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Abstract

The purpose of this experimental study was to investigate the influence of airflow via high-flow nasal cannula (HFNC) on the
duration of laryngeal vestibule closure (ALVC) and Penetration-Aspiration Scale (PAS) scores. Twenty-nine healthy adults
participated in a repeated-measures design. Each participant completed a videofluoroscopic swallow study while receiving
airflow via HFNC across a control condition of zero flow and conditions of 10, 20, 30, 40, 50, and 60 L/min. Five raters
rated dLVC and PAS scores. Laryngeal vestibule closure was complete on all swallows. Linear regression revealed that the
amount of airflow via HENC significantly influenced dLVC, F(1, 810)=19.056, p <.001. The mode of airway invasion for
each airflow condition was PAS 2, with>80% frequency compared to other PAS scores. Aspiration (PAS 7 or 8) did not
occur. A Fisher’s Exact test determined there was no association between normal/abnormal PAS score and no airflow/HFNC
(p=.610). Findings indicate that for healthy adults, airflow via HFNC influenced dLVC in a dose-dependent manner with no
change in airway invasion. The influence of HFNC on dLVC was a positive relationship, meaning when airflow increased,
dLVC increased, and when airflow decreased, dLVC decreased. Modulation of dLVC in response to the amount of airflow

highlights the ability of healthy adults to adapt to swallow conditions as needed to protect the airway.
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Introduction

The number of hospitalizations associated with respiratory
failure has steadily increased in the USA [1] and will likely
escalate exponentially, considering the recent COVID-19
pandemic. In a 2009 survey, respiratory failure resulted in
380,000 deaths and over $54 billion in costs [1]. Severe res-
piratory failure requires mechanical ventilation to assist with
gas exchange and reduce the work of breathing for patients.
Mechanical ventilation works by blowing positive air pres-
sure into the lungs, which stents the airway open [2-5].
There are invasive and non-invasive types of mechanical
ventilation. Invasive ventilation requires placement of a tra-
cheostomy or endotracheal tube. Non-invasive ventilation
utilizes a facial mask or high-flow nasal cannula. Compared

P4 Katie Allen
2katieallen @ gmail.com

Kristine Galek
Kgalek@med.unr.edu

University of Nevada, 1664 North Virginia Street, Mailstop
0152, Reno, NV 89557, USA

to invasive ventilation, non-invasive ventilation is associated
with fewer infections, fewer prescribed antibiotics, lower
mortality, and shorter stays in the intensive care unit [6, 7].
Non-invasive ventilation delivered using a high-flow nasal
cannula (HFNC) is a more recent development [8]. HFNC
provides precise adjustment of airflow up to 60 L/min [2].
Additionally, patients tolerate HFNC to a greater degree than
the facial mask [2]. HFNC is now routinely used in hospitals
due to positive respiratory outcomes [9—14].

There is concern that the positive pressure at work to
stent the airway open during HFNC may cause unwanted
complications during eating and swallowing. During swal-
lowing, the airway must close briefly to prevent material
from entering the airway (i.e., penetration, aspiration).
Laryngeal vestibule closure is the primary means of air-
way protection [15]. Laryngeal vestibule closure acts as an
umbrella, safely directing material (food/liquid/saliva) into
the digestive tract while keeping the airway covered. The
mean duration of laryngeal vestibule closure (dLVC) for
healthy adults is between 310 and 1070 ms [16] depending
on the swallow condition (e.g., bolus consistency or vol-
ume). dLVC can be measured using videofluoroscopy (X-ray
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video) and may be sensitive to capture kinematic changes to
swallowing in response to swallow conditions [15]. Delayed,
short, or absent laryngeal vestibule closure is associated
with increased penetration or aspiration [17-25]. Therefore,
dLVC is a vital measure to investigate during HFNC use.

Multiple actions are required to achieve laryngeal ves-
tibule closure. First, there is hyolaryngeal complex (hyoid
and larynx) movement anteriorly and superiorly. Hyolaryn-
geal excursion forward is due to contraction of the sub-
mental muscles. Upward movement occurs as pharyngeal
constrictor muscles shorten. Hyolaryngeal excursion posi-
tions the epiglottis superiorly and anteriorly against the
base of tongue, with the superior portion of the epiglottis
free. Hyolaryngeal excursion narrows the laryngeal vesti-
bule while simultaneously widening the pharynx for bolus
passage.

