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High-Flow Nasal Oxygen versus Mechanical Ventilation
Through a Laryngeal Mask During General Anesthesia
Without Muscle Paralysis: A Randomized Clinical Trial
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BACKGROUND: Apneic oxygenation with high-flow nasal oxygen is a novel intraoperative respi-
ratory support strategy for patients undergoing general anesthesia, but data about its clinical
effects are scarce. We conducted a randomized trial to assess whether high-flow nasal oxygen
is noninferior to mechanical ventilation through a laryngeal mask in terms of success rate of
intraoperative respiratory support among patients undergoing a 30-minute general anesthesia
session.

METHODS: Single-center, randomized, noninferiority trial conducted in Italy between May 2022
and June 2023 and involving American Society of Anesthesiologists class | and Il patients
undergoing general anesthesia for operative hysteroscopy. Participants were randomized to
receive laryngeal mask ventilation (volume-controlled ventilation to obtain end-tidal carbon diox-
ide between 35 and 45 mm Hg, inhaled oxygen fraction to achieve peripheral oxygen saturation
greater than 95%) or high-flow nasal oxygen (70 L per minute, inhaled oxygen fraction of 100%)
for intraoperative respiratory support. Patients received general anesthesia with propofol target-
controlled infusion without neuromuscular blockade. Primary outcome was intraoperative respi-
ratory support success rate, which was defined as peripheral oxygen saturation greater than
94% and transcutaneous carbon dioxide lower than 65 mm Hg with no need for rescue airway
interventions for the entire procedure. Secondary outcomes included the rate of airway-related
complications (including need for bag-mask or laryngeal mask ventilation, or tracheal intuba-
tion), postoperative respiratory symptoms, and postoperative dyspnea.

RESULTS: All 180 patients who were randomized completed the trial (90 patients in each
group). Median [interquartile range] anesthesia duration was 25 [20-36] minutes in high-flow
group and 32 minutes [27-44] in the laryngeal mask group. Intraoperative respiratory support
was successful in 89 patients (99%) in both groups (absolute difference O, unilateral 95%
confidence interval, 3%, noninferiority P < .001). Incidence of postoperative respiratory symp-
toms was significantly lower in high-flow versus laryngeal mask group (2% vs 19%, P < .001),
while airway-related complications and postoperative dyspnea were not different. Intraoperative
transcutaneous carbon dioxide was significantly higher in high-flow group, with 43% of patients
showing values greater than 55 mm Hg.

CONCLUSIONS: High-flow nasal oxygen is noninferior to laryngeal mask ventilation for intra-
operative respiratory support during 30-minute general anesthesia without muscle paraly-
sis. The risk of hypercarbia warrants careful patient selection and monitoring. (Anesth Analg
2025;141:1116-1125)

From the 'Department of Anesthesiology and Intensive Care Medicine,
Catholic University of The Sacred Heart, Rome, Italy; *Department of
Anesthesia, Emergency and Intensive Care Medicine, Fondazione Policlinico
Universitario A. Gemelli IRCCS, Rome, Italy; *Department of Critical Care and
Perinatal Medicine, Ospedale G. Gaslini IRCCS, Genoa, Italy; ‘Department of
Obstetrics and Gynecology, Catholic University of The Sacred Heart, Rome,
Italy; and *Department of Gynecologic Oncology, Fondazione Policlinico
Universitario A. Gemelli IRCCS, Rome, Italy.

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health,
Inc. on behalf of the International Anesthesia Research Society. This is an
open-access article distributed under the terms of the Creative Commons
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND),
where it is permissible to download and share the work provided it is prop-
erly cited. The work cannot be changed in any way or used commercially
without permission from the journal.

DOI: 10.1213 / ANE.0000000000007620

1116 www.anesthesia-analgesia.org

Accepted for publication April 7, 2025.

Clinical Trial Registration: Registered on clinicaltrials.gov NCT05550584 on
March 12, 2022.

Supplemental digital content is available for this article. Direct URL
citations appear in the printed text and are provided in the HTML and
PDF versions of this article on the journal’s website (www.anesthesia-
analgesia.org).

Conflicts of Interest, Funding: Please see DISCLOSURES at the end of this
article.

Reprints will not be available from the authors.

Address correspondence to Domenico L. Grieco, MD, Department of
Anesthesiology and Intensive Care Medicine, Catholic University of The
Sacred Heart, Fondazione “Policlinico Universitario A. Gemelli” IRCCS, L.go
F. Vito, Rome 00168, Italy. Address e-mail to digrieco@outlook.it.

