with caution because HFNC,
unlike noninvasive ventilation, does not provide inspiratory
pressure support.>

This study had several limitations, the first one being
that no pressure measurements at the airway opening were
performed. The study protocol instrumentation was already
quite cumbersome for the subjects, and we believed that
additional catheter inserted into the pharynx would have
induced major discomfort in our subjects as well as modi-
fied their respiratory pattern by itself. This limit may have
biased several respiratory mechanics measurements (eg,
compliance and resistance). Also, we overcame the chal-
lenging measurement of V by using respiratory inductive
plethysmography, which is not the standard reference. In
previous studies, the accuracy of this methodology has
been estimated to be *10%,****° and we performed
repeated calibrations after all the conditions to reduce this
bias. V1 was within the expected values, ranging from 5.2
to 8.0 mL/kg of predicted body weight, as expected in spon-
taneously breathing healthy subjects. Consequently, several
measurements that took into account the volumes may be
interpreted cautiously. Also, we reported here short-term
data in healthy awake subjects. It should be noted that these
results apply to the tested condition and that long-term
effects in patients with impaired pulmonary mechanics or
in subjects who were sleepy could be substantially different
2430 and deserve further investigation.

Conclusions

HENC did not significantly modify WOB in healthy
awake subjects. However, a significant reduction in Ve
could be achieved with flows = 40 L/min and capillary
Pco, remaining constant, which suggested a reduction in
anatomic dead-space ventilation. This effect was accompa-
nied by a major reduction of the breathing frequency, which
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may explain part of the benefits of HFNC on comfort in the
clinical setting.
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