The second action of laryngeal vestibule closure is aryt-
enoid movement. During swallowing, the arytenoids adduct
and pivot anteriorly. Adductor muscles include the lateral
cricoarytenoids, with some contribution of the transverse
and oblique arytenoids as well as the thyroarytenoid. Ante-
rior tilting of the arytenoids is accomplished by contraction
of the lateral cricoarytenoids and aryepiglottic muscle [26].
Anterior tilting of the arytenoids accounts for one-half to
one-third of closure [26].

The third action of laryngeal vestibule closure is arye-
piglottic fold movement [27, 28]. The aryepiglottic folds
make up the lateral walls of the laryngeal vestibule. At
rest, the aryepiglottic folds are upright partially due to their
attachment to the upright epiglottis. Fibers of the oblique
arytenoid muscle travel along the quadrangular membrane
in the aryepiglottic folds as the aryepiglottic muscle [29].
When the aryepiglottic muscle contracts during swallowing,
the inlet of the laryngeal vestibule is closed by narrowing
of the aryepiglottic folds [28]. When the aryepiglottic folds
are drawn during swallowing, the bolus is directed laterally
around the airway.

The fourth action of laryngeal vestibule closure is epiglot-
tic inversion. When the hyolaryngeal complex moves ante-
riorly and superiorly, the base of the epiglottis is positioned
closer to the base of tongue, which also tilts the epiglottis
horizontally. The base of tongue pushes the epiglottis poste-
riorly and inferiorly [15, 30]. This inverts the free end of the
epiglottis downward and backward over the laryngeal ves-
tibule. Thus, the epiglottis inverts/folds over the arytenoids
providing further closure of the laryngeal vestibule [31].

Laryngeal vestibule closure can be identified on fluoros-
copy when the arytenoids contact the base of epiglottis and
the epiglottis inverts over the base of the arytenoids [26].

Previous investigations on the influence of HFNC use
during swallowing are limited in both healthy and patient
populations. Most studies did not control for concomitant
disease or injury [32-34]. Therefore, it is unclear if any
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changes to swallow function were due to HFNC, disease, or
both [32-34]. Of those that used healthy subjects to control
for disease, most reviewed peripheral measures of swallow-
ing such as swallow frequency and swallowing-breathing
patterns [35-38]. Previous investigations offer conflicting
results: some studies indicate no impact of HFNC on swal-
lowing [34, 37], others say HFNC may improve swallowing
[37, 38], and others that HFNC may worsen swallowing [33,
36, 39]. Most importantly, no study to date has systemati-
cally investigated the impact of HFNC dosage on laryngeal
vestibule closure timing.

Therefore, this study aimed to: (1) investigate the influ-
ence of airflow delivered via HFNC on the duration of
laryngeal vestibule closure; and (2) describe airway inva-
sion during airflow delivered via HFNC. We hypothesized
that airflow via HFNC would decrease dLVC and increase
airway invasion.

Methods
Participants

The sample size was estimated a priori using G*Power 2
[40], suggesting a minimum of 17 participants for a type
I error rate of 0.05 and a power of 0.80. The University
Institutional Review Board approved this study. Posted
advertisements recruited adult participants from university
medical clinics and classrooms. Any healthy adults were
eligible for the study. Exclusion criteria included any history
of respiratory disease, neurologic deficits, dysphagia or dif-
ficulty swallowing, and current pregnancy. All participants
provided informed consent prior to data collection.

Instrumentation

Each participant was fit with an Optiflow™ + high-flow
nasal cannula (Auckland, New Zealand: Fisher & Paykel).
The AIRVO™ 2 system provided humidified airflow (Auck-
land, New Zealand: Fisher & Paykel). The AIRVO™ 2 gys-
tem had three adjustable settings: temperature, airflow, and
supplemental oxygenation. The device temperature was
37 °C. Oxygenation was 0.21 FiO, (room air). There was
no supplemental oxygenation because this research focused
on the effect of airflow on swallowing and not oxygenation
concentration. AIRVO™ 2 provides airflow from 2 to 60
L/min (LPM). Detaching the distal end of the nasal can-
nula tubing from the device achieved a control condition of
zero airflow. Airflow conditions of 10, 20, 30, 40, 50, and
60 LPM were selected to represent an adequate sample of
available high-flow rates.