November 2025 e Volume 141 ¢ Number 5


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.anesthesia-analgesia.org
www.anesthesia-analgesia.org
mailto:dlgrieco@outlook.it

=2 ORIGINAL CLINICAL RESEARCH REPORT

KEY POINTS

Question: Among patients undergoing 30-minute general anesthesia session without neuro-
muscular blockade, is high-flow nasal oxygen noninferior to mechanical ventilation through a
laryngeal mask in terms of intraoperative respiratory support success rate?

- Findings: In this randomized trial that included 180 patients, intraoperative respiratory
support success, defined as peripheral oxygen saturation equal or greater than 94% and
transcutaneous carbon dioxide concentration lower than 65 mm Hg with no need for rescue
airway interventions, was observed in 99% of patients in both groups, with an intergroup
difference within the noninferiority margin. Incidence of postoperative respiratory symptoms

was significantly lower in the high-flow group.

- Meaning: High-flow nasal oxygen is noninferior to laryngeal mask ventilation for intraopera-
tive respiratory support during 30-minute general anesthesia without muscle paralysis, with
potential benefits on postoperative respiratory symptoms.

BACKGROUND

Use of high-flow nasal oxygen (HFNO), which involves
the delivery of heated and humidified oxygen-
enriched air at flow rates between 40 and 70 L/min
through dedicated nasal cannula, is common in
critically ill patients with high respiratory demand.!
Recently, this technique has found application in the
field of anesthesiology.?

Evidence supporting the efficacy of HFNO in the
perioperative setting has expanded, showing prom-
ising outcomes in various clinical settings, including
difficult airway management, procedural sedation
for endoscopic procedures, cardiac device implan-
tation, sedated hysteroscopy for assisted reproduc-
tion, and brief laryngeal surgery under general
anesthesia.?

Operative hysteroscopy, a common procedure for
investigating abnormal uterine bleeding, performing
biopsies, treating endometrial lesions, or evaluating
uterine reproductive capacities, is typically con-
ducted in a day-surgery regimen under general anes-
thesia with ventilation facilitated by face or laryngeal
masks.> While laryngeal masks offer effective airway
management and allow for hands-free operation by
the anesthesiologist, challenges such as improper
placement and associated complications do exist.* In
a pilot study, we demonstrated that HFNO as sole
respiratory support technique may be a safe and feasi-
ble alternative for oxygenation and CO, washout dur-
ing a 30-minute general anesthesia session without
muscle paralysis’; potential benefits of this approach
would be lower invasiveness and simpler bedside
use. However, no study ever assessed whether intra-
operative respiratory support with HFNO may be
noninferior to conventional mechanical ventilation
through laryngeal mask during short-duration gen-
eral anesthesia in terms of patient-centered clinically
relevant outcomes.

We conducted a randomized trial to assess whether
HFNO is noninferior to mechanical ventilation
through a laryngeal mask in terms of overall success
of intraoperative respiratory support during hystero-
scopic surgery.
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METHODS

Study Oversight

This single-center randomized trial was conducted
in a university hospital in Rome, Italy, between
September 2022 and June 2023. This study was
approved by the University’s Institutional Review
Board (ID number: 4872, protocol number 15190/22),
and written informed consent was obtained from all
subjects participating in the trial. The trial was reg-
istered before patient enrollment at clinicaltrials.
gov (NCT05550584), Principal investigator: Luciano
Frassanito, Date of registration: September 20, 2022).
The study was conducted following the guidelines of
the Declaration of Helsinki.

Patients

American Society of Anesthesiologists physical status
I and II adult patients aged <70 years old, scheduled
for elective operative hysteroscopy, were consid-
ered for enrollment. Exclusion criteria were New
York Heart Association class > II, chronic obstructive
pulmonary disease (COPD) with long-term oxygen
therapy, obstructive sleep apnea syndrome (OSAS),
body mass index (BMI) >30, pregnancy, preexisting
cardiac arrhythmias, chronic renal failure, neuromus-
cular diseases, anticipated prolonged (=60 minutes)
or complex hysteroscopies, upper airways disease.

Procedures
On arrival in the operating room, patients were posi-
tioned in the lithotomic position. A peripheral venous
cannula was inserted into the hand or forearm, and
infusion of 500 ml Ringer Lactate solution commenced.
Preoperatively, patients received Omeprazole 40 mg
and Dexamethasone 4 mg.

Patients were then randomized in 1:1 ratio to the
HFNO or to the laryngeal mask ventilation group.