Completed videofluoroscopic swallow studies (VESS)
used the GE OEC Model 9800 Plus C-arm videofluoroscopy
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system (Chicago, IL: GE Healthcare). Recordings occurred
at the rate of 30 images per second in the lateral viewing
plane using the Digital Swallowing Workstation (Lincoln
Park, NJ: Kay Pentax). Images were collimated to include
the participant’s oral cavity anteriorly, cervical spine poste-
riorly, the floor of the nasal cavity superiorly, and the upper
esophagus and trachea inferiorly.

During VFSS, each participant swallowed liquid boluses
of forty percent weight/volume Varibar Barium Sulfate Sus-
pension™ (Bracco Imaging) across multiple airflow condi-
tions. A thin liquid was selected as it may require the most
optimal swallow timing in healthy subjects [41] and, there-
fore, may have been the most sensitive to change. A 20 ml
bolus volume was used for all treatment conditions to control
for timing changes related to volume and is an expected sip
size [42-45]. First, swallows of 1 ml with no airflow via
HFNC mask were collected for a baseline hold position [46]
and to allow participants to adjust to the barium. Participants
then swallowed 20 ml boluses using the following airflow
conditions: 0 LPM (control condition), 10 LPM, 20 LPM, 30
LPM, 40 LPM, 50 LPM, 60 LPM. The sequence of delivered
airflow conditions was counterbalanced across participants
using a random generator program to guard against order
effects. Participants were blind to airflow conditions to the
best extent possible.

A video slideshow with audio narration of instructions
was played during data collection to standardize procedures.
During each airflow condition, participants were told to “put
the entire contents of the cup in your mouth and hold it
until told to swallow.” A research assistant ensured that the
participant put all of the barium in their mouth and that the
cup was empty. Next, the participant was told to “swallow
the contents of the cup in one swallow.” Videofluoroscopy
was turned on by the radiology technologist at that point to
capture the swallow. The technologist turned off fluoroscopy
as soon as the barium bolus passed out of view for each
swallow. The same procedures repeated for swallows across
all airflow conditions.

Outcome Measures

Five raters (two experienced speech pathologists and three
novice undergraduate students) reviewed all de-identified
swallow videos to determine dLVC and Penetration-Aspi-
ration Scale (PAS) scores for airway invasion [47]. Raters
re-rated twenty percent of videos to determine intrarater
reliability. Raters were blind to participants and airflow
conditions. Raters completed pre-experimental training
to improve reliability [16, 48, 49], which included how to
measure dLVC and PAS scores using frame-by-frame analy-
sis in Swallowtail software (Arlington Heights, IL: Belldev
Medical). Raters were instructed to score the first swallow
if multiple swallows occurred per bolus.

dLVC was defined as the time between the first frame of
complete laryngeal vestibule closure and the first frame of
laryngeal vestibule re-opening [16, 19, 50]. Raters advanced
videos in Swallowtail until the first frame of laryngeal ves-
tibule closure was visible on the left side of the screen to
measure dLVC. No airspace or contrast seen in the laryn-
geal structures indicated complete laryngeal vestibule clo-
sure [15]. Incomplete laryngeal vestibule closure would be
indicated by a dLVC of zero. Raters then advanced the video
on the right side of the screen to the first frame of laryngeal
re-opening. Swallowtail automatically calculated the time
between the left and right frames to produce dLVC. Raters
determined Penetration-Aspiration Scale scores for every
swallow [47, 51].

Statistical Analysis

Statistical analyses were conducted using IBM SPSS Statis-
tics for Windows, versions 25 and 26 (Armonk, NY: IBM
Corp.). All five raters rated each swallow. Twenty percent
of videos were chosen at random and repeated by each rater
1 week following initial completion to conduct intrarater
reliability. For dLVC reliability, a mean-rating (k=35),
consistency-agreement, two-way random-effects model
calculated intraclass coefficient (ICC) estimates and their
95% confidence intervals. ICC was considered “excellent”
if >0.90, “good” if between 0.75 and 0.90, “moderate” if
between 0.50 and 0.75, and “poor” if <0.50 [52]. For PAS
scores, percent agreement calculated interrater and intrarater
agreement. Linear regression estimates determined the influ-
ence of airflow via HFNC on dLVC. A prediction equation
indicated the amount and direction of change in the dLVC
for every unit of airflow. Frequency counts and the mode
determined the frequency of PAS scores for each airflow
condition. A contingency table with Fisher’s Exact test
was used to determine any association between PAS scores
and flow using the categories of normal PAS score versus
abnormal PAS score and no airflow (0 LPM) and HFNC
(>0LPM).