Randomization was performed through a
computer-based randomization sequence
(Randomization.com) kept in sequentially numbered,
opaque, sealed and stapled envelopes. Due to the
characteristics of the devices and of the ventilation
techniques, blinding was not possible.
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In the HFNO group, preoxygenation was achieved
using 100% oxygen delivered at 30 L/min with dedi-
cated nasal cannula (THRIVE-Fisher and Paykel
Healthcare) for 3 minutes. Subsequently, on induction
of general anesthesia, oxygen flow was increased to
70 L/min and maintained throughout the procedure.
Humidification chamber temperature was set at 31°C,
34 °C, or 37°C based on patient’s comfort.

In the event of oxygen saturation (Spo,< 94%),
transcutaneous carbon dioxide (tcCO,)>65 mm Hg, or
hemodynamic instability, the attending anesthesiolo-
gist provided appropriate pharmacological or rescue
interventions. In such cases, bag-and-mask ventila-
tion or endotracheal intubation mechanical ventila-
tion was allowed according to the preference of the
attending anesthesiologist.

In the laryngeal mask group, preoxygenation was
conducted for 3 minutes via a facial mask delivering
100% oxygen at 15 L/min. After induction of anesthe-
sia, patients were mechanically ventilated through
an I-Gel laryngeal mask connected to a mechanical
ventilator, which was set in volume-controlled mode.
Settings were as follows: tidal volume of 8 ml/kg of
predicted body weight; inspired oxygen fraction to
maintain Sp0,296%; positive end-expiratory pres-
sure of 5 cmH,0; respiratory rate adjusted to main-
tain end-tidal CO, between 35 and 45 mm Hg. In
case of desaturation (defined as Sp0,<94%) despite
FiO,>80%, tracheal intubation was performed.

In both groups, general anesthesia was stan-
dardized. General anesthesia was induced using
target-controlled infusion of propofol at an effect
site concentration of 7 pg/ml through the Orchestra
Infusion system (Fresenius Kabi, Bad Homburg,
Germany), along with a bolus of fentanyl at 1 ng/kg.
Anesthesia maintenance was obtained with target-
controlled infusion of propofol at an effect site con-
centration of 4 pg/ml. Propofol infusion ceased on
completion of surgery or when the patient met awak-
ening criteria.

Postoperatively, patients received Acetaminophen
1g, Ondansetron 4 mg, and Ketorolac 30 mg as part
of routine clinical practice. Patients were transferred
to the Post Anesthesia Care Unit at the end of the pro-
cedure, and discharged after 3 hours of postoperative
monitoring if no complications occurred.

Standard intraoperative monitoring included non-
invasive blood pressure measurement, 3-lead elec-
trocardiogram, pulse oximetry, and bispectral index
monitoring. Spo,, heart rate and tcCO, was continu-
ously monitored through the Tosca TCM5 monitor
(Radiometer, Germany) in both study groups. After
appropriate placement of the sensor on the earlobe,
tcCO, was measured at 1-second intervals. Data on
Spo,, tcCO, and heart rate were recorded and stored
on a personal computer for offline review.
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Data on patient baseline characteristics, comorbidi-
ties, surgery indications, laryngeal mask positioning,
anesthesia duration, surgical duration, and postoper-
ative hospital stay were collected. Oxygenation, ven-
tilatory, and hemodynamic parameters were recorded
during surgery.

Outcomes

The primary outcome measure of the trial was intra-
operative respiratory support success rate. Success
was defined as Spo, = 94%, tcCO,<65 mm Hg, and
no need for rescue airway interventions during the
entire procedure. An assessor blinded to study group
assignment reviewed a posteriori recorded data on
Spo,, heart rate, and tcCO, to determine whether
the patient had met the criteria to define the primary
outcome.

Secondary outcomes included airway-related com-
plications (including any of the following: need for
bag-mask ventilation, laryngeal mask ventilation or
tracheal intubation during the procedure), postop-
erative respiratory symptoms (including any of the
following: cough, sore throat, dysphagia, dyspho-
nia, laryngospasm, oxygen desaturation defined as
Sp0,<94% after the end of surgery) and postopera-
tive dyspnea (Borg Dyspnea Score>0). As safety end
points, we also evaluated Spo, and tcCO, values
over the course of the study, the duration of surgery
and duration of anesthesia in the 2 study groups.
Secondary outcomes were evaluated in a standard
manner, assuming no difference between groups as
null hypothesis and bilateral confidence intervals
(CIs). All other outcomes should be considered as
exploratory. No adjustment for multiple comparisons
was performed.