Results

Forty younger adults (less than 60 years of age) met inclu-
sion criteria and denied any history of respiratory disease,
neurologic deficits, dysphagia or difficulty swallowing, and
current pregnancy. All participants completed the study with
no adverse effects. A recording error removed eleven cases
from the dataset. Therefore, the final analysis included 29
participants (23 females, 6 males). A total of 812 swallows
were rated (swallows from 29 participants across seven air-
flow conditions by four raters). Laryngeal vestibule closure
was determined to be complete on all swallows.
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Table 1 Intrarater reliability for

dLVC Rater Measure 95% confidence interval F test with true value 0
Lower bound Upper bound Value dfl df2 Sig
1 ICC=.963 931 .980 27.142 41 41 .000
2 ICC=.981 .965 .990 52.669 41 41 .000
3 ICC=.991 984 995 115.786 41 41 .000
4 ICC=.996 992 .998 238.079 41 41 .000
5 ICC=.649 .348 811 2.852 41 41 .001

dLVC duration of laryngeal vestibule closure

Table 2 Interrater reliability for

Rater Percent
PAS scores agree-
ment
1 90%
2 100%
3 98%
4 100%
5 91%
PAS Penetration-Aspiration
Scale
Reliability

For dLVC, intrarater reliability was excellent for all
raters except for one who had only moderate reliability
(Table 1). An Intrarater ICC of 0.80 or higher was deemed
acceptable [53], resulting in four out of five rater’s data
retained for analysis. Interrater reliability was excellent
for these raters (ICC =0.975 with 95% confidence inter-
val =0.968-0.980). For PAS scores, intrarater agreement
was 90% or greater for all raters (Table 2). The interrater
agreement for PAS was 22%.

Table 3 Means and standard deviations of dLVC across flow conditions

Aim 1: Determine the Influence of Airflow Delivered
Via HFNC on dLVC

Data screening found no outliers nor statistical assump-
tion violations. Descriptive statistics for dLVC are in
Table 3. Linear regression revealed that the amount of
airflow via HFNC significantly influenced dLVC, F(1,
810)=19.056, p <0.001. The relationship was positive,
meaning when airflow increased, dLVC also increased. The
regression equation was: dLVC=0.334+0.002 (airflow).
Or, for every unit increase of airflow, dLVC increased by
0.002 s.

Aim 2: Describe Airway Invasion During Airflow Via
HFNC

The frequency counts of PAS scores for each airflow condi-
tion are in Table 4. The mode for each airflow condition was
PAS 2, with>80% frequency compared to other scores. In
the entire dataset, scores of one, two, and four comprised
99.2% of total swallows. These scores are considered normal
during swallowing, whereas PAS 3, 7, and 8 are considered
abnormal [54]. PAS 3 occurred in 0.2% of swallows, and
aspiration (PAS 7 or 8) did not occur (0% of swallows). The
overall frequency of PAS scores is similar to those reported
in previous literature for normal swallowing in adults [41,
51, 55]. A Fisher’s Exact test was conducted to determine the

Condition (LPM)? M (SD) 95% confidence interval
Lower bound Upper bound

0 .358 (.253) 311 404
10 .364 (.231) 322 407
20 .356 (.209) 317 .394
30 .380 (.267) 331 430
40 .388 (.223) 347 429
50 447 (.334) .386 .509
60 491 (.385) 420 561

dLVC duration of laryngeal vestibule closure, LPM liters per minute
n=116
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Table 4 Frequencies of PAS OLPM  10LPM  20LPM  30LPM  40LPM  S0LPM  60LPM

scores per airflow condition
PAS 1 24 24 19 25 22 19 21
PAS 2 121 118 124 120 121 125 122
PAS 3 0 2 1 0 2 1 2
PAS 4 0 1 1 0 0 0 0
PAS 5 0 0 0 0 0 0 0
PAS 6 0 0 0 0 0 0 0
PAS 7 0 0 0 0 0 0 0
PAS 8 0 0 0 0 0 0 0

PAS Penetration-Aspiration Scale, LPM liters per minute

association between PAS score and airflow. No statistically
significant association was found, p=0.610. Thus, change
in airflow via HFNC was not associated with a change in
airway invasion in healthy adults.

Discussion

This study investigated the influence of airflow via high-flow
nasal cannula (HFNC) on the duration of laryngeal vesti-
bule closure (dLVC) and airway invasion in healthy adults.
Results indicated that laryngeal vestibule closure was com-
plete on all swallows and that airflow via HFNC did not
stent the airway open during swallowing for healthy adults.
PAS scores were virtually unchanged across airflow condi-
tions, with a mode of PAS 2. However, airflow via HFNC
did significantly change dLVC. The influence of HFNC on
dLVC was a positive relationship, meaning when airflow
increased, dLVC increased, and when airflow decreased,
dLVC decreased.

The positive relationship between HFNC and dLVC is
similar to previous research on varying liquid bolus vol-
umes. Smaller bolus volumes are associated with shorter
dLVC, whereas larger bolus volumes have longer dLVC [26,
50, 56-60]. The adaptation of dLVC may help to protect the
airway, as aspiration is uncommon in healthy adults despite
changes in bolus volume. Adaptation refers to a change in
swallowing to be better suited for the swallow conditions
[61, 62]. Change in dLVC in response to bolus volumes,
therefore, does not demonstrate impairment, but normal flex-
ibility in healthy individuals. We postulate that the modula-
tion of dLVC in response to the amount of airflow highlights
the ability of healthy adults to adapt to swallow conditions
as needed to protect the airway.

Although study participants were able to adapt dLVC
according to the amount of airflow, the highest airflow rates
via HFNC resulted in less predictable durations of closure.
Confidence intervals are wider at 50 and 60 LPM, indicating
greater variability at these higher levels (Table 3). Addi-
tionally, some participants reported increased difficulty with

swallowing at higher airflow rates. This phenomenon is sim-
ilar to previous literature that showed an airflow rate of >40
LPM resulted in aspiration, choking or patients reporting
increased difficulty of swallowing [33, 39]. Similarly, it is
higher airflow rates (> 35 LPM) believed to stent the airway
open during use by mimicking a continuous positive airway
pressure (CPAP) effect [2, 63, 64]. Greater variability in
dLVC at higher airflow levels may be evidence for increased
difficulty with trying to maintain closure. Many participants
in this study subjectively perceived difficulty swallowing
during the highest airflow conditions. Although participants
were blind to airflow conditions, many reported that they had
“trouble swallowing” during what they perceived was higher
airflow. Similarly, in a previous study, participants reported
difficulty swallowing at 40 and 50 LPM [39].

This study highlights the importance for clinicians to
examine swallow kinematics during HFNC use, not just pen-
etration and aspiration. Penetration and aspiration have been
the focus of previous investigations of swallowing during
HEFNC use [32-34]. This narrow focus does not necessarily
aid in understanding physiologic processes. For example,
PAS scores were unchanged despite the influence of HFNC
use. In contrast, dLVC timing measures were sensitive to
capture significant changes across airflow conditions.

Results from this study indicate that airflow via HFNC
influences dLVC in a dose-dependent manner in healthy
adults. It is not clear, however, if this would be validated
in patient populations. For example, literature shows that
adults poststroke with impaired laryngeal vestibule closure
consequently demonstrate worse airway protection [23,
65]. Future research is needed to determine how airflow
via HFNC might influence dLVC in patients with already
impaired laryngeal vestibule closure.

This study was not without limitations. Results were lim-
ited to healthy young adults and may not be generalizable
to older adults who are known to exhibit longer durations
of swallowing [59]. The sample was mostly female, and so
further investigation should be considered for sex or body
size differences. Although PAS intrarater reliability was
acceptable enough to retain data from all raters, the final
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interrater reliability was quite low. Upon further investi-
gation, the novice raters had better agreement (99%) than
experienced raters (23%), which dramatically lowered PAS
interrater reliability.

Conclusions

In healthy young adults, airflow via HFNC influenced dLVC
in a dose-dependent manner. The influence of HFNC on
dLVC demonstrated a positive relationship, meaning dLVC
increased when airflow increased and vice versa. At very
high-flow levels (50 and 60 LPM), the healthy adults in
this study had greater variability of dLVC. Airway invasion
was essentially unchanged across airflow conditions, with a
mode of PAS 2 for all airflow levels. Modulation of dLVC
in response to the amount of airflow highlights the ability
of healthy adults to adapt to swallow conditions as needed
to protect the airway. Future research is warranted in both
healthy and patient populations.
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