Sample Size Calculation and Statistical Analysis
Sample size calculation was based on the results
of a preliminary feasibility pilot study.” Based on
these data, we estimated a 95% success rate both
for HENO and laryngeal mask ventilation. For a
unilateral 95% CI and a power of 90%, 82 was the
minimal number of patients per group to demon-
strate noninferiority, whose limit of clinical rel-
evance was assumed to be 10%. The sample was
increased to 90 patients per group to take into
account a 10% dropout rate.

Data are displayed as mean =+ standard deviation
or median (interquartile range) for numerical data or
number of events (%) for categorical data. The nor-
mality distribution of numerical data was assessed
with Shapiro-Wilk test and visually by histograms.

The balance of baseline characteristics between the
2 randomization groups was evaluated with abso-
lute standardized differences (ASD), using means for
continuous data and proportions for categorical data.

ANESTHESIA & ANALGESIA
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Variables with ASD higher than 1.96-{(2/n) = 0.292 were
considered imbalanced (n = 90, group sample size).

The Farrington-Manning test was used for the pri-
mary outcome analysis. It estimates a Z-statistic for
rate differences adjusted for the noninferiority mar-
gin (0 = 0.1): the null hypothesis was that the true
rate difference of control minus HFNO group was
20.1, while the alternative hypothesis (alternative =
“less”) that this value is smaller than the prespecified
margin.®Continuous variables were compared with
Student T-test or Mann Whitney test, as appropriate;
equality of variance was evaluated with the variance
ratio test; categorical variables were evaluated with
the %2 test or Fisher exact test in case of expected fre-
quencies<5. Intergroup differences are displayed as
absolute risk differences with 95% ClIs for categorical
variables while continuous, not normally distributed
variables were compared using 2-sample Wilcoxon
rank-sum test and Hodges-Lehman estimation of
location shift with corresponding asymptotic 95% CI.

Continuous data regarding tcCO, and Spo, were
analyzed with ANOVA for repeated measures: mean
(xstandard deviation) are displayed along with inter-
group differences and 95% Cls.

Data were analyzed according to an intention-to-
treat principle.

P-values < .05 were considered statistically sig-
nificant. Data analysis was performed using R (R
Foundation for Statistical Computing; version 4.1.2,
packages used: Remdr, dplyr, tidyr, ggplot2, effect-
size, stddiff, fmsb, DescrTab2).

RESULTS

Between May 2022 and June 2023, 241 patients were
assessed for eligibility: of these, 180 were consented
and randomized to the HFNO or laryngeal mask group
(Figure 1). All randomized patients completed the study.

Participants” demographics and clinical character-
istics are displayed in Table 1: the 2 cohorts were well
balanced except for BMI, slightly higher in the LMA
group compared to the HFNO group [24 (4) kg/m? vs
23 (3) kg/m?, ASD 0.322].

All patients in the HFNO group received pure oxy-
gen at a flow rate of 70 L per minute. In patients in the
laryngeal mask group, median [interquartile range]
tidal volume and respiratory rate were 400 mL [375—
425] and 13 breaths per minute [12-14].

Study outcomes are reported in Table 2.

Between May 2022 and June 2023,
241 patients were assessed for
eligibility

61 patients had non-inclusion criteria:
| ASA status > 3 (N=29)
] BMI > 30 (N=16)

I Declined to participate (N=11)
| Anticipated > 1 hour long OH (N=5)

180 patients were randomized

i

90 patients were allocated to HFNO group
Received allocated intervention (N=90)
Did not receive allocated intervention (N=0)

A4

Lost to follow-up (N=0)

Discontinued intervention (N=0)

90 patients were analyzed

A4

90 patients were allocated to LMA group
| Received allocated intervention (N= 90)
| Did not receive allocated intervention (N=0)

Lost to follow-up (N=0)

Discontinued intervention (N=0)

l

90 patients were analyzed

Figure 1. CONSORT flow diagram. ASA indicates American Society of Anesthesiologists; BMI, body mass index; CONSORT, Consolidated
Standards of Reporting Trials; HFNO, high-flow nasal oxygen; LMA, laryngeal mask airway.
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Table 1. Demographic, Medical, and Surgical

Characteristics of the Study Population (n = 180)

Laryngeal
HFNO group  mask group
Characteristic (n =90) (n =90) ASD
Age, years 46 (12) 48 (13) 0.079
Height, cm 165 (6) 164 (6) 0.146
Weight, kg 62 (10) 65 (11) 0.254
Body mass index, kg/m? 23 (4) 24 (4) 0.322
ASA status 0.069
| 32 (36) 35 (39
Il 58 (64) 55 (61
Medical history
Hypertension 14 (15) 16 (18) 0.060
Dyslipidemia 9 (10) 8 (9) 0.038
Smokers 14 (15) 16 (18) 0.286
Depression/anxiety disorder 6 (7) 8 (9) 0.083
Diabetes 3(3) 4 (4) 0.060
Hypothyroidism 16 (18) 10 (11) 0.191
Breast cancer 3 (3) 0 (0) 0.263
p-blockers 10 (11) 9 (10) 0.036
ACE inhibitors 6 (7) 8 (9) 0.037
Antiplatelet agents 3 (3) 2 (2) 0.068
Diuretics 2(2) 3(3) 0.068
Statins 9 (10) 8 (9) 0.038
Oral hypoglycemic agents 3 (3) 4 (4) 0.060
Antidepressants/ 6 (7) 8 (9) 0.083
benzodiazepines
Indication for hysteroscopy
Polypectomy 53 (59) 47 (52) 0.148
Cone biopsy 15 (17) 13 (14) 0.185
Myomectomy 10 (11) 12 (13) 0.068
Endometrial biopsies 7 (8) 10 (11) 0.038
Metroplasty 3(3) 6 (7) 0.153
Removal of placental 2(2) 2 (2) 0.000
residual

Data are displayed as n (%) or mean (standard deviation).

Abbreviations: ACE, angiotensin converting enzyme; ASA, American Society
of Anesthesiologists; ASD, absolute standardized differences; HFNO, high-
flow nasal oxygen.

Primary Outcome

The success rate was 0.99 (89/90 patients) for both
groups with absolute difference 0; the upper limit of
the unilateral 95% CI was 0.038. For HFNO, this was
less than the assigned noninferiority margin of 0.1
with p for noninferiority 0.001 (Figure 2).

One patient in the HFNO reached tcCO,>65 mm
Hg, and bag-mask ventilation was successfully
applied to revert hypercarbia. One patient in the
laryngeal mask group required intubation due to
severe laryngospasm and desaturation (minimum
Spo, 87%), reasonably because of fluid overload to
expand the uterine cavity.

Secondary Outcomes

The number of patients that experienced postopera-
tive respiratory symptoms in the postanesthesia care
unit arrival was 2 (2%) in the HFNO group vs 19 (21%)
in the laryngeal mask group, a difference that was sta-
tistically significant (absolute difference =19 % [95%
CI, -28 to —10], P < .001), with a mild sore throat being
the most frequently reported symptom by patients in
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the latter group. The incidence of postoperative dys-
pnea and the need for O, supplementation for tran-
sient desaturation was not different between groups.

Exploratory Outcomes

Duration of surgery was comparable between the 2
groups; duration of anesthesia was 25 minutes [20-36]
in HENO group and 32 [27-44] minutes in laryngeal
mask group, a difference that was statistically signifi-
cant (mean difference —7 minutes [95% CI, =10 to —4]);
patients in HFNO group had also shorter time from
induction of anesthesia to insertion of hysteroscope
and shorter time to end of surgery to arousal.

The time course of Spo, and tcCO, absolute val-
ues is shown in the Supplemental Digital Content,
Supplemental Figures 1-2, https://links.lww.com/
AA/F365. Average intraoperative Spo, was slightly
but significantly higher in HFNO versus laryngeal
mask group: 99.8% (+0.6%) vs 99.4% (+0.6%), mean
difference 0.4% [95% CI, 0.2-0.6], ANOVA P < .001
(Figure 3). While tcCO, was remarkably stable in
the laryngeal mask group during the procedure, it
increased steadily in the first 5 minutes after induc-
tion of anesthesia in the HFNO group and then pla-
teaued. Overall, average intraoperative tcCO, was
significantly higher in HFNO versus laryngeal mask
group: 42 mm Hg (5 mm Hg) vs 36 mm Hg (+5 mm
Hg), mean difference 6 mm Hg [95% CI, 4-8], ANOVA
P <.001 (Figure 3). Median peak intraoperative tcCO,
during anesthesia in the HFNO group was 51 (47-56)
mm Hg: overall, 32% of the patients reached tcCO, in
the 55-60 mm Hg range and 11% reached tcCO, in the
60 to 65 mm Hg range for. After the end of surgery,
tcCO, rapidly decreased but, at the end of anesthe-
sia, it was still higher in HFNO group (Table 2 and
Figure 3).

DISCUSSION

In this randomized trial, HFNO was not inferior to
laryngeal mask ventilation in enhancing successful
respiratory management of patients undergoing oper-
ative hysteroscopy under general anesthesia without
neuromuscular blockade. The requirement for rescue
interventions during the intraoperative period was
comparable to that of patients receiving mechanical
ventilation through a laryngeal mask. However, aver-
age transcutaneous CO, was higher in patients receiv-
ing HENO, and a significant proportion of patients
developed significant hypercarbia: accordingly, care-
ful patient selection and monitoring is needed during
the treatment.

Hysteroscopic surgery is often performed under
general anesthesia, with laryngeal mask ventilation
being a common method to ensure airway patency.”
However, despite its ease of use, laryngeal mask

ANESTHESIA & ANALGESIA


https://links.lww.com/AA/F365
https://links.lww.com/AA/F365

=2 ORIGINAL CLINICAL RESEARCH REPORT

Table 2. Primary, Secondary, and Exploratory Outcomes According to Study Group

Primary outcome
Respiratory support success

Incidence of SpO, < 94%
Incidence of tcCO, > 65 mm Hg
Secondary outcomes

Airway related complications—percentage of patients requiring
airway manipulations (bag-mask ventilation, laryngeal mask

ventilation, tracheal intubation)

Postoperative respiratory symptoms-percentage of patients
suffering from cough, sore throat, dysphagia, dysphonia,
laryngospasm, oxygen desaturation defined as SpO, < 94% on
Post-anesthesia care unit arrival

Cough

Mild discomfort in the nostrils/throat

Dysphagia

Dysphonia

Laryngospasm

Need for O, supplementation

Incidence of postoperative dyspnea (Borg dyspnea score>0) in
post-anesthesia care unit

Other outcomes

Duration of anesthesia, min

Time from induction of anesthesia to insertion of hysteroscope, min

Time from end of surgery to arousal, min

SpO, (%)

At induction of anesthesia

At the end of anesthesia

tcCO,, mm Hg

At induction of anesthesia

Peak intraoperative value

At the end of anesthesia

Mean blood pressure, mm Hg

At induction of anesthesia

At the end of anesthesia

Heart rate, bpm
At induction of anesthesia
At the end of anesthesia

Laryngeal mask  Absolute or
HFNO group group median difference?
(n =90) (n =90) (95% ClI) P value
89 (99) 89 (99) O (upper limit: 3) Non-inferiority

<.001

0 (0) 1(1) -1(-3to1) .314
1(1) 0 (0) 1(-1to 3) .314
1(1) 1(1) 0 (3to -3) >.999
2(2) 19 (21) -19 (=10 to —28) <.001
0 (0) 1(1) -1(-3to1)
0 (0) 11 (12) -12 (-18 to -5)
0 (0) 1(1) -1(-3to1)
0 (0) 0 (0) -
0 (0) 0 (0) -
2 (2) 6 (6) -4 (-10to 1)
2(2) 4 (4) -2 (=7 to 3) 405
25 (20-36) 32 (27-44) -7 (-10 to -4) <.001
4 (3-5) 6 (4-9) -3 (-3to -2) <.001
7 (5-10) 10 (8-12) -2 (-3to-1) <.001
100 (99-100) 99 (98-100) 0 (0to-1) <.001
100 (100-100) 100 (99-100) 0 (0 to 0) <.001
34 (32-37) 33(31-36) 0(-1to2) .300
51 (47-56) 41 (37-43) 11 (9 to 13) <.001
46 (42-50) 36 (34-39) 10 (8 to 11) <.001
100 (89-110) 101 (91-110) -0 (-4 to 4) 918
79 (72-88) 86 (77-97) -7 (-11to -4) <.001
78 (70-87) 78 (66-88) 1 (-3 to 6) .564
71 (63-79) 67 (60-75) 4 (1-7) .017

Comparison of randomized groups on the success of the technique, surgery and anesthesia duration, perioperative respiratory, hemodynamic, and anesthesia
variables. Data are presented as n (%), or median (25th—75th percentiles). P value corresponded to t test, Wilcoxon rank-sum test, or Fisher exact test.
Abbreviations: Cl, confidence interval; CO,, carbon dioxide; HFNO, high-flow nasal oxygen; Spo,, pulse oxygen saturation.

aGroup difference refers to absolute risk difference with 95% CI for categorical variables and median difference with 95% Cl estimated using Hodges-Lehmann

estimator.

ventilation can pose risks such as incorrect positioning,
which may lead to air leaks and potential hypoventi-
lation. Other risks include partial airway obstruction,
aspiration, pneumonia, laryngeal trauma, and inju-
ries to the tongue, nerves, or vocal cords.?

In this context, HFNO may offer an attractive alter-
native, allowing the administration of 40 to 70 L/min
of fully heated and humidified air/oxygen mixture at
a predetermined FiO, through specifically designed
nasal prongs.>*1> Compared to conventional oxygen
therapy, HFNO limits oxygen desaturation, need for
airway interventions, and procedure interruption in
patients undergoing surgery under sedation without
tracheal intubation.'* Accordingly, this approach
has been proposed to extend safe apnea time dur-
ing periods of muscular inactivity, demonstrating a
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delayed onset of hypoxemia and reduced CO, reten-
tion compared to traditional apneic oxygenation
techniques.’157 Despite several studies investigated
CO, dynamics during apneic oxygenation,'*!%!° the
precise mechanisms governing gas exchange under
these conditions remain not fully understood.'**
Nevertheless, hypercarbia represents the most rel-
evant drawback of HFNO use during general anes-
thesia, and its occurrence is proportional to the time
of apnea and independent from applied flows.'
Conversely, the possibility to generate adequate
alveolar ventilation with CO, washout is the greatest
advantage of laryngeal mask ventilation. Few clinical
trials compared HFNO with laryngeal mask ventila-
tion during general anesthesia. Moreover, while sev-
eral studies assessed the efficacy of HFNO in terms

www.anesthesia-analgesia.org 1121
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Respiratory support success rate difference (unilateral 95% Cl)
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Figure 2. The respiratory support success rate was 0.99 (89/90) for both control and high-flow nasal oxygenation (HFNO) with an absolute
risk difference of O (upper limit confidence interval 0.038). The 0.1 noninferiority margin is represented with a dashed line in the figure.

of intraoperative oxygenation and CO, washout, none
of them systematically investigated HFNO efficacy on
more relevant patient-centered clinical outcomes, as
the overall success of intraoperative respiratory sup-
port or the need for rescue interventions because of
inadequate oxygenation/ventilation.?'*

Our study revealed that only 1 patient per group
required rescue interventions due to these intraop-
erative complications. In the HFNO group, this was
due to the occurrence of hypercarbia; in the laryngeal
mask ventilation group, this occurred due to arte-
rial desaturation requiring tracheal intubation. Both
patients were successfully treated without postopera-
tive complications. Importantly, the incidence of post-
operative respiratory symptoms (including cough,
sore throat, dysphagia, dysphonia, laryngospasm
or oxygen desaturation) was significantly lower in
the HFENO group, suggesting enhanced comfort.
Moreover, duration of anesthesia (approximately 30
minutes) was significantly lower in the HFNO group,
mostly due to shortened induction and arousal times
linked to the simpler respiratory support technique
used. Overall, these results indicate that, in patients
undergoing general anesthesia without muscle paral-
ysis, HFNO use has an acceptable safety profile, with
potential benefits on patient-related clinical outcomes.

Our results are consistent with HFNO physiological
mechanisms of action, which include efficient oxygen-
ation and some CO, washout." HFNO optimizes apneic
oxygenation because the high flows optimize alveolar
partial pressure of O,, which remains higher than that
in the blood: this facilitates continuous oxygen transfer.
This is consistent with the alveolar gas equation, which
implies adequate oxygenation in case of a continuous
flow of O, in patent airways, even without alveolar
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ventilation.’®*% Moreover, the high flows generate
some expiratory pressure preventing or counterbalanc-
ing atelectasis,” which otherwise yield interindividu-
ally variable lung volume loss.»* Accordingly, strong
evidence supports HFNO as a technique to prolong
apnea time with adequate oxygenation. Conversely,
progressive development of respiratory acidosis due to
CO, retention, which occurs at an approximative rate
of 3 to 5 mm Hg per minute, is the factor that mostly
curtails HFNO effectiveness.!#20% In our study, average
tcCO, values were significantly higher in the HFNO
group, while no clinically meaningful differences were
detected in Spo, values. This is consistent with other
investigations on the topic.3>* In our cohort, 1 patient
in HFNO group required rescue interventions to treat
clinically relevant hypercarbia, but a relevant propor-
tion of patients developed tcCO,>55 mm Hg. This war-
rants accurate patient selection and monitoring.
Overall, however, our findings indicate a median
tcCO, peak value of 51 mm Hg in the HENO group;
HENO generates CO, washout due to continuous-
flow induced dead space clearance and some alveo-
lar ventilation favored by the interaction between
turbulent supraglottic flow vortices and cardiogenic
oscillations.’* Notably, after a progressive rise in
tcCO, values during the first 10 minutes of surgery,
these values then stabilized for the rest of the proce-
dure. The most likely explanation for this particular
CO, behavior lies in the possible resumption of some
spontaneous ventilatory activity after a threshold of
hypercarbia was achieved.® This hypothesis is sup-
ported by the physiology of the interplay between
hypnotic agents and respiratory drive in the absence
of muscle paralysis: hypnotic agents do not necessar-
ily abolish spontaneous breathing; rather, they reduce
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Figure 3. Intraoperative Spo, and tcCO, values. Data were continuously recorded during the procedure by Tosca TCM5 monitor (Radiometer,
Germany), were extracted, and averaged for each group. Mean and standard deviation are displayed.

the responsiveness of neural centers to hypercarbia.
The respiratory drive is then triggered when the pH
in the cerebrospinal fluid falls to a lower level.**=® The
understanding of the exact mechanism behind this
phenomenon warrants further confirmatory inves-
tigations. Overall, however, 43% of patients receiv-
ing HFNO showed tcCO, values greater than 55 mm
Hg. Further research is also needed to establish what
patients are at higher risk of developing hypercarbia
during the treatment, which would allow more proper
patient selection and treatment individualization.
Strengths of our study include the use of patient-
centered outcomes to establish noninferiority, and the
blinded evaluation a posteriori of Spo, and tcCO, trac-
ings to mitigate the influence of the open-label design
on primary end point assessment. Additionally, the
standardized methods for administering general anes-
thesia and conducting study procedures enhance both
reproducibility and external validity, particularly for
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general anesthesia for other surgical procedures hav-
ing similar duration.

Our study has limitations: first, the absence of
blood gas analysis may have underestimated the
increase in Paco, in HENO group; however, continu-
ous assessment of Paco, is notalways feasible in clin-
ical practice, especially in a day-case mini-invasive
surgery setting. A method to estimate CO, levels
during the intraoperative use of HFNO is end-tidal
CO, levels. However, this approach is prone to sig-
nificant error and may underestimate the actual CO,
accumulation rate by as much as 50%.% Differently,
tcCO, offers a reliable and noninvasive alternative,
providing accurate Paco, estimation.*” Second, the
single-center design, which may restrict the gener-
alizability of our results: however, the methodology
followed strict and standardized procedures that
are fully detailed in this article; this should facilitate
reproducibility of the findings also in other centers.
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Third, all patients were female; however, we deem
there is no reason to hypothesize that male patients
would follow different respiratory physiology, and
hence behave differently. Fourth, accurately iden-
tifying the eventual resumption of spontaneous
ventilatory activity in the HFNO group was not pos-
sible. Fifth, the exclusion of patients with obesity,
COPD, or known or suspected OSAS—conditions
associated with a higher risk of airway closure after
anesthesia and hypoventilation when exposed to
elevated inspired oxygen fractions—Ilimits the gen-
eralizability of our findings. These risks stem from
mechanisms such as impaired hypoxic pulmonary
vasoconstriction, the Haldane effect, absorption
atelectasis, and worsened ventilation-perfusion
mismatch.*4? Further research is needed to evalu-
ate whether our results are applicable to this patient
population. Sixth, noninferiority was established
based on clinically acceptable tcCO, threshold of
65 mm Hg, which is liberal and somehow arbitrary;
the acceptability of this choice was supported by
the absence of complications or CO, retention in
any patient after surgery, reinforcing the validity
of this definition. Finally, the use of HFNO entails
the consumption of 70 L of pure oxygen per minute,
leading to significant environmental and economic
costs. Whether these costs are acceptable remains to
be established, particularly in the absence of clear
benefits on robust patient-related outcomes when
compared to a safe and effective alternative such
as the laryngeal mask. Properly designed studies
are warranted to investigate HFNO overall cost-
effectiveness in the context of general anesthesia.

CONCLUSIONS

During general anesthesia without muscle paralysis,
HFNO proved to be noninferior to laryngeal mask
ventilation in terms of intraoperative respiratory sup-
port success, with similar needs for rescue interven-
tions. =&